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Abstract: The capacity of rectangular hollow section (RHS) cold-formed stub columns with two opposing central circular openings
at column mid-height was experimentally studied in this research. The selected stub columns had a minimum vyield strength of 357
MPa. The impact of two opposing central circular openings on the structural performance of tubular steel stub columns was
examined for perforation size to flat-width ratios of 0.4 and 0.6. Also, these columns with openings were strengthened with a doubler
plate. This study presents the ultimate column abilities, load-end shortening curves, regional geometric faults, and typical failure
modes extracted from the current test program. Further, this paper has presented a study of the potential of strengthening the RHS
stub columns by using external doubler plates with two distinct heights with doubling and tripling the aperture diameter. As for the
cold-formed thin-walled steel stub column strengthened with external doubler plates, the larger the doubler plate height, the greater
the improvement of the load ability. The ultimate buckling load capacity of the strengthened perforated rectangular hollow section

(RHS) under axial compression is increased by up to 40%.
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1. Introduction

Besides aesthetic properties, tubular profiles have
numerous advantages over open profiles, such as high
compressive strength, bending, and torsional strength,
which encourage their usage in many industrial,
commercial, and residential buildings [1, 2]. Structural
members (beams and columns) are perforated (or cutouts,
holes, openings) to accommodate different modifications
and needs, such as Concealed electrical and signal lines,
heating and cooling air circulation, inspection, and
maintenance work (especially for bridges and towers),
freshwater and wastewater installations, connections to
other members, etc. aesthetic appearance, and material
optimization. However, the load transmission process may
be affected by the addition of perforations in a tubular
structural part. Because of the various cases of fabrication,
there could be a redistribution of strains that would lead to
stress concentration and localized collapse at the
perforation. [7,10]. Numerous studies on steel plates [6,11—
12], beams [4,13-14], and columns [3, 5, 8, 9, 10,15-20])
studying the impact of holes on member strength capacity
have been published since the late 1950s. Further, in their
study of the symmetric progressive buckling load of thin-
walled mild steel square tubes with circular perforations,
[18] found that the buckling load decreased linearly with
increasing perforation diameter. Further, [19] investigated
the effects of the size and placement of rectangular
perforations on the ultimate strength of lipped channel steel
stub columns. They found that the strength of a thin channel
column could be significantly reduced if the perforation is

in the effective area, but that the strength was found to be
hardly affected by perforations in the ineffective area. [6]
concluded that steel plates with circular perforations have
higher capacities than those with square perforations based
on the findings of the finite element (FE) analysis of steel
plates with either circular or square perforations. Further,
they set a design equation to determine the load capacity for
perforated equal-angle stub columns using the FE results.
Through a thorough parametric investigation using FE
analysis, [5] created a simple design equation to predict the
maximum capacity of plain and lipped channel sections
with circular holes. Further, using both experimental and
numerical methods, [15] investigated the impact of
elliptical perforations on performing thin cylindrical shells
subjected to axial load and provided an empirical formula to
calculate the buckling capacity. Further, the reduction in
post-peak ductility was investigated by [16], who also noted
that including slotted holes in lipped channel stub columns
had a minimal impact on ultimate strength. [3] extended the
design expressions for cold-formed steel columns with
perforations into six alternative possibilities by modifying
the Direct Strength Method (DSM) specified in North
American Specification (NAS 2007) [21] using seventy-
eight tests and 213 FE column strength data. The North
American Specification (NAS 2012) [22] was found to use
Design Option 4 (where the local buckling capacity was
restricted to net area-based vyield capacity) [22]. By
considering parameters like perforation shapes, sizes, and
spacings using the isoperimetric spline finite strip method
(ISFSM), [9] investigated the inelastic stress distributions,
load transfers, and failure modes on perforated plates and
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C-section columns in compression and concluded that
perforation shape has a negligible impact on the ultimate
capacity of columns. Based on FE research, [17] found that
a single circular perforation at the mid-height of a circular
stub column resulted in the greatest reduction in column
buckling load. To evaluate the impact of perforation
characteristics, such as perforation sizes and spacings, on
the load capacities of open cross-sections, Yao, and
Rasmussen [10] conducted a thorough parametric analysis.
Based on the column strength data from [10], the accuracy
of the design equations of DSM described in AS/NZS 4600
[23], Design Option 4 proposed by Moen and Schafer [3],
and 2 out of 19 design alternatives proposed by Yao and
Rasmussen [24] was assessed. To determine the stub
column capacity of square hollow sections (SHS) and
rectangular hollow sections (RHS) with opposing
imperative round perforations at column mid-top,
[25,26,27] conducted an experimental investigation. They
discovered that the final capacity of SHS/RHS stub
columns was unaffected by a central porosity ratio (d/w) up
to 10%. The breaking load of perforated SHS/RHS stub
columns is, therefore, not affected by using a smaller
perforation size (d 0.1w). They concluded that most of the
design equations available now conservative ones. The
effect of perforations on thin cylinders were researched by
[28]. They presented test and verification findings for the
FEM simulation. Both a hollow circular section with 12
circular holes and a semi round tube with no holes were
considered. They subjected the specimen and the FEM
model to compression, bending, and torsional loads. The
strain gauge records agree with the FEM findings for the
perforated model. They discovered that the FEM findings
and the strain gauge records are in good agreement with the
perforated model under torsional loading. An experimental
investigation was presented by [29] to examine the effects
of an opening section on the stability and strength of steel
columns with cold-formed thin sections (CFS) under axial
compression load. They concluded that for struts with box
and channel sections, respectively, the greatest drop in axial
compressive strength of struts induced by the existence of
web apertures is found to be about 30% and 45% of the
reference strut strength. They concluded that web apertures
reduced the axial compressive strength of the column
specimens less for circular openings than for rectangular
and/or square web openings. Further, using both
experimental and numerical methods, [30] investigated the
behavior and design of thin, non-compact steel square
hollow sections (SHS) under eccentric loading. He
discovered that the usual equation for slender sections is
40% more cautious than test and numerical results in
several circumstances, particularly when the slenderness
ratio is less than 1.0. He also concluded that they should
change the design formulae currently used for elongated
SHSs under eccentric stress. He therefore put down a
modern design equation for these kinds of portions. Further,
to forecast the load-bearing and rotational capacities of steel
members subjected to bending and axial stresses, [31]
conducted two types of experimental testing and
collaborative analysis operations. They concluded that the

column's base experienced localized buckling, which
indicated the failure process. The moment load capacity and
the rotational capacity is both decreased by increasing the
dimensionless axial load. They also concluded that the
moment-bearing and rotational capacities are significantly
influenced by the material parameters. Further, a relatively
new sort of thermal profile with stretched perforations that
resemble a net was studied by [32]. They discussed how
perforated CFS-C profiles buckled under compressive
pressure. They concluded that it also seemed reasonable to
employ computer modelling to consider the original
geometrical faults of the sections given how susceptible
such perforated CFS structures are to mechanical
deformation.

The main purpose of the current study is to investigate
the effect of strengthening the perforated RHS stub columns
by using external doubler plates with two distinct heights
with doubling and tripling the aperture diameter under axial
static compressive load, one of the commercially available
RHS sections was chosen carefully with the standard
section dimensions as shown in Fig. 1 to be used in the
experimental work, Also the increase in the axial
compressive strength of the column specimens caused by
doubler plates for different strengthening ratios has been
studied.

70 &0
?L 3 ? =2
70X40X3.0 80X40X3.0 J

Figure 1. tube Cross-section used in experimental work..
2. EXPERIMENTAL STUDY

2.1 Experimental program

An experimental program was carried out to investigate
the effects of web opening on the behavior and failure of
steel stub columns with cold-formed thin-walled sections
(CFS) subjected to axial static compressive load. The
dimension labelling system used in this paper is shown in
Fig. 2.a, where B, D, t, d, w, r, and L represent the width,
depth, thickness, diameter of perforation, flat-width, outer
corner radius, and stub column height.

Fourteen tested steel columns specimens have a tubular
section with two different dimensions; Seven specimens
have a tubular section with dimensions of RHS (70x40x3)
mm (width x depthx thickness). The other seven specimens
with dimensions of RHS (80x40x3) mm. The effect of the
size of two opposing central circular web opening diameters
was investigated. Specimen were strengthened with doubler
plates fig 2. b, every seven columns with the same cross-
section shape was divided into three groups of two columns
beside the reference column that has no web openings:
Group I: include stub column specimens without
strengthening, including the reference column that has no
web openings. (6 Specimens)
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Group II: strengthened specimens by adding a doubler plate

with height S=2d. (4 Specimens)

Group I strengthened specimens by adding a doubler

plate with height S=3d. (4 Specimens)

All groups of columns have two (d/w) ratios; 40% and
60% opening area that are located at the mid-height of the

column web.
o
= d
-

(a)

Face 3

Face 4

(b)

Figure 2.a column stub dim used in experimental work.

e W

Figure 2.b column stub strengthening 2d, 3d used in experimental
work.

Table 1 stands for the Specimens grouping with the
labeling code (ID).

The test program is conducted to study the effect of the
hole diameter (d), (d/w), and the doubler plate height,
stiffening ratio on the column axial capacity.

The label of the test specimens is designed such that the
element dim, ratio (d/w), and (s) ratio are defined. An
example of a specimen label (ID) is given below.

80x40x3.0-(d/w) 60%-2d
e Doubler s = height / hole ratio.
e (d/w)ratiois 60%.

> e Specimen dim (W x B x t) mm

Table 1. Test Matrix of Specimens Tested in Group |, Il and I1I.

Group SN mark Specimen 1D WX B xtmm d/w% d=holedia. mm $= dOUt:::fr'T’]hEight
1 20 70x40x3.0-(d/w) 00%-0d 70x40x3.0 0 0 0
2 23 70x40x3.0-(d/w) 40%-0d 70x40x3.0 40 28 0
| 3 25 70x40x3.0-(d/w) 60%-0d 70%x40x3.0 60 42 0
4 39 80x40x3.0-(d/w) 00%-0d 80x40x3.0 0 0 0
5 42 80x40x3.0-(d/w) 40%-0d 80x40x3.0 40 32 0
6 44 80x40x3.0-(d/w) 60%-0d 80x40x3.0 60 48 0
7 29 70x40x3.0-(d/w) 40%-2d 70x40x3.0 40 28 56
I 8 31 70x40x3.0-(d/w) 60%-2d 70x40x3.0 60 42 84
9 48 80x40x3.0-(d/w) 40%-2d 80x40x3.0 40 32 64
10 50 80x40x3.0- (d/w) 60%-2d 80x40x3.0 60 48 96
11 35 70x40x3.0- (d/w) 40%-3d 70%x40x3.0 40 28 84
i 12 37 70x40x3.0- (d/w) 60%-3d 70%x40x3.0 60 42 126
13 54 80x40x3.0- (d/w) 40%-3d 80x40x3.0 40 32 96
14 56 80x40x3.0- (d/w) 60%-3d 80x40x3.0 60 48 144
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2.2 Material properties (Coupon test)

The stub columns were made from commercially
available sections of tubular columns in Egypt. Steel
materials used to form the tubular elements have undergone
tensile coupon testing to define its mechanical properties.
The standard tensile test of the coupon specimen was
conducted according to ASTM E 8M/16. Specimens were
cut from the webs of the parent elements of the used tubes. A
typical stress-strain curve for the two coupon tests is shown
in Figs. 3.

The Material properties are summarized in Table 2. The
value of the yielding stress 6o = 357 MPa and ultimate stress
oy = 399 MPa are considered in the research.

Stress Strain
500

400

75}
(=1
(=1

(=]
(=]
(=]

— specimen

Stress (MPa)

—_
(=1
(=]

0
0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13

Strain(%)
Figure 3. Stress-strain curve

2.3 Specimens' preparation

Fourteen steel columns with cold-formed RHS of
dimension 80x40x3 and 70x40x3 of a total length of L= 200
mm have been considered in the experimental tests.

The opposite holes at the samples mid height were cut
with a laser CNC machine to produce perfect circular holes
fig 4. The Doubler plate was cut from the same primary
tubular column, giving it the same material characteristics
and thickness as the base metal, figs 5 and 6. The samples
were combined with the Doubler plate using full-length
GMAW welding. The bearing plates were then welded to the
samples to disperse the loads from the pressing machine fig
7.

Figure 4. Detaching components

Figure 5. Fitting of the two element parts.

Figure 6. Assembling element parts.

Figure 7. welding parts (Final specimen).

2.4 Test Setup

All the specimens were evaluated with simply supported
boundary conditions at both ends. The load is provided by a
hydraulic jack and aligned vertically on the element. The
load cell used for the experiments is calibrated before the
testing procedure. Thick steel bearing plates were used at the
upper and lower sides of the specimen to insure uniform load
distribution. A typical experimental setup is shown in Figs.
8,9, and 10.

Table 2. Test Matrix of Specimens Tested in Groups |, Il, and Il

Coupon Tube w (mm) t (mm) L, (mm) E (GPa) o, (MPa) o, (MPa)
743 70x40x3.0 30 3.0 300 199 357 399
744 80 x40x3.0 30 3.0 300 199 358 399
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The ultimate capacity of solid, perforated, and
strengthened stub columns was calculated using a 400 kN
hydraulic loading frame. The specimens were subjected to a
concentric incremental load using the load control procedure
in the testing machine at a constant loading rate of 1.0 kN/s.
Two linear variable displacement transducers (LVDTSs) with
stroke lengths of 80 mm were used to measure the end-
shortening of the stub columns. An initial load of 1.0 kN was
applied to ensure full contact between the specimen edges
and the bearing plates. The concentric incremental load was
applied up to a certain point until enough post-ultimate range
was captured. The readings from load cells, and
displacement transducers were recorded at regular intervals.

Figure 8. Specimen ends connection.

Lab Frame

Lab Frame

v
g
]
[
=
=)
o
—

Specimen

Load i

Hinged Support

Hinged Support
Figure 9. Test setup.

| Strain ol
S Gauge 1.2

Figure 10. Arrangement of LVDTSs and Strain Gauges on the tested
specimen.

3. TEST RESULTS, VERIFICATION, AND
DISCUSSION

The failure modes, ultimate axial compressive load, and
load-displacement behavior are presented and discussed in
the following sections. The load capacity of the tested steel
closed and perforated stub is compared and verified against
the AISI standard, as well as the perforation ratio at
Tekcham Singh and Konjengbam Singh [25] experimental
results.

3.1 Ultimate Load Capacity verification

In this section, the load capacity of the tested steel closed
and opened stubs of (Group 1) are presented, and a
comparison with verification against the AISI standard [34]
and experimental results will be conducted.

The recorded test results of the group | specimens are
summarized in Table 3. The Experimental ultimate load for
the closed and perforated stub column specimens (Pex.c,
Pexp.o), and the end shortening (A) are shown in column 3.
Also, Table 3 presents the nominal axial load (P,,) for the
closed stub column determined according to the AISI
standards [34] and the reduction factor R of perforation ratio
determined by Tekcham Singh and Konjengbam Singh [25]
are recorded, where R is the load capacity of opened sample
relative to the closed one. It can be concluded that there is a
good agreement between the experimental results and the
AISI design code [34], as well as experimental results.
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Table 3. Test Matrix of Specimens Tested in Group I.

Reduction Factor

Experimental AISI Code Comparison [25]
% F\)exp RSingh %
o Specimen
O] Pexp.c Pexp.o A Py P, Piypo i Rexp
(kN) (kN) (mm) (kN) Pexpc Pexpc Po Rsingn
70x40x3.0- (d/w) 00%-0d 247.15 1.87 208.41 0.84 -
70x40x3.0- (d/w) 40%-0d 223.38 3.17 0.90 0.89 102%
70x40x3.0- (d/w) 60%-0d 168.89 3.85 0.68 0.69 99%
I 80x40x3.0- (d/w) 00%-0d 260.84 3.48 229.67 0.88 - -
80x40x3.0- (d/w) 40%-0d 223.83 35 0.86 0.89 99%
80x40x3.0- (d/w) 60%-0d 186.01 2.63 0.71 0.69 100%
Overall Mean 0.86 0.79 0.79
40% Mean 0.88 0.89
60% Mean 0.70 0.69
3.1.1  Design force Code AlSI Standard 3.1.1.2 Local buckling determination

The American Iron and Steel Institute (AISI S100-
16) [34] provides design formulae to estimate the column
capacity of cold-formed steel structural members using the
Effective Width Method (EWM) and Direct Strength
Method (DSM). The nominal axial strength of a member in
compression shall be the minimum of the axial capacity of a
member for yielding and global buckling (P,.), local
buckling interacting with yielding and global buckling (P,,;),
and distortional buckling (P,,), according to Section E of
AISI S100-16 [34]. Because doubly symmetric closed
sections chosen are relatively thick in the current
experimental program, distortional buckling capacity is large
and thus ignored.

3.1.1.1 Global buckling determination

The nominal axial capacity (B,.) for yielding and
global buckling is estimated based on Section E2 of AlSI
S100-16 [34] as follows:

Bre = Aan (1)
In which,
Ay = gross cross-sectional area,

F, = compressive stress and calculated as follows:

Fori. < 15; F, = (0.658%)f,

)5

0.877
g

ForA.>15; F,= ( @

where,

2E
(KL/7)?

Ae =\/fy/Fcre v Fore =

F... = Elastic global buckling stress estimated
based on Appendix 2 of AISI S100-16
[34], f, = Yield Stress.

The nominal axial capacity (P,) for local buckling
interacting with yielding and global buckling is calculated
based on either EWM in Section E3.1 or DSM on Section
E3.2 of AISI S100-16 [34].

Local buckling determination is based on Effective
Width Method, (P, gwm)- The nominal axial capacity for
local buckling (P, gwm) based on Effective Width Method
(EWM) is estimated using Eq. (3) given as follows:

Pnl.EWM = Aan < Pne

3)
In which,

P,. and F, are defined in Egs. (1) and (2) respectively,

A, Effective area is calculated by multiplying the
member thickness by the sum of the effective width, b, of
each element comprising the cross-section plus corner
portions, assuming that corner portions are fully effective.

As shown in Table 3, The nominal axial strength (P,) for
closed RHS given by AISI Standard is lower than the test
(Pexp.c) as the maximum difference is 15%.

This result was also reported by [35], probably as a result
of a conservative prediction of the stub column strength.

3.1.2  Effect of perforation

Table 3 presents the reduction in the column
capacity Rgy, due to the introduction of perforation in the
tested specimens. Rey, was assessed by normalizing the
perforated (opened) column capacities, (Pgyp) from the
test, with the corresponding closed stub column capacities,
(Pgxp. ¢) of similar cross-sectional dimensions. Also, the

103



Engineering Research Journal (ERJ)

Hanan H. Eltobgy et al

Vol.53, Nol January 2024, pp:98-110

reduction factor Reingy [25] Pi for the same opening ratio
o

d/w determined by [25] is recorded.

R Reduction factor due to Opening Size-
EXP.

1.20

G

& 100

o

— 0.80

s

& 0.60

=,

A,

m”d 0.40 e T0x40x3.0
0.20 e 815 40x3.0
0.00

0 010203040506 070809 1
d/w
a.Experimental
R Reduction factor due to Opening Size -

o 1 FE.

&

o 1

s 0.8

oy

9 0.6

D

p 04 —— 70X40X3.0-FE
0.2 = 80X 40X3.0-FE

0 01 02 03 04 05 06 0.7 0.8 0.9
d/iw
b.Finite Element

1

Figure 11. Impact of perforation size on column strength Group |

The plot of the normalized perforated stub column
experimental capacities against the perforation size ratio,
(d/w) for the specimen Group | is shown in figure 11.a. It
can be noticed that the reduction in the ultimate capacities
varies from 90% to 69% for perforation size ratio ranging
from 40% to 60%. An overall, non-linear drop in the
member capacity was observed as the perforation size
increases. This is due to the lack of stiffness and the effective
cross-sectional area. Furthermore, the authors have carried

a) 70x40x3.0-(d/w)00%-0d b 70x40x3.0-(d/w)40%-0d

out a finite element parametric study, and the results will be
published in a future article. Some of the results for six
samples are presented in fig.11.b for sake of comparison.
From fig.11.b it can be concluded that; the reduction in
ultimate capacities ranges from 85% to 64% for perforation
size ratios ranging from 40% to 60%, with a 5% variance
from the results of the experiment.

These conclusions are consistent with those reached by
Tekcham Singh and Konjengbam Singh [25].

3.2 Failure Modes

Figs. 12, 13, 14, and 15 show the tested steel column
specimens at failure. Local buckling occurred at various
locations along the length of all tested columns, depending
on opening diameter and web opening strengthening. The
five failure modes of the tested steel column specimens are
summarized in Tables 4 and 5.

The local buckling of the closed steel columns was located at
the ends of the column, as shown in Figs 12.a to 15.a,
whereas the local buckling for the specimens with opening
d/t = 40% was located in the middle of the column length
around the hole, as shown in Figs 12.b to 15.b. When the
openings increased from d/t = 40% to 60%, the columns
buckling failure mode was lateral distortion buckling due to
the reduction in the column axial stiffness, also the
specimens are more sensitive to local geometry
imperfections. The column axial stiffness is considerably
reduced, and the column exhibits less axial strength.

Figs. 12.c, 12.d, 14.c, and 14.d show that the local buckling
occurred at the columns end for the tested strengthened
specimens with 2d or 3d for columns with opening ratio of
40%, because the doubler plates prevent the local buckling
around the holes like the closed section.

On the other hand, Figs. 13.c, 13.d, 15.c, and 15.d show that
for the tested strengthened specimens with 2d or 3d for an
opening ratio of 60%, the doubler plate can’t prevent even
the local buckling or lateral distortion but also there is extra
local buckling at the end of the column, combining mode 01
with mode 02 and mode 01 with 03 for 2d and 3d
respectively.

The specimen’s failure modes matrix is presented in table 4.

¢)70x40x3.0-(d/w)40%-2d  d) 70x40x3.0-(d/w)40%-3d
Figure 12. 70x40x3.0 — w/t 40%
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a)70x40x3.0-(d/w)00%-0d  b)70x40x3.0-(d/w)60%-0d  ¢)70x40x3.0-(d/w)60%-2d  d)70x40x3.0-(d/w)60%-3d
Figure 13. 70x40x3.0 — w/t 60%

a)80x40x3.0-(d/w)00%-0d  b)80x40x3.0-(d/w)40%-0d  ¢)80x40x3.0-(d/w)40%-2d  d)80x40x3.0-(d/w)40%-3d
Figure 14. 80x40x3.0 — w/t 40%

a)80x40x3.0-(d/w)00%-0d  b)80x40x3.0-(d/w)60%-0d  ¢)80x40x3.0-(d/w)60%-2d  d)80x40x3.0-(d/w)60%-3d
Figure 15. 80x40x3.0 — w/t 60%

Table 4. Failure modes Matrix of Specimens Tested in Group |, Il and Il1

Group  Mark Specimen 1D MODEOL MODEO02 MODEO03 MODEO04 MODE 05
20 70x40x3.0-(d/w) 00%-0d .
23 70x40x3.0-(d/w) 40%-0d .
| 25 70x40x3.0-(d/w) 60%-0d .
39 80x40x3.0-(d/w) 00%-0d .
42 80x40x3.0-(d/w) 40%-0d .
44 80x40x3.0-(d/w) 60%-0d .
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29 70x40x3.0-(d/w) 40%-2d .
T 31 70x40x3.0-(d/w) 60%-2d .
48 80x40x3.0-(d/w) 40%-2d .
50 80x40x3.0- (d/w) 60%-2d .
35 70x40x3.0- (d/w) 40%-3d .
m 37 70x40x3.0- (d/w) 60%-3d °
54 80x40x3.0- (d/w) 40%-3d .
56 80x40x3.0- (d/w) 60%-3d °

Table 5. Failure Mode Types.

-
o
a Local Buckling at Ends
o
=
S
w Local buckling around the
[a)
o hole at mid height.
=
™
o
L S
8 Lateral distortion
=
Combined local buckling at
<
8 ends and local buckling
8 around the hole at mid height.
= (Mode 01 + Mode 02)
L Combined of Local Buckling
& | atEnds and Lateral Distortion
o
=

(Mode 01 + Mode 03)
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3.3 Ultimate Load Capacity for columns with
Strengthened Doubler plates

Tables 6 and 7 show the ultimate axial compressive load
at failure for each steel column specimen listed in Table 2.
These tables clearly show that the strengthening with
Doubler plates significantly affected the column axial
compressive strength for both 40% and 60% web opening
ratio (d/w) steel column sections.

The results show that for both column sections tested, a
ratio of opening width to total section width (d/w) of 40%
results in a greater mean increase of axial compressive
strength caused by the presence of Doubler plates than a
ratio of 60% (d/w), with mean values of 108% and 101%,
respectively, compared to the reference steel design load for
the closed column.

The maximum percentage of the increase in the axial
compressive strength in columns with (d/w) 40% due to the

presence of 2d Doubler plates are about 105% and 98% for
both RHS70x40x3.0 and RHS80x40x3.0, respectively, while
it noticed to be 110% and 102% for the same opening ratio
but with 3d Doubler plates.

Moreover, Table 6 and 7 also show that, the increase in
the axial compressive strength in columns with (d/w) 60%
due to the presence of 2d Doubler plates are about 99% and
94% for both RHS70x40x3.0 and RHS80x40x3.0,
respectively, while it is noticed to be 102% and 100% for the
same opening ratio but with 3d Doubler plates

On the other hand, for both column sections considered
in the experimental test, to reach about 98% or 100% of the
designed axial compressive strength computed with AISI
standard, for 40% (d/w) opening ratio using 2d Doubler plate
is more effective and economic rather than 3d Doubler plate,
which is more sufficient for larger opening 60% (d/w).

Table 6. Test results of Specimens 70x40x3.0 Tested in Group |, 11 and 111

. Code Ratios Comparison
5 Experimental AlSI diw = 40% diw = 60%
8 Specimen A P P P P P P
o Pexp.c Pexp.o Pexp.s Py Exp.S Exp.S Exp.S Exp.S Exp.S Exp.S
(kN) (kN)y  (kN) (mm) (kN)  Pexpo Pewc Pn Pewo Pepc  Pa
70x40x3.0-(d/w) 00%-0d  247.2 187 208.41
I 70x40x3.0-(d/w) 40%-0d 223.38 3.17
70x40x3.0-(d/w) 60%-0d 168.89 3.85
. 70x40x3.0-(d/w) 40%-2d 24397 2.08 1.09 0.99 117
70x40x3.0-(d/w) 60%-2d 2315 2.34 1.37 0.94 1.11
70x40x3.0-(d/w) 40%-3d 257.3 1.56 1.15 1.04 1.23
' 70x40x3.0-(d/w) 60%-3d 23741  7.09 141 0.96 1.13
Mean 112 1.01 1.20 1.39 0.95 1.12
Table 7. Test results of Specimens 80x40x3.0 Tested in Group I, 11 and 111
N Experimental Code Ratios Comparison
- ) AlSI d/w = 40% d/w = 60%
8 Specimen P P P A p Ppxps Ppxps P Pgwps Ppps P
) exp.c exp.o exp.s n P. xp. ExpS xp. xp- ExpS
(kN) (kN)  (kN) (mm) (kN)  Pexpo Pewc Pn Pewo Prgpc Py
80x40x3.0-(d/w) 00%-0d  260.8 3.48 229.67
| 80x40x3.0-(d/w) 40%-0d 223.83 35
80x40x3.0-(d/w) 60%-0d 186.01 2.63
80x40x3.0-(d/w) 40%-2d 251.7 343 112 096 1.09
. 80x40x3.0-(d/w) 60%-2d 242.84 3.78 131 093 1.06
80x40x3.0-(d/w) 40%-3d 263.07 1.63 118 1.01 114
" 80x40x3.0-(d/w) 60%-3d 256.93 4.77 1.38 0.99 1.11
Mean 115 099 111 134 0.96 1.09
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3.4 Columns Ultimate Load Capacity and End
Shortening

Table 6 and Table 7 show that the maximum percentage
of the mean increases in axial strength due to the presence of
doubler plates was almost identical for both RHS
70X40X3.0 and RHS 80X40X3.0 sections, which are%12
and%15 for Doubler plate with 2d, respectively, and 39%
and 34% for Doubler plate with 3d.

Figs. 16 and 17 present the impact of strengthening
compared to the opening size on the axial column
experimental strength. The ultimate axial column strength
increased by about 40% when using strengthening with
doubler plates. Furthermore, the authors have carried out a
finite element parametric study, and the results will be
published in a future article. Some of the results for six
samples are presented in fig.18 and fig.19 for sake of
comparison. From fig.18 and fig.19 it can be concluded that;
increases in axial strength due to the presence of doubler
plates was almost identical for both RHS 70X40X3.0 and
RHS 80X40X3.0 sections, which are%l10 to %31 for
Doubler plate with 2d, respectively, and 14% and 33% for
Doubler plate with 3d, with a 5% variance from the results
of the experiment.

This section presents the effect of strengthening using
Doubler plates on the axial

compressive strength to axial displacement relationship
of the tested steel columns for different sizes of web
openings and for different strengthening ratios RHS.

Fig. 18 to Fig. 21 show the effect of the strengthening on
the axial compressive
strength and the axial displacement of the tested steel
columns for the different lengths of doubler plates S=2d and
S=3d for RHS 70x40x3.0 and 80x40x3.0 sections.

Fig. 18 and Fig. 19 show that for both RHS 70x40x3.0
and RHS 80x40x3.0 sections column with web opening ratio
of 40%, steel columns strengthening with doubler S=2d
improves the axial compressive strength without increasing
columns stiffness, whereas columns strengthening with
doubler S=3d improves both axial compressive strength and
axial stiffness.

Fig. 20 show that for RHS 70x40x3.0 section column
with web opening ratio of 60%, steel columns strengthening
with doubler S=2d improves both axial compressive strength
and axial stiffness, whereas columns strengthening with
doubler S=3d improves only the axial compressive strength
without any improvement in columns stiffness.

On the other hand, Fig. 21 show that for RHS 80x40x3.0
section column with the same web opening ratio of 60%, an
opposite behavior observed, strengthening with doubler
S=2d improves only the axial compressive strength without
any improvement in columns stiffness, whereas columns
strengthening with doubler S=3d improves both axial
compressive strength and axial stiffness.

0-(dw) 40
0-diw) 40%-2

Load (kN)

End Shortening (mm)

Figure 18. Load — End Shortening curve for 70x40x3.0 40%
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conducted in the Civil Engineering lab, at EI-Azhar
University. The steel column specimens that were tested
have a box section with two different dimensions; seven
specimens have a box section with dimensions of RHS
(70x40x3) mm. The other seven specimens have a box
section with dimensions of RHS (80x40x3) mm. The effect
of the size of two opposing central circular web opening
diameter was investigated. Specimens were strengthened
with doubler plates with different heights, 2d and 3d, to
investigate their effect on the axial compressive strength and
stiffness of the steel columns. The specimens were divided
into three groups.

Group I comprise stub columns specimens without
strengthening, including the reference column that has no
web openings.

Group ll: strengthened specimens by adding doubler plate
with height S=2d.

Group 11 strengthened specimens by adding doubler plate
with height S=3d.

The load - end shortening curves of the stub columns and
typical failure modes observed from the present test program
are investigated in this research. The measured ultimate
capacity of strengthened members is used to estimate the
effect of the strengthening with doubler plate, with two
heights 2d and 3d. Conclusions derived from this study are:
i)  The reduction in maximum axial capacity of the column
based on actual test results for 40% and 60% perforation
size ratio (d/w) is approximately 12% and 30%
respectively. A mild drop in the load capacity of the
perforated stub columns is observed as the perforation
ratio, d/w, increases from 0.4 to 0.6.

Figure 21. Load — End Shortening curve for Specimen 80x40x3.0 60% if) Strengtheqing the stub CO|Umn_S With_opening ra_tios 40%
to 60% using doubler plates with height S=2d, increases
The reason for this behavior can be justified by the effect the ultimate column capacity by about 10% to 30%,
of decreasing the axial stiffness as the cross-sectional area respectively. ) ) )
decreases due to the wide opening ratio being 60% rather iii) Strengthening the stub columns with opening ratios 40%
than 40%. Also, the columns became more vulnerable to to 60% using doubler plates with height S=3d, increases
local buckling. Beside to the effect of doubler plate height the ultimate column capacity by about 17% to 40%,
relative to the specimen constant height and its effect on _ re_spectlvely. _ _
location of local buckling and failure mode shape and its iv) Finally, the use of doubler plates in this research
behavior. improved the behavior of the specimens with opening as
they provide about 96% of the ultimate column capacity
4. CONCLUSION of the closed column.
Fourteen cold—formed steel RHS stub columns have been
experimentally tested against axial compression load
List of symbols:
B Width (mm) D Depth (mm)
t Thickness (mm) d Diameter of opening (mm)
w Flat width (mm) r Outer corner radius (mm)
L Stub column height (mm) E Young's modulus (GPa)
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