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The objective of this research is to conduct a parametric study for unstiffened and
stiffened steel beam columns with openings and develop their design equations.
Since the presence of openings in the beam columns is inevitable, maintaining
strength is crucial. Steel beam columns with openings are stiffened with two
different stiffening schemes around the opening: horizontally and vertically.
Unfortunately, there are no available design equations for steel beam columns with
openings except Darwin’s’ which are suitable for compact beams’ web. The
parameters studied are the opening shape, web slenderness (non-compact and
slender), the effect of stiffening, and opening location with respect to the support.
Interaction curves are plotted according to analytical finite element models. Both
lateral-torsional buckling and local buckling are observed. Using a square opening
instead of a rectangular opening result in a rise in the moment’s capacity of up to
18%. Moment resistance can be increased by up to 19% and 20%, respectively,
when beam columns are stiffened with vertical and horizontal stiffeners around the
opening. The normal and moment resistances decreased by up to 2% and 10%,
respectively, when the opening was moved from support to near mid-span. Finally,
the proposed design equations for beam columns with openings give agreeable
results in the moment and normal strengths.

1. Introduction

relevant literature is reviewed, and then analytical
work is discussed to produce a thorough parametric

Web holes are frequently included in structural
parts to accommodate ventilation ducts and service
passageways. Despite using circular openings more
frequently in commercial buildings, there are
situations when using square or even rectangular web
holes rather than circular ones is necessary.
Currently, there is a trend toward using openings that
are getting broader and wider. Without any doubt, the
load-carrying capacities of steel beam-columns are
severely penalized by the existence of web holes. The

* Corresponding author. Tel.: 20122451411
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analysis of the load-carrying capacities of stiffened
steel beam-columns with different web opening
shapes and sizes and prepare design equations.

2. Background

Studies on cold-formed, thin-walled steel columns
with an opening have been studied experimentally by
Sadjad and Al-Thairy [1] and Magdi et al. [2].
Different parameters are considered such as opening
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shape, location, and web slenderness. Their studies
show that the behavior of web panels in steel
members under compression is characterized by
buckling. Therefore, their resistance is governed by
local or global buckling or yielding, depending on
their slenderness. The risk of instability is reduced
when stiffeners are used, which was not included in
research. Both experimental and analytical studies are
conducted by Bougoffa et al. [3] on compressed
stiffeners where either plasticization or local stiffener
buckling occurs. EL-Ghazaly and A. N. Sherbourne
[4] studied the effect of stiffener size on column web
buckling. Both Xu et al. [5] and Bougoffa et al. [6]
studied experimentally and analytically different
transverse stiffeners including single-sided, double-
sided and partial stiffeners. Perforated steel beams
were also studied by taking into consideration the
effect of web opening shape and load configuration.
Nawar et al. [7] investigated the minimum span-to-
depth ratio of the beam. Nawar et al. [8] continued
their studies on solid web I-shaped under blast
loading. Although, many researchers studied beam
columns either hollow or filled with concrete,
nevertheless, AISC, [9] and [10] don’t include design
equations that can be used for steel beam columns
with openings. The closed guide for designing steel
and composite beams with web holes was prepared
by Darwin [11] and [12] under the supervision of the
American Institute of Steel Construction's research
committee as shown in (1). Moment shear interaction
is suggested using the ratio between factored load at
an opening and design strength. This can only be
used in compact beams where there is a shortage in
the guidelines of beam columns with openings.
Darwin [11] guidelines provide interaction equations
for moment-shear interaction for both unstiffened and
stiffened beams in (1), (2), and (3).
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Where
@ is the resistance factor, it is equal to 0.9 for
bending and shear
M, is the nominal capacity of steel member with web
opening under pure bending
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ho is the depth of opening

ty is the thickness of web

e is the eccentricity of opening

Z is the plastic section modulus of member without
opening
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Fy is the yield strength of steel
d, is the distance from the outside edge of the flange
to the centroid of the reinforcement
Syis depth of bottom tee as shown in Fig. 1
5.is depth of top tee as shown in Fig. 1
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Fig. 1. Upper and lower tees for unstiffened and stiffened
sections with openings

However, there are limits to applying these
guidelines, for instance, compact beams only.
Although it is only applicable to compact sections,

this design guide offers a uniform method for
designing structural steel members with reinforced or
unreinforced web holes. Additionally, the majority of

codes and studies focused on perforated beams with

compact sections. To keep construction costs as low

as possible, the majority of steel beams are
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manufactured as non-compact or slender sections.
This highlights the need to research these kinds of
web-opening steel beams to determine their strength
in the presence or absence of reinforcement. Fattouh
and Shahat [13] and [14] studied his guidelines on
non-compact and slender beams. Their conclusions
show that Darwin’s [9] guidelines can be used when
the opening is located at high shear or moment zone
locations. On the contrary, these guidelines are not
suitable for zones with combined shear and moment,
especially with rectangular openings.

Magdi et al. [14] proposed modifying Darwin’s
[11] guidelines to study steel beam-columns with
openings under the influence of various parameters by
adding a term for normal force to the equation as
shown in equation (4). The study included the effect
of opening shape and location from support only with
a limited number of analytical finite element model
results. Thus, further research is required to
incorporate the effects of different stiffening schemes
around the opening of steel beam-columns among the
other parameters and at the same time expand the
number of analytical finite element results studied.
Hence, this research studied the influence of opening
shape, location from support, web slenderness, and
the effect of stiffening the web around the opening
horizontally and vertically.

() + (@) + (@) zrr=1 @
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A, is the gross area of the section
A is the area of the top tee
A, is the area of the bottom tee
F is critical buckling strength
£, is the slenderness parameter of the beam-column
R is the radius of gyration about the axis of buckling
E is the modulus of elasticity
K is an effective buckling length factor

3. Finite element model
Nonlinear static analysis is conducted using the

ANSYS software [15] where shell element
SHELL181 is used similar to the finite element model

prepared by Magdi et al., [2]. The finite element
model is meshed into elements with an aspect ratio
equal to 1. Shell element SHELL181 consists of four
nodes, each having six degrees of freedom: X, y, and z
translations as well as rotations around the X, y, and z
axes. The element only has translational degrees of
freedom if the membrane option is selected. When
creating meshes, the degenerate triangular option
should only be utilized as filler pieces. Both
nonlinearities in the material and geometry are studied
where the bilinear model of steel material with a yield
stress of 240 MPa is as shown in Fig. 2. The
tangential modulus of elasticity is taken equal to 0.01
of modulus of elasticity. The model nodes were
merged at the location between the flange and web
and between the stiffener and other model parts.

F]l
Fu= 360 MPa
Fy = 240 MPa — 7

Fig. 2. Bilinear stress-strain curve of material in the
analytical finite element model of the author
compared to the experimental work of Magdi et al.,

[2]

4. Finite element model verification

A comparison is made between the experimental
work of Magdi et al., [2] and the author’s finite
element model that is explained in the previous
section. Magdi et al. [2] investigated the effects of
web openings on the capacity of steel beam-columns.
Twelve simply supported 2400 mm-long | sections
are tested with flange dimensions 100*5 mm, and web
320*5 mm. Specimens are incrementally loaded till
failure in the wvertical direction. The vertically
concentrated load at the mid-span with horizontal load
is applied constantly, which is equal to the plastic
capacity of specimens without opening as defined in
the background section. No stiffeners are used at
loading positions, they are only found at support with
dimensions 300*5 mm. A tensile test is conducted on
specimens according to DIN 50125 [16] indicates that
steel yield strength is 245 MPa and the ultimate
strength is 387 MPa for specimens. The modulus of
elasticity of steel E is 2.047*105 MPa. All openings
are at mid-span with different sizes and shapes of the
openings are found in Table (1). The comparison
between Magdi et al., [2] and the author’s finite
element models show good agreement of results with
an average of 6% and a standard deviation of 8%.
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Web buckling at the compression zone in the
compression flange of specimens is shown in Figs.
from 3 to 5 of specimens COA, C4, and C8. Fig. 6
shows the load-deflection curve of different
specimens compared to the proposed finite element
model proposed by the author. The comparison
between experimental and finite element load and
displacement of specimen COA shows differences
equal to 7% and 1% respectively. Specimen C4 shows
that the load and displacement of finite element
exceeds experimental results by 9% and 10%
respectively. Finally, specimen C8 shows 10%
variation in both load and displacement when
comparing between finite element and experimental
results, hence, the results match each other well.

Table (1) Dimensions of experimental work of Magdi et al., [2]

Failure load (kN)

’E‘
= = o EXP 2 ©
g 5 3 3 by E 2
Q 2 3]
£ S é £ Magd 2 8
a - 5 S etal L =
A 3 = = B o aQ
= 2 £ [2 2 &
(2] S <
joR
o
COA NO - 97 108 11
C1 Square 160*160 71 77 8.4
c2 Rectangular  320*160 64 70 9.3
Cc3 Circular 160 74 83 12
coB NO - 2 66 76 15
c4 Square 160*160 ?5 52 56 7.7
cs Rectangular ~ 320*160 = 49 49 -
6 Circular 160 S 55 49 109
coc NO - 48 55 14.6
c7 Square 160*160 38 42 10,5
c8 Rectangular ~ 320*160 32 35 9.3
c9 Circular 160 46 41 10.9
Av. 9.96
St. dev. 2.2

Fig. 3. Von Mises stresses of analytical finite element model
by the author to verify experimental work of specimen COA
prepared by Magdi et al., [2]

o]

Fig. 4. Von Mises stresses of analytical finite element model
by author to verify experimental work of specimen C4
prepared by Magdi et al., [2]

Fig. 5. Von Mises stresses of analytical finite element model
by author to verify experimental work of specimen C8
prepared by Magdi et al., [2]
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120.0 -
100.0 ~
— ™ COA ANSYS by author
é 80.0 ~ COA Exp. By Alia et al.
g 60.0 - EZJ ANSYS by author
o ) - o= | .
= e C4 Exp. By Aliaetal. [2]
.E 40.0 1 ,[ C8 ANSYS by author
E 2004 -~ | C8 Exp. By Aliaetal. [2]
r O-O - ' T T T 1
-2.0 0/0 2.0 4.0 6.0 8.0

-20'0D¥eflection at mid-span (mm)

Fig. 6. Deflection at mid-span versus vertical load

Another verification is conducted between the
author’s finite element model and experimental
research by Sadjad and Al Thairy [1]. Researchers
investigated the effects of web opening on the axial
load capacity of thin-walled, cold-formed steel
columns 100*100*2 through experimental studies.
Seven 500 mm-long small-scale cold-formed box
sections CP, C1, C2, C3, C4, C5, and C6 are tested.
Both specimens’ dimensions and geometrical
properties are determined in Fig. 7. The specimens are
loaded with compression force equal to the maximum
capacity of the specimen. The LVDTS placed at the
top and mid-span of the specimens are used to
measure the axial and lateral displacements,
respectively. Specimens are subjected to axial
compressive load increments till failure. A bilinear
model with yielding is based on a 201x103 MPa
Young's modulus. 534 MPa is the maximal strength,
and the yield is equal to 420 MPa. Good agreement in
results is observed in Table (2) where the average is
9% and the standard deviation is 6%.

10— ‘,_mn_,‘ 00—
ﬁ TR
U U
g g
O i (O
3 2
O ]
e Lo _

Fig. 7. Experimental work dimensions of Sadjad and
Thairy [1].

Table (2) Comparison between the experimental work of Sadjad
and Al Thairy [1] and the author’s finite element model

g 2o 23 E—:ggggec ~ S8~ S
Set2 S5ci283 28% 3192 £2 83
8% 85 BEEistErfe =TT
[<5]
S N/
cp 2 N/A A 212 201 52
2
S 443x44
ct § 'SX' 0443 1 171 197 152
wn
£ 443x44
c2 S '3’" 0443 2 170 192 13
wn
S 443x44
c3 S S0 043 3 o 150 163 86
n =
=~
[&]
= 3
S e
c4 £ 65x302 0650 1 S 165 184 115
g
8
>
c5 £ 65x302 0650 2 163 179 98
g
s
>
C6 £  65x302 0650 3 160 178 112
&
Av. 106
st.
dev 2.97

5. Parametric study

The studied finite element model is 2500 mm long
with two 150 x 6 mm flange plates and a 340 mm
high web plate with web thicknesses equal to 2 mm
and 3 mm. Stiffeners are added at loading positions
with thicknesses are 16 mm with a length of 328 mm
in the web direction and 150 mm in the flange
direction. These dimensions are used in the finite
element models to create non-compact and slender
built-up sections with compact stiffeners that satisfy
the needs of both commonly used and economical
sections. Axial load is applied at beam-column with
vertical loads at third and two-thirds spans where
stiffeners are applied at loading positions. To simulate
hinged support, displacements in three directions are
prevented at one end of the beam column. The roller
support at the other end of the model is where
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displacements in the Y and Z axes are prevented as
shown in Fig .8 where stiffeners are also used at those
positions. The results are plotted in interaction curves
where each curve is the result of five loading cases:
normal capacity of the section without opening (N)
only, bending capacity of the section without opening
(M) only, 0.5N and M, 0.75N with 0.25M, and 0.5M
and N.

Fig. 8. Loading and end conditions of all finite element
models

The parametric variables of the studied beam-
column are shown in Fig. 9. The first factor is the
opening shape square or rectangle, hy is the dimension
of the opening in the vertical direction and a, is the
dimension of the opening in the horizontal direction.
The opening shape is square when both a, and h, are
equal whereas the opening shape is rectangular
otherwise. The first factor studied is the ratio of the
opening height (hy) to the depth of the beam column
(d), where (hy/d) equals 0.5 and 0.7, these ratios are
used in common practice. The second factor is web
slenderness where the studied web thicknesses of 2
mm and 3 mm, the third factor is the stiffening
technique, where both longitudinal (S-S1) and
transverse stiffeners (S-S2) are studied. The fourth
factor is the opening position, where (D/L%) = 15%,
25%, and 40% is the ratio of the distance from
support to the centerline of opening (D) to beam-
column span (L) as shown in Fig. 9. Square openings
with dimensions of 170 mm and 170 mm and a ratio
of ay/hy equal to 1 are selected. The studied
dimensions of rectangular openings are 121.42 mm
and 238 mm. These measurements were chosen to
have the same opening area in all square and
rectangular models which helps study the effect of
opening shape on the results. The dimensions of one -
side longitudinal stiffeners (S-S1) that are used around
the openings are 1.5 in length, widths like flange
width, and 16 mm thickness. As for one-side
transverse stiffeners (S-S2), their lengths are equal to
the web depth with a width equal to the flange width

and 16 mm thickness, so all stiffeners are class 1
according to AISC [9] as shown in Fig. 9. Both letters
and numbers are utilized in identifying specimens for
example, IN-US-0.5-15% means non-compact
unstiffened (US) I-shaped beam column with hy/d=0.5
and D/L=15%. Another example is 1S-S-S1-0.7-40%
which stands for slender stiffened with longitudinal
stiffener (S-S1) | shaped beam column with ho/d=0.7
and D/L=40%.

Horizontal stiffeners Lead Load
T
l \4: /I;au Load
) 15 2
o ]
L =250 mm
Vertical 0 Load Load
Tﬁm —
[ ——
! Jertical
T i t}&aa Load
A 13 P
——15

Fig. 9. Configuration of beam-column studied in
parametric study

6. Parametric Study Results and Discussions

The results of finite elements are displayed as
interaction diagrams for steel beam-columns under
axial loads at the end support and concentrated loads
at one-third and two-thirds of the beam-column span
in the vertical direction. In the interaction curves, to
normalize the results, analytical finite element model
results of perforated sections are divided by results of

analytical finite element model results without
opening.
6.1. Failure criteria and modes

Buckling modes varied depend upon loading
condition, opening position (D/L), and presence of
stiffener as shown in Figs. 10 and 11. When the beam
column is loaded axially local buckling occurs as
shown in Fig. 10. Meanwhile, when the model is
subjected to combined moment and normal, both
lateral and local buckling occurs as shown in Fig. 11.
Additionally, Vierendeel bending moment is observed
as a result of shear transfer in the opening vicinity as
shown in Fig. 12. This Vierendeel failure mechanism
is especially noticed as the opening dimensions
increases and the opening is located in the critical
shear zone.
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Fig. 10. Local buckling of beam-column under axial
loading with D/L 15%

Fig. 12. Vierendeel bending moment in perforated
beam-column

6.2. Effect of web opening shape

Analytical finite element models are used to
prepare interaction diagrams. Square opening
(he/d=0.5) and rectangular web opening (hy/d=0.7)
interaction diagrams are shown in Figs. 13 to 15.
Uniform stress distribution occurs around square
openings more than rectangular ones. For US non-
compact sections, when using a square opening
instead of a rectangular opening the ratio of M/M,,
rises by up to 12% with D/L equals 40% with a
corresponding increase in N/N, by up to 13%.
Regarding S-S1 sections, the rise in the ratio of M/M,
is up to 18% with D/L equals 15% without a change
in the ratio of N/N, when using a square opening
instead of a rectangular one. As for S-S2 sections, the
ratio of M/M, increases by up to 16% with a constant
N/N, ratio with D/L equals 40%. For slender sections
with D/L equals 25%, the ratios of M/M, are
enhanced by up to 10% with the same ratios of N/N,
when a square opening is used instead of a
rectangular one. Overall, no significant surpassing is
noticed in slender sections because of the loss in the
overall capacity of the sections.

"""" IN-US-0.5-15%

1.0 —e— IN-US-0.7-15%
08 IN-S-51-0.5-15%
: IN-S-51-0.7-15%
06 IN-S-52-0.5-15%
= IN-S-52-0.7-15%
20.4

0.2

0.0
00 02 04 06 W/ I%IO 12 14 16
n

Fig. 13. Influence of web opening shape for non-
compact specimens where D/L% equals 15%
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0o 02 04 06 08 10 12

M /M,

Fig. 14. Influence of web opening shape for non-
compact specimens where D/L% equals 25%

IN-US-0.5-40%
—e— [IN-US-0.7-40%
0.9 ——IN-S-S1-0.5-40%

08 ’\ —e—IN-5-51-0.7-40%
—e— IN-5-52-0.5-40%

0.7
056
25
“0.4
0.3
0.2
0.1
0.0

1.0

00 02 04 06 08 10 12
M/ M,

Fig. 15. Influence of web opening shape for non-
compact specimens where D/L% equals 40%

6.3 Effect of web slenderness

Since web plate height is constant throughout the
study, studying web thickness equal to 2 mm
represents a slender web. On the other hand, studying
web thickness equal to 3 mm represents a non-
compact web. The effect of replacing a slender web
with a non-compact one is studied in this section. The
first results of beam-columns with square openings
(he/d=0.5) are shown in Figs. From 16 to 18. For

sections with D/L equals 15% and 25%, the ratio of
M/M, displays an escalation by up to 11% in the US
sections. Meanwhile, the ratio of N/N, is enlarged by
26% in all sections but for D/L equals 40%, the ratio
of M/M;, increases by up to 17% in the S-S2 sections.
Meanwhile, the ratio of N/N, is magnified by up to
27%, in all sections which emphasizes the role of the
web when the beam-column is under the effect of the
normal force. Second when sections with rectangular
openings (hy/d=0.7) are studied as shown in Figs.
From 19 to 21, sections with D/L equal to 15% and
25% show a higher ratio of M/M,, by up to 8% in both
US and S-S1 sections. A rise in the ratio of N/N, by
about 26% is perceived in all sections at D/L equals
15%. When D/L equals 40%, there is no improvement
in the ratio of M/M, for all US, S-S1, and S-S2
sections respectively. The enhancement in the ratio of
N/N, is equal to 11%, 14%, and 13% in the US, S-S1,
and S-S2 sections respectively. It is concluded that the
slender web is fragile under the effect of normal force
especially in the presence of rectangular openings
because of the non-uniform stress distribution around
the opening in the presence of a weak web.

—& -IN-US-0.5-15%
1.0 —&—IN-5-81-0.5-15%
IN-S-82-0.5-15%
JS-0.5-1

00 02 04 06 08 10 12
M/N

Fig. 16. Influence of web slenderness for non-compact
and slender specimens where D/L% equals 15% with
he/d=0.5
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1.0
0.9
0.8
0.7
=0.6
— 0.5
0.4
0.3
0.2
0.1
0.0

Fig. 17. Influence of web slenderness for non-compact
and slender specimens where D/L% equals 25% with
he/d=0.5

1.0
0.9
0.8
0.7

/0.6

Z 0.5
0.4
0.3
0.2
0.1
0.0

Fig. 18. Influence of web slenderness for non-compact
and slender specimens where D/L% equals 40% with
he/d=0.5

2 2
0.0 02 0'4M9"R/In 08 1.0 1.2
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—8—IN-US-0.5-25%
—8—IN-5-81-0.5-25% 1.0
—0—IN-5-82-0.5-25% '

0.7
0.6
7 0.5

0.4
0.3
0.2
0.1
0.0

—8— IN-US-0.7-15%
—8—IN-8-81-0.7-15%

‘g IS-US-0.5-25% 0.9 ——IN-S-S2-0.7-15%
——1S-S-S1-0.5-25% 0.8 \ IS-US-0.7-15%

—— ——1S-S-52-0.5-25%

—8—1S-8-51-0.7-15%
iol— —® - IS-8-82-0.7-15%
h

00 02 04 06 08 10 1.2
M /M,

n

Fig. 19. Influence of web slenderness for non-compact
and slender specimens where D/L% equals 15% with

—8—IN-US-0.5-40% he/d=0.7
—8—1IN-5-51-0.5-40%
—8—1IN-5-52-0.5-40%

1S-US-0.5-40%
—8—1S-S-51-0.5-40% 10
—8—1S-S-52-0.5-40% 09

0.8
0.7
=0.6
> 0.5

{
| 0

0.1

04 06 08 10 12 0.0

M /M,

he/d=0.7

0.4

—@&— IN-US-0.7-25%

—@— IN-S-51-0.5-25%

—@— IN-S-52-0.7-25%
1S-US-0.7-25%

~—@— |S-5-51-0.7-25%

T™ < . = @ —1S-5-82-0.7-25%

\
A

00 02 04 06 08 10 12
MM,

Fig. 20. Influence of web slenderness for non-compact
and slender specimens where D/L% equals 25% with
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0.9 —o— IN-US-0.7-40%
IN-S-S1-0.7-40%
0.8 IN-S-S2-0.7-40%
1S-US-0.7-40%
0.7 \ IS-S-S1-0.7-40%
=N 1S-S-S2-0.7-40%
0.6
0.5
Z.
0.4
0.3 s
0.2
0.1
0.0
00 02 04 06 08 10
M /M,

Fig. 21. Effect Influence of web slenderness for non-
compact and slender specimens where D/L% equals
40% with ho/d=0.7

6.4 Effect of stiffening

Two stiffening schemes around the opening are
studied in this research paper, the first one uses
longitudinal (horizontal stiffener, S-S1), while the
other stiffening scheme uses transverse stiffeners
(vertical stiffener, S-S2) as shown in Fig. 9. The
dimensions of the used stiffeners are mentioned in
the parametric study section. To highlight the effect
of stiffeners, S-S1 and S-S2 sections are compared to
US sections.

First, for non-compact sections hy/d=0.5 and D/L
equals 15% and 25% as shown in Figs. 16 and 17
respectively. Models with longitudinal stiffeners (S-
S1) escalate the ratio of M/M,, by up to 11% with an
almost constant ratio of N/N, when compared to
similar US sections because forces are transmitted
around the opening in the presence of the stiffener;
besides the web plays the main role in moment
resistance while normal stresses are distributed
equally all over the section. When stiffening the
section with transverse stiffeners i.e. S-S2 section a
rise of 4% in the ratio of M/M, with no change in the
ratio of N/N,. Furthermore, non-compact sections
with hy/d=0.5 and D/L equals 40%; the enhancement
is 20% and 19% in the ratio of M/M, with constant
ratio of N/N, respectively in S-Sland S-S2 sections
as shown in Fig. 18. Sections with ho/d=0.7 and D/L
equals 15%, 25%, and 40% record same ratio of N/N,
in case of stiffening US sections with S-S1 and S-S2
sections. On the contrary, at D/L equals 15% when

the S-S1 and S-S2 sections are compared to the US
sections the ratio of M/M, shows 18% and 9%
increase respectively as shown in Fig. 19. Other
ratios of D/L show lower improvement by up to 9%
as a result of comparing S-S1 and S-S2 sections to
US sections as shown in Fig. 20. Second, in slender
sections with hy/d=0.5 when the ratio of M/M,, in S-
S1 is compared to the US section at D/L equals 25%
and 40%, the enlargement is up to 16%. Comparing
US sections with S-S2 sections, the ratio of M/M,
increases by 12% without any change in the ratio of
N/N, as shown in Fig. 21. Third, in slender sections
with hy/d=0.7 when the ratio of M/M, in S-S1 is
compared to the US section at D/L equals 15%, the
raise is up to 14% with no obvious change in the ratio
N/N,. Using S-S2 instead of US sections shows a rise
in the ratio of M/M, by 5% with a constant ratio of
N/N,. Itis noticed that the ratio N/N, remains nearly
constant in all cases. It can be concluded that using
any type of stiffener reduces the effect of web local
buckling by transmitting the forces to the vanity
around the opening and therefore Vierendeel action
decreases.

6.5 Effect of opening location

The main objective of this section is to study the
effect of changing the location of the opening in non-
compact and slender beam-columns that are either
US, S-S1, or S-S2 sections. It is observed that
Vierendeel action occurs causing additional moments
around the opening. Especially around rectangular
openings more than square openings. Since the
bending moment increases gradually toward the mid-
span, then it is established that as the opening
approaches the midspan, both stiffness and flexural
resistance decrease which complies with Fattouh and
Shahat [12]. Therefore, when the opening location is
changed from D/L equals 15% to D/L equals 40%,
the decrease in both ratio of M/M,, and N/N,, is more
than when the opening location is changed from D/L
equals 15% to D/L equals 40%. Also, the effect of
changing the opening location is more obvious in the
US sections than in the S-S1 and S-S2 sections. It is
observed that for non-compact US sections with
ho/d=0.5, the ratio of M/M, is lowered by 10% and
the ratio of N/N, is lowered by 2% as shown in Fig.
22 when changing the opening location from D/L
equals 15% to D/L equals 40%. While in S-S1
sections with hy/d=0.5 when the opening is switched
from D/L equals 15% to 40%, the decrease in the
ratio of M/M,, with constant ratio of N/N, is 3% as
shown in Fig. 23. According to Fig. 24 non-compact
S-S2 sections with hy/d=0.5 with different opening
locations, 2% loss in the ratio of M/M,, with the same
ratio of N/N,,. As can be seen in Fig. 25 non-compact
US sections with hy/d=0.7, a reduction by 10%
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occurs in both the ratio of M/M, and N/N,, in both US
and S-S1 sections resulting from changing opening
location from D/L equals 15% to 25%. On the
contrary, the decline in the ratio of M/M, is 4%,
while the ratio of N/N,, is lowered by 13% when D/L
changes from 15% to 40% as shown in Fig. 25. and
26. For S-S1 sections, the decline in the ratios of
M/M, and N/N, is 12% and 10% respectively as
shown in Fig. 26. For S-S2 sections, the ratio of
M/M, remains the same when D/L is changed either
from 15% to 25% or 40%, while the ratio of N/N,, is
decreased by 5% and 11% respectively as shown in
Fig. 27. Nearly no change in the ratios of M/M, and
N/N, is noticed in slender US, S-S1 and S-S2 sections
with hy/d=0.5 and 0.7 when D/L changes from 15%
to 25% and 40% as can be seen in Fig. 28.
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Fig. 22. Effect of changing opening location (D/L equals
15%, 25%, and 40%) for non-compact unstiffened (US)
beam columns with h0/d=0.5
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Fig. 23. Effect of changing opening location (D/L equals
15%, 25%, and 40%) for non-compact stiffened beam
columns with longitudinal stiffener (S-S1) with hy/d=0.5
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Fig. 24. Effect of chnging opening location (D/L equals
15%, 25%, and 40%) for non-compact stiffened beam
columns with transverse stiffener (S-S2) with hy/d=0.5
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Fig. 25. Effect of chnging opening location (D/L equals
15%, 25%, and 40%) for non-compact unstiffened beam
columns (US) with hy/d=0.7
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Fig. 26. Effect of changing opening location (D/L equals
15%, 25%, and 40%) for non-compact stiffened beam
columns with longitudinal stiffener (S-S1) with ho/d=0.7
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Fig. 27. Effect of chnging opening location (D/L equals
15%, 25%, and 40%) for non-compact stiffened beam
columns with transverse stiffener (S-S2) with ho/d=0.7
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Fig. 28. Effect of chnging opening location (D/L equals
15%, 25%, and 40%) for slender unstiffened (US) beam
columns with ho/d=0.5

6.6 Shear force versus changing opening
location

Local straining around the opening can be caused by
the global shear force acting on the section [7].
Changing the opening location from D/L equals 15%
to D/L equals 25% or D/L equals 40% is studied.
First, non-compact US, S-S1 and S-S2 sections with
ho/d=0.5 when the opening location is moved from
D/L equals 15% to 25%, the drop in the reaction at
support near the opening is up to 8% meanwhile,
when the opening located is changed from D/L
equals 15% to 40%, it is lowered by up to 10%. Non-
compact US sections with hy/d=0.7 with different
opening locations, a reduction by up to 10% occurs in
US, S-S1 and S-S2 sections because of changing
opening location from D/L equals 15% to 25% or
40%.

7. Perforated Beam-column Design Equation

This section presents a comparison between
analytical finite element model results (FEM) and
proposed EQ (4). Finite element model results when
compared to proposed EQ (4) results show good
agreement in Fig. 29 where FEM exceeds the EQ
results by up to 6%. On the other hand, in Fig. 30
FEM results overestimate the normal results by up to
16%. It is noticed that flexural strength is accurately
determined regarding the opening location effect.
Figs. 31 and 32 show good agreement of FEM results
of M/Mp and N/Np with EQ for all values of D/L and
ho/d where the maximum difference is up to 2%.
Regarding IN-S-S1 sections, FEM results of M/Mp
and N/Np exceed EQ results for all values of D/L and
ho/d are up to 9% and 16% respectively as shown in
Figs. 33 and 34. While FEM results of 1S-S-S1
sections of M/Mp and N/Np are higher than EQ
results by up to 0.5% and 2% respectively. It is
noticed that moment calculation equations consider
the effect of opening shape and location while normal
calculation equation considers only the areas of the
top and bottom tees.
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éo.ss N —e—EQIN-
US-0.5-M

0.8
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0.75 US-0.7-M
0% DL 50%

Fig. 29. Moment finite element M/M; versus equation
(4) EQ/Mp results at D/L equals 15%, 25%, and 40%
for unstiffened non-compact beam-columns
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Fig. 30. Normal finite element N/N; versus equation
(4) EQ/Np results at D/L equals 15%, 25%, and 40%
for unstiffened non-compact beam columns
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Fig. 31 Moment finite element M/Mp versus equation
(4) EQ/Mp results at D/L equals 15%, 25%, and 40%
for unstiffened slender beam-columns
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Fig. 32. Normal finite element N/Np versus equation
(4) EQ/Np results at D/L equals 15%, 25%, and 40%
for unstiffened slender beam columns
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Fig. 33. Moment finite element Mfl\"/ip versushéal]ation
(4) EQ/Mp results at D/L equals 15%, 25%, and 40%
for stiffened noncompact beam columns
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Fig. 34. Normal finite element N/Np versus equation
(4) EQ/Npresults at D/L equals 15%, 25%, and 40%
for stiffened noncompact beam columns

8. Conclusion

This paper discusses the behavior of beam-columns
with different variables such as opening shape, web
slenderness, stiffening techniques, and opening
location are considered. Here are some of the main
results:

e When a square opening is used instead of a
rectangular one, the moment capacity of
non-compact beam-columns is enhanced by
18%, while normal capacity increases by up
to 1% especially when using a transverse
stiffener. While in slender sections with
transverse stiffeners, replacing rectangular
opening with square one results in the
increase of moment capacity by up to 10%
with no significant change in normal
capacity.

e Beam columns with longitudinal stiffener
show improvement by up to 17% and 27%
in both moment and normal capacities
respectively when replacing slender web
with non-compact web.

e In beam columns with square openings
located near midspan, moment resistance is
enlarged by 19% when a longitudinal
stiffener is utilized and by 20% when a
transverse stiffener is used. While normal
resistance stays unchanged.

e  Stiffening slender beam-columns with either
transverse or longitudinal stiffener increases
moment resistance by 16%  without
significant change in normal resistance
when the opening is located at midspan.

e Moving the square opening of unstiffened
non-compact beam columns from near
support to near the middle of the span,
moment and normal capacities are lowered
by 10% and 2% respectively. While when
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the transversally stiffened rectangular
opening is moved towards the middle of the
slender beam column, moments decrease by
6% without affecting normal capacities

e The proposed design equation agrees with
finite element results at the moment and
normal capacities of non-compact and
slender beam-columns.

Future work

The author suggests studying stiffened beam-
columns with firstly, different loading schemes such
as one point load at the middle of the span and
distributed load along the span. Secondly, studying
different opening shapes such as sinusoidal and
hexagonal openings. Thirdly, investigating various
materials, incorporating residual stresses, and
exploring dynamics.
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