TECHNOLOGY

| SCIENCE AND

INVESTIGATING THE BEHAVIOR OF STEEL BEAM WITH WEB
OPENINGS USING SAP2000 SOFTWARE IN STEEL STRUCTURE WORKS

Pham Nguyen Hoang?, Nguyen Quang Phut
1. Thuyloi University

Abstract: In this article, we investigate experimentally and numerically the performance of beams
with web openings when subjected to two concentrated loads acting on the upper flange of the
beam. Indicators such as: deflection between beams, stress at the edge of the hole, stress at the
upper flange of the beam, etc. were measured during the experiment campaign. At the same time,
numerical simulation of the experiment was performed using SAP2000 software. The numerical
simulation analysis using SAP2000 software and experiment show very similar results. It can be
concluded that numerical simulations using SAP2000 software can predict with high reliability
and anticipate dangerous locations when designing with less cost than surveying by experiment.
Keywords: Steel beam with web openings, SAP2000.

1. CONTEXT

With the increasingly modern development of
the construction industry as well as meeting
the actual needs of people, projects using steel
structures are increasingly used because of
their efficiency and outstanding advantages as
well as their suitability. It is more suitable for
conventional reinforced concrete structures.
Currently, shaped steel beams are
manufactured in a variety of shapes and sizes
to meet the requirements of each type of
project.

However, because the cross-sectional size is
pre-determined, prefabricated steel beams have
some disadvantages such as not taking full
advantage of the material's working ability,
large web thickness leading to waste of steel,
large volume, not able to span large spans,
inconvenient in arranging technical pipes, not
achieving high architectural efficiency, etc.
These disadvantages have posed the problem
for experts and designers to find a more
reasonable way to use steel materials for
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prefabricated steel beams. One of the measures
to overcome these disadvantages is to
manufacture hollow beams and steel beams
with web openings. However, the web openings
boring process affects the structural properties
and durability of the beam. Therefore, to ensure
the safety and structural durability of
construction works, research is necessary.
Studies on beams with web openings focus on
analyzing and determining the dangerous
position of the beam when subjected to impact
loads.
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Figure 1: Some types of shaped steel

Steel beams can be improved, machined from
shaped beams, cut along the web along a
trapezoidal sawtooth line, then welded over the
two halves of the beam but offset by half a
pitch, creating a new type of beam, with hollow
cells. The 6 edges on the beam's belly are as
shown in Figures 2, 3. As a result, the beam
has increased height and bending capacity,
while creating many spaces (openings),
making it easy to arrange technical pipes
within the area. beam height. If you want to
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create higher-height beams with larger hollow
cells, you can insert small rectangular steel
plates, welded head-on with saw-toothed tips.

Thanks to the increased beam height, beams
with web openings have a higher bending
capacity than shaped steel beams. This is an
outstanding advantage. Thanks to that, beams
with web openings are especially suitable when
needing to span large spans with small loads.
To prevent buckling and overall instability,
other materials can be used to weld to fill the
openings in the beam (in case necessary).
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Figure 3: Processing steel beams with circular openings
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Compared with traditional steel beams, the beam
height is increased, leading to geometric
characteristics of bending resistance such as
moment of inertia, moment of bending resistance,
and radius of inertia also increasing significantly.
Therefore, the ability to span a larger span than
the original beam reduces the number of columns
and foundations in the building and increases the
usable space. Therefore, perforated beams are

a) The beam with span of 11.8m at the
Wellington Place project

BN

c) Cantilever beam with holes in t
Dumferline stadium

he eb at
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especially suitable when needing to span a large
span with load. small . Furthermore, the holes in
the beam web allow technical systems to pass
through the beam web, allowing the ceiling to be
installed right under the surface of the steel beam,
increasing the clear height of each floor. There are
many projects in the world that have used
perforated beams (Figure 4).
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b) Moorgate Exchange office building,
England
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d) Beams in the sports hall in Manchester

Figure 4: Some applications of beams with web openings around the world

In this study, steel beams with regular
hexagonal web openings were investigated by
numerical simulation analysis using SAP2000
software. The survey results are compared with
experimental results to verify the reliability of
the numerical simulation method.

2. EXPERIMENT ON THE BEHAVIOR
OF STEEL BEAM WITH OPENINGS

a. Experimental beam parameters
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The steel beam with web openings has a length
of 2.5m, the material used is SS400 steel grade,
the cross-sectional dimensions are as shown in
Figure 5 and the physical and mechanical
characteristics of the material are as follows:

» Elastic modulus: E = 2,06x10° daN/cm?
» Density: 77 kN/m®

* Horizontal expansion coefficient p = 0,3.
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Figure 5: Overall shape and cross-sectional size of the beam without and with openings (mm)
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Figure 6: Image of fabrication of two experimental beam samples

Using 2 steel beams of the same size to perform  ends of the beam.

the experiment, the manufacturing process is E &

shown in Figure 6. B’/”"'"”ﬂ?ff;c
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b. Experimental diagram Ngrerere Glere e aresese:

Concentrated load P gradually increases with 5

- - Khung thBp ceng
load levels applied at 2 locations on the beam /
as shown in Figure 7. Joint connection at both @A
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Figure 7: Experimental loading diagram

Displacements and stresses at some locations
marked in Figure 8 were recorded during the
experiment.

833 833 833

P

Figure 8: Load location and measuring
heads in the experiment (unit: mm)

Loading equipment: Using American hydraulic
jack system and SPX Power Team oil pump.
Maximum force of jack: 20T (~200kN).
Displacement measuring device: Mitutoyo
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electronic Indicato from Japan. Stress
measuring  device:  Tenzomet. In the

experiment, place stress measurement points
T1, T2 and T4, T5 at the edge of the hole right
next to the position of force application and
offset to both ends. The stress measurement
point T3 is at the upper flange of the beam, near
the position of force P and offset to the right of
the beam. Stress measurement point T6, located
at the upper flange, in the middle of the beam.
Displacement measuring point 13 is located at
the lower wing, in the middle of the beam.

Load data: load placed at 2 locations with
maximum magnitude Pmax = 28 kN, divided
into 5 load levels as Table 1.

Table 1: Experimental load levels

Load levels 1

3 4 5

P (kN) 10

15 20 24 28

Figure 9: Some images of actual experiments
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c. Experimental results
The experiment was performed on two steel
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beams with web openings (same size). The
experimental diagram is shown in Figure 9. The
experimental results are shown in Table 2.

Table 2: Actual test results of two beams with web openings
according to experimental load levels

Experimental sample number 1

Load | Deflection Stress (daN/cm?)

levels (mm) T1 T2 T3 T4 T5 T6
0 0,0 0 0 0 0 0 0
1 2,5 140 182 185 168 282 249
2 3,5 355 480 478 465 780 706
3 4,8 550 860 865 866 1430 1328
4 6,0 785 1163 1092 1227 2020 1786
5 74 965 1325 1260 1380 2116 2025

Experimental sample number 2

Load | Deflection Stress (daN/cm?)

levels (mm) T1 T2 T3 T4 T5 T6
0 0,0 0 0 0 0 0 0
1 2,5 132 186 169 142 296 236
2 3,8 350 489 464 405 759 615
3 4,9 647 882 836 783 1385 1156
4 59 885 1250 1053 1064 1886 1663
5 7,0 1050 1522 1442 1225 2315 1990

3. INVESTIGATION THE WORKING OF
BEAMS USING SAP2000 SOFTWARE

a. Build models in software

The material used for the model is SS400 with
typical parameters as shown in Figure 10.

[ Material Property Data X

General Data
Material Name and Display Color SS400 |

Material Type Steel

Material Grade [ss400 |

Material Notes Modify/Show Notes.

Weight and Mass Units
[
Weight per Unit Volume {77 KN, m, C v

Mass per Unit Volume

Isotropic Property Data
Modulus Of Elasticity, E 2.060E+08

Poisson, U 03

Coefficient Of Thermal Expansion, A _1 200E-05

Shear Modulus, G 79230769,

Figure 10: Definition of beam material

The steel beam with web openings is modeled with
plate elements (Shell) for the flanges with a
thickness of 6.5mm, a width of 74mm, a length of
2500mm and a web with a thickness of 5.0mm, a
height of 203, 5mm, length is 2500mm. On the
web, openings will be punched in regular
hexagons with sides of 69.3mm, the distance
between the two corners in the two closest holes is
69.3mm. Shell panels parameters are shown in
Figure 13. The 3D modeled beam image and
element meshing are shown in Figure 11.

Figure 11: 3D model of perforated beam
on Sap2000 software
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Figure 12: Model of hollow beam subjected to two concentrated
forces using SAP2000 software (kN)

H shell section Data x

Section Name FLANGE Display Color [

Section Notes Modify/Show.
Type Thickness

@ Shel-Thin NMembrane 6.5006-03

© shel - Thick Bending 6.5006-03

O Pate - Thn Material

(O Piate Thick Material Name + | 55400 v

O Membrane Material Angle 0.

(O Shel - LayeredMNoninear
Time Dependent Properties

Set Time Dependent Properties.

Stiffness Modifiers.
Set Modifiers.

6.500E-03

_— 6.500E-03

a) Beam wings

A shell section Data X

Section Name wes Display Coor [l

Section Notes. Modify/Show.
Type Thickness

(® Shel - Thin Membrane 5.000E-03

O shel - Thick Bending 5.0006-03

O Piste - Thin Waterial
©) Piate Thick Material Name. + | 55400 v

© Membrane Material Angle o

() Shel - Layered/onlinear
Time Dependent Properties

Set Time Dependent Properties.

Stiffness Modifiers|

Set Modifiers. %
b) Beam web

Figure 13: Definition of beam cross-section

The load applied to the beam is kept the same
as the load in the experiment above
(corresponding to 5 load levels). The load
assignment model corresponding to load level
5, which is the largest load level P = 28 kN, is
shown in Figure 12.

b. Results of numerical model analysis

The results taken in the model are the
displacement and stress results in the beam
caused by the two concentrated loads P.

The largest displacement at the mid-span of the
beam corresponding to the load level P =
28(kN) (equivalent to the 5th load level in the
actual experiment) is u3=6.97666mm (Figure
14). From the experimental results in table 2,
the deflections of the two test samples are:
7.4mm and 7mm, respectively, corresponding
to the deviation from the model compared to the
experiment: 6% and 0%. The deviation from the
average deflection of the two test samples is
3%.
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SE
Joint Object 3613 Joint Element 3613
1 2
Trans 0.7503 -0.00336
Rotn 2.481E-06 0.

k- H POby 3621
H PtEIm: 3621

L1 N i Ul= 7401

i U2--0099
O U3 = -69767
R1 = -8E-05

R2= 00015
R3 = -4 55E-07

B Joint Displacements

Joint Obiect 3613 Joint Element 3613

1 2 3
Trans 0.7503 -0.00336 -6.97666
Rotn 2.181E-06 0. 0.

Figure 14: Maximum displacement at the mid-span position of the beam

The stress in the beam when subjected to a load level of P = 28 (kN) is shown in Figure 15.
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Figure 15: Principal stress in beam (unit: daN/cm?)
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A summary table of stresses on the model corresponding to the measuring head positions in the

experiment is shown in Table 3.

Table 3: Stresses on SAP2000 model

Measuring Stress on the model Deviation from the average results of 2
equipment (daN/cm?) test samples

T1 990 1%

T2 1371 -6%

T3 1304 -3%

T4 1312 1%

T5 2138 -3%

T6 1971 -2%

Doing the same model on SAP2000 software with other load levels, the results are obtained in

Table 4.
Table 4: Stress deviation between the SAP2000 model
and the average value of two experimental samples
Load Model and experimental stress deviation
levels 13 T1 T2 T3 T4 T5 T6
0 0 0 0 0 0 0 0
1 1% 15% 13% 14% 1% 13% 5%
2 4% 8% 7% 9% 1% 9% 2%
3 4% 1% 4% 6% 3% 7% 3%
4 2% 2% 3% 4% 2% 6% 2%
5 3% 2% 4% 3% 1% 3% 2%

4. CONCLUSION

Based on the results of the survey on the
performance of steel beams with web openings
by numerical model analysis using SAP2000
software above, some conclusions can be drawn
as follows:

+ The performance of beams with holes in the
web surveyed using SAP2000 software is
relatively consistent with the results from the
experiment in terms of both displacement
values and stress values in the beams at the
surveyed locations.

+ The results between numerical simulation
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analysis and experimental results have some
small differences, not too large. The causes of
this error may be that the sample manufacturing
is not absolutely accurate, the sample is
skewed, or somewhat warped when cutting and
manufacturing.

+ From the survey results, we can completely
survey the working of steel beams with holes in
the web by numerical modeling using SAP2000
software with high reliability. Software surveys
can predict and anticipate dangerous locations
during design at less cost than experimental
surveys.

123



SCIENCE AND TECHNOLOGY

REFERENCES

[1] EN21993-1-1 (2005). Eurocode 3: Design of steel structures, Part 1.1: General rules and rules
for building.

[2] AISC 360 (2010). Specification for Structural Steel Buildings.

[3] [ICC (2009), International Building Code, International Code Council, Falls Church, VA.

[4] Kim, Y.D., Jung, S.-K. and White, D.W., (2007), “Transverse Stiffener Requirements in
Straight and Horizontally Curved Steel I-Girders,” Journal of Bridge Engineering, ASCE,
Vol. 12, No. 2, pp. 174-183

[5] ICBO (1997), Uniform Building Code, International Conference of Building Officials,
Whittier, CA

[6] Redwood. R. and Cho. S. H., (1993): 'Design of Steel and Composite beams with web
openings’, Journal of Constructional Steel Research, Volume 25, 23-41.

[7] Darwin, David, (1988) "Web Openings in Composite Bams," Composite Construction in
Steel and Concrete, C. D. Bucknerand I. M. Viest, eds. (New York: American Society of
CivilEngineers)

[8] ISO (1977), “Bases for the Design of Structures—Deformations of Buildings at the
Serviceability Limit States,” ISO 4356, International Standards Organization, Geneva,
Switzerland.

[9] Lawson. R.M, (1987): 'Design for openings in the webs of composite beams', CIRIA special
publication 51, SCI publication 068.The Steel Construction Institute, Ascot.

[10] TCVN 5575:2012. Steel structures — Design standards.

[11] Pham Nguyen Hoang, Ngo Van Thuyet, Hong Tien Thang, (2022). Instructions for using
Sap2000 software in calculating construction structures. Construction Publishing House.

[12] Nguyen Trong Tu, (2019). Calculate the design of steel beams with continuous holes
according to American standards. Master's thesis in engineering, Hanoi Architectural
University

124 JOURNAL OF WATER RESOURCES SCIENCE AND TECHNOLOGY SPECIAL PUBLICATION NO.

3-2023



