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Abstract

The European Committee for Standardization, CEN, have been working on an extension of
Eurocode 3: Design of steel structures — Part 1-1: General rules and rules for buildings, to be
called “EN 1993-1-13: Beams with web openings”. This extension will provide design rules
for steel beams with web openings, both for ultimate and serviceability limit state and is set to
be published in 2026. The purpose of this master’s thesis is to present the work that has been
done on the topic of steel beams with web openings at Norwegian University of Science and
Technology (NTNU).

This includes in total five tests on steel beams with various web opening geometries. The
ultimate capacities have been compared against the design capacities obtained from EN 1993-
1-13. This master’s thesis then summarizes the results in a draft for a paper that is expected to
be published through Journal of Constructional Steel Research. The discrepancies that are

found between the design rules and the ultimate capacities are discussed in detail.

The work showed that the standard gives overly conservative results in some cases. In
particular, it underestimates the capacities of beams that have web openings where the
remaining web outstands at the openings are classified as cross-sectional Class 4. One of the
tests achieved an ultimate capacity that was 300 % larger than the design capacity. This
critical design method regards the capacity for Vierendeel bending where calculations with
elastic capacities are forced, when in reality, plastic capacities are more likely to be

developed.

To further investigate the performance of EN 1993-1-13 a parameter study was conducted.
Finite element models which were calibrated against the test data gave rise to a total of 46
beams with different opening geometries. These openings were rectangular, circular or double
circular and the results reinforced what was already seen about the conservatism regarding the

Vierendeel check.

Lastly, three additional subtopics were investigated. This includes beams subjected to global
axial forces, the effect of corner radius in rectangular openings and beams with loads applied
at or close to an opening. The first two are not covered by EN 1993-1-13 while the last is only
covered briefly. The study proposes an interaction formula for global axial forces and moment
in relation to the Vierendeel check in the standard. In addition, a substantial increase in
capacity is seen for rectangular openings when the corner radius is increased. Therefore,

formulae that include this beneficiary effect is also proposed.
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Introduction

Background

Steel beams are widely used as constructional elements. In different occasions and for
different reasons it can be practical to have single or multiple openings in the web, as shown
in Fig. 1. Ventilation ducts, fire pipes or other technical equipment may be required, due to
economical or architectural reasons, to pass though the web of the beam. However, this
affects both the capacity and stiffness of the beam thus raising additional design
considerations. A simple and much used solution is to avoid the cumbersome design process
by stiffening the web around the openings with welded on plates. Still, this is not preferable
and can be less cost efficient, especially if the beam in fact is strong enough without the

stiffeners.
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Figure 1: Example of unstiffened rectangular and circular openings in the web of a
steel beam [1].



The topic has been covered by a variety of literature and different design methods have been
developed. Methods that are easy to use but not too conservative are sought out. The
European Committee for Standardization, CEN, have been working on preparing such
methods in the form of an extension for Eurocode 3: Design of steel structures — Part 1-1:
General rules and rules for buildings [2] and part 1-5: Plated structural elements [3], from
her on out referred to as EN 1993-1-1 and EN 1993-1-5. The European program started based
on the need to prepare an Annex for Eurocode 4, allowing for design of composite beams with
web openings. In this case, rules also for steel beams with web openings were needed as a
prerequisite to the design of composite beams. This led to EN 1993-1-13: Beams with large
web openings [4], from her on out referred to as EN 1993-1-13. EN 1993-1-13 is expected to
be finalized and published in 2026.

Scope

The topic of beams with web openings a have been covered extensively by several projects at
Norwegian University for Science and Technology (NTNU). This in the form of master’s
theses and doctorates as well as other smaller projects. The scope of this master’s thesis is to
prepare a draft for a paper which is expected to be published through Journal of
Constructional Steel Research in the near future.

The accuracy of the design rules presented in EN 1993-1-13 have been studied and evaluated
up against tests performed on beams with large web openings in the laboratory at NTNU. The
paper presents in detail the results obtained from these tests and discusses the discrepancies
seen between the design capacity of EN 1993-1-13 and ultimate capacities reached in the
tests. In addition, further examinations are done through a parameter study with FE-models.
The research is extended to several new opening geometries as well as other subtopics that
arise when designing steel beams with openings in the web.



Background for paper draft

In the years 2019 to 2021 there has been three master’s theses on the topic of steel beams with
web openings at NTNU. Marthinussen and Sandnes produced Bjelker med rektanguleere
apninger i steget [5] in 2019. The same year Hovda and Hurum produced Beams with circular
web openings [6]. Lastly, in 2021 Bjerch and Aksnes produced Bjelker med apninger i steget
[7]. Together they performed tests on five different opening geometries in the laboratory and
then evaluated the results against the design methods of EN 1993-1-13. Ultimate capacities

among other things were compared.

The background documents of EN 1993-1-13 reveal that the standard is built on a limited
amount of laboratory testing. Luled University of Technology performed tests on eight
different rectangular opening geometries, four of these which were steel beams and four
which were composite beams. In addition, RWTH AACHEN University performed five tests
on composite beams with cellular openings. Even though the research was extended by
parametric studies of FE-models for both cases, in total few laboratory tests have been
performed. NTNU’s contribution of five new tests is therefore relevant as validation of the

design rules presented by the standard.

The papers main focus then becomes to present the results of these five tests and the
accompanying analyzes performed by the three master’s theses. It is expected that the readers
have some knowledge on the topic of beams with web openings. Especially the accompanying
additional failure modes that occur and terms that are used in relation to the topic. These are
also extensively discussed in several of the references [4],[5], [6], [7] and [8]. Its focus lies on
explaining why certain discrepancies occur between the tests and EN 1993-1-13, especially

with respect to the failure mode Vierendeel bending.

In addition, it presents analyzes of beams with web openings that are subject to axial forces.
EN 1993-1-13 limits its design rules to beams with axial forces not exceeding No pi,rd/50.
Nopi,rd IS here the axial resistance of the steel section at the largest opening. This means that
axial forces are strictly limited by the standard. As interest on this had already been noted,
especially in relation to offshore constructions, it was chosen to research it briefly. The
analyzes are based on FE-models and the interaction between axial forces and moment is

studied for varying opening geometries.



Another topic that is not included in the formulae of EN 1993-1-13 is the beneficial effect of
an increased corner radius in rectangular openings. This is first included when the corner
radius is large enough so that the opening can be considered elongated circular. Analyzes
were performed on an opening with varying corner radius to quantify this increase in capacity.

Formulae that include this beneficiary effect is then proposed in the paper.

The last part of the paper includes analyzes on beams that are loaded either at or close to an
opening. The design methods of EN 1993-1-13 state that the local bending resistances of the
Tees should be checked if the load is larger than 15 % of the shear capacity at the opening. At
the same time as the length of the opening is longer than six times the depth of the Tees. The
ultimate shear capacity of a beam is thought to be reduced considerably even for shorter
openings due to the local effects that occur. A parameter study was therefore performed by
analyzing two different load cases for beams with four different opening lengths. This
included an evenly distributed load over the entire beam or a corresponding point load at the
middle of the beam. A worsening of the local effects was expected for longer openings.

As a point load case could increase the shear capacities but reduce the moment capacities
compared to the distributed load case, the net difference was not so straightforwardly
obtained. To deal with this, the study was extended by a third load case. A point load at the
middle of the beam in addition to evenly distributed loads only at the opening, on the top and
bottom flange with opposite directions. This did not change the global statics compared to the
point load case at the same time as it included the local bending effects of the Tees. This
allowed for a more direct comparison of the ultimate capacities for each load case and is

discussed in the last part of the paper.
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2. Experiments

2.1 Beams and test setup

This section presents the general test setup of the five beams that were tested, while details for
each specimen are presented in the next section. Two 12-meter-long beams, one IPE 200 and
one IPE 220 were cut in four equal parts of 3 meters. To obtain a sufficiently high web
slenderness, so that the tests would result in failure at the openings, the flanges were cut off
and two and two pieces were welded together as illustrated in Fig. 2. This resulted in two 3-
meter-long beams made from the initial IPE 200 and two 3-meter-long beams made from the

initial IPE 220, in total four test beams.

i _Horizontal weld
S W— pA—
IPE 200/220 IPE 200/220

Figure 2: Illustration of how two smaller beams were cut and welded together to obtain
four test beams [7].

The material strengths of the test beams were determined by tensile coupon testing of eight
samples on two of the beams, in total sixteen samples. Fig. 3 illustrates the location of the
samples for each beam. The main objective was to find the yield strength of the resulting test
beams as it is this strength that is used for the design methods of EN 1993-1-13. Table 1
presents the corresponding yield strengths that were found for each sample. It is expected that
the yield strength varies in the cross-sections due to the manufacturing process of the beams

and with the chosen sample locations the diversity was thought to be covered sufficiently.



An important note to make is that the samples only were taken in the horizontal direction. As

one could expect slightly different strengths in the vertical direction this choice could affect

the calculations, particularly the failure modes of web-post buckling and buckling next to

widely spaced openings. Nevertheless, it was accepted to only use the horizontal strengths as

the differences were expected to be small.

Horizontal

14 weld

Beam made up
of two IPE 200

or two IPE 220

Top flange

Bottom

4~ flange

Figure 3: Location of samples for tensile coupon testing.

Table 1: Results from tensile coupon testing.

Sample location Beam made up of two Beam made up of two

IPE 200: IPE 220:

fy [MPa] fy [MPa]
S1- above weld 433 445
S2- below weld 443 451
S3- close to top flange 422 422
S4- close to bottom flange 410 426
S5- top flange left side 411 406
S6- top flange right side 390 395
S7- bottom flange left side 401 401
S8- bottom flange right side 403 405
Web average 424 439
S3 & S4 average 417 424
Flange average 401 402




Table 1 shows how the yield strength varies in the cross-section. The larger values were
obtained from sample S1 and S2, about 40 mm from where the beams were welded together
horizontally. As all the tests were secured so that failure would happen at the opening, these
strengths were of lesser importance since they only were present in the cut-out part of the

beams at that location.

Sample S3 and S4 were taken from the part of the web that was close to the flanges, about 20
mm from the root radius, and was the most important of the yield strengths. As the elastic
neutral axis of the Tee-sections at the openings is located either close to or in the flange, the
moment arm to the flange is short compared to that of the web. Thus, for elastic calculations
of Vierendeel bending, it is this web strength that determines most of the capacity of the Tees.
For plastic calculations yield stresses could be develop for the entire Tee-sections, but as the
average yield strength of the flanges only were about 5% smaller than S3 and S4, the

discrepancy was accepted.

As will be shown in Section 2.3, four out of five tests failed due to Vierendeel bending, while
the last due to buckling of the web-post, all five of which are depended on the web strength
more than the flange strength. Based on this it was chosen to use the average yield strength of
S3 and S4 when utilizing the design methods of EN 1993-1-13 and when constructing finite
element models (FE-models). This resulted in fy=417 MPa for the beams that were made up
of two IPE 200 beams, and fy,=424 MPa for the beams that were made up of two IPE 220

beams.

Fig. 4 shows the general test setup. The beams were simply supported at the ends and
subjected to a concentrated load P at midspan through a half-cylinder piece to center the
force. To avoid problems regarding highly concentrated loads, vertical web stiffeners were
placed under the load and at the supports, on both sides of the web. The beams were
restrained from transverse displacements at several points to avoid LTB, varying from
specimen to specimen. For all tests the load was applied using a jack with maximum capacity
of 1000 kN and run at displacement control of 1 mm/minute. Table 2 shows the exact
geometries and load situations for each test. As seen, in two tests the point load at midspan

was distributed to two points at the mid-region by a spreader beam.
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Figure 4: lllustration of general test setup.

Displacements of the beams were measured either through the jack itself or by the use of a
linear voltage displacement transducer. Together this was used to obtain the load-
displacement curves presented in Section 2.3. Digital Image Correlation (DIC) was used to

monitor the relative displacements of a sprayed-on pattern. The displacements were then

analyzed through eCorr, a computer program that plots the plastic strains, see Fig. 5.

Figure 5: Digital image correlation setup (left) and example results from eCorr (right)

[7].
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2.2 Specimen details

The five individual test beams are denoted Specimen A, B, C, D and E, and are shown in
Table 2. For each beam one web opening was made on one sides of the beam, approximately
at L/4. Thus, the other side of the beam was left without openings and remained undamaged
after the test. After testing Specimen A its opening was shut by welding a steel plate over it,

and the beam was reused for testing Specimen B on the other side.

As seen from Table 2, Specimen A, B and C were from the original IPE 220 beams, having a
final height of h=392 mm (A and B) or h=387 mm (C) for the welded test beams. Loading
was a point load at midpoint. In these specimen a rectangular opening of different size was
made in the web, with its center at 700 mm or 600 mm from the support point. Web opening
dimensions were chosen to give a significant reduction in the beams resistance and to
challenge the design methods of EN 1993-1-13. As seen, the opening heights were varied in
the range 160 mm to 250 mm, and the longest opening was 380 mm, the latter specifically
intended to investigate the Vierendeel mechanism. The cross-sectional class for the web
outstands of Specimen B was Class 4, while Specimen A and C were classified to Class 3.

Specimens A and C were similar, with the only difference being the web opening corner
radius increased from 16 mm in Specimen A to 100 mm in Specimen C. The motivation for
this was that EN 1993-1-13 does not include the opening corner radius as a factor in its design

methods for rectangular openings.

To provide test data also on beams with circular web openings, Specimen D and E were
tested. The point load at midpoint was distributed to two points in the mid-region by a
spreader beam. Specimen D had one opening of diameter 250 mm while Specimen E had two
openings of diameter 200 mm spaced 50 mm between each other and was thus prone to web-
post buckling.

11



Table 2: Specimen details.

Specimen | Web opening geometry [units in mm] fy/E used in EN-1993-1-13
calculations [MPa]
A p 424/
300 |
— r 210000
[from ‘| Rri6 /D }250)( X %92
IPE220] | L
n 2750275
- 700 700
B P 424/
380 |
— : 5 210000
X X X E
IPE220] il
: 2501250
L | |
600 800
C p 424/
=0, | | 210000
f X ¥ X X i
[from R100 Q 1250 387
IPE220] il §
| 250,250 ‘
" 700 " 700
D P 417/
00, 210000
[from X O 1o
IPE200] il
n 250250
800 00
E T 417/
% — 210000
z |
OO [ [
IPE200] : & 0250
| 675 | 725 |
—_—
800

12




Table 3 shows the cross-sectional dimensions for each specimen. The finished welded beams

were joined with a weld seam at the mid-height but had surprisingly small deviations from

perfect geometry. Prior to each test, after the beams were equipped with web stiffeners, the

initial web imperfections were estimated with a ruler. Measurements focused on the web near

the openings, (where the weld seam complicated the manual measurements), and the out-of-

line deviations in the web (vertically, i.e. transverse) was in no case larger than 3 mm. These

were the results of misalignment and welding. The measured deviations were later used to

help calibrate each beam’s FE-model.

Table 3: Cross-sectional dimensions for each specimen.

Specimen | h[mm] | tw [mm] | hw/t | b [mm] tr [mm] | Amplitude of initial
transverse web
imperfections [mm]
A 392+1 |6.0+£0.1|622| 110+0.7 | 94+0.2 3
B 392+1 |6.0+£0.1|622| 110+0.7 | 94+0.2 2
C 387+0.8|6.0+03|615| 110+09 | 9.1+0.2 2
D 350+2 | 56+02 |595| 100+1.3 | 8.5+0.3 2
E 350+15|56+02|595| 100£1.3 | 85+04 2
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2.3 Test results

All the tests resulted in collapse of the beam by yielding or buckling at the opening.

The load-displacement curves for each test are presented in the following section. To account
for the rig stiffness, each curve was adjusted so that the trendline of the elastic part goes
through the origin. The methods used to measure the rig stiffnesses are not discussed in detail
as its application only changes the corresponding displacement at maximum loading and not
the ultimate capacity itself. Table 4 shows the ultimate capacities obtained for each specimen.
These are compared to corresponding design capacities of EN 1993-1-13 in Section 3.

Table 4: Ultimate capacity obtained for each specimen and corresponding displacement
at midpoint.

Specimen Ultimate load [KN] Displacement at midpoint of beam [mm]
A 228 17
B 321 13
C 300 13
D 267 13
E 265 14

14



2.3.1 Specimen A

Fig. 6 shows the load-displacement curve of Specimen A. The beam reached its ultimate
capacity at a load of 228 kN. The bottom flange started twisting at approximately 140 kN and
at 190 kN there were clearly visible deformations around the opening. The corners located
closest to the middle of the beam were affected first with signs of compression of the bottom

corner and tension of the top corner.

250 T T T .
200 T
— 150 .
=
=
-
©
O
—' 100 -
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— — — -Ultimate value
D 1 1 1
0 5 10 15 20 25

Displacement [mm]

Figure 6: Load-displacement curve of Specimen A.

Interference from sun light caused problems in choosing a good reference picture for the DIC-
analysis. It was chosen to use a picture from when the load was at 74 kN, which was before
any major displacements or plastic behavior had taken place. Fig. 7 shows the resulting strain
plot from the DIC-analysis, where blue indicates compression and red indicates tension. It can
be difficult to accurately determine the cause of failure, but the resulting displacements and

strains indicates failure due to Vierendeel bending.
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Figure 7: Plastic strain plot from DIC-analysis of Specimen A [5].

After the test, the beam was scanned with a 3D-scanner. This was done to find the transverse
displacements at the corners of the opening. Fig. 8 shows the resulting deformations of
Specimen A while Fig. 9 illustrates the displacements at each corner. Negative and positive

values indicate inwards and outwards displacements respectively.
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Figure 8: Post-test deformations of top left corner (left) and bottom right corner(right)
of Specimen A [5].
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Figure 9: Post-test transverse displacement of each corner of Specimen A.
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2.3.2 Specimen B

Fig. 10 shows the load-displacement curve of Specimen B. Ultimate capacity was reached at
321 kN.
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Figure 10: Load-displacement curve of Specimen B.

After the test was terminated, one could clearly see buckling of two opposite corners, again
indicating failure due to Vierendeel bending. Fig. 11 shows transverse displacements and the
accompanying strains resulting from the DIC-analysis. Red indicates larger values. The top
left corner experienced the largest strains due to a combination of global bending and local T-
moments, both resulting in compression at that corner. Fig. 12 shows post-test deformations at

the opening obtained by 3D-scanning.

18



0010 0020 0 030 0 040 0 050 0 000 0070

Figure 11: Post-test transverse displacements (left) and accompanying plastic strains
(right) of Specimen B [7].
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Figure 12: Post-test deformations of Specimen B [7].
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2.3.3 Specimen C

Fig. 13 shows the load-displacement curve of Specimen B. Ultimate capacity was reached at
300 kN, 31.6 % larger than Specimen A which only differed by the corner radius. This
indicates as expected that an increased corner radius also increases the ultimate capacity of

the beam and is further analyzed and in Section 4.2.2.
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Figure 13: Load-displacement curve of Specimen C.

Fig. 14 shows transverse displacements and accompanying strains resulting from the DIC-
analysis. Red indicates larger values. Insufficient layering of white paint resulted in abnormal
displacements to the right of the top right corner. In reality, the beam was restrained from
moving out of plane not far from that location to avoid LTB. Fig. 15 shows post-test
deformations. Again, we see that the top left corner experienced the larger strains and that two

opposite corners buckles, which is an indication of failure due to Vierendeel bending.
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Figure 14: Post-test transverse displacements (left) and accompanying plastic strains
(right) of Specimen C [7].

Figure 15: Post-test deformations of Specimen C [7].
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2.3.4 Specimen D

Fig. 16 shows the load-displacement curve of Specimen D. Ultimate capacity was estimated at
267 kN. Due to failure of the hydraulics in the jack the results of this test were not logged
correctly. In total, the beam was loaded and unloaded three times. This resulted in a load-
displacement curve where the middle part is somewhat uncertain, seen as a dotted line. Here
also, Vierendeel bending seemed to be the deciding failure mode, illustrated in Fig. 17 by

buckling of two opposite corners.
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Figure 16: Load-displacement curve of Specimen D.
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Figure 17: Post-test deformations of Specimen D [6].
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2.3.5 Specimen E

Fig. 18 shows the load-displacement curve of Specimen E. Ultimate capacity was reached at
265 kN.
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Figure 18: Load-displacement curve of Specimen E.

Failure of the beam seemed to be determined by buckling of the web-post between the
openings, illustrated by the deformations in Fig. 20. After the web-post was weakened by
plastic deformations, local buckling also occurred at the compressed parts of the openings.
Fig. 19 shows plastic strains around the opening at ultimate load, where red indicates the

larger values.
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Figure 20: Post-test deformations of Specimen E [6].
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3. Comparison of test results against EN 1993-1-13

To evaluate the performance of EN 1993-1-13 the design capacity of each specimen was
calculated by the proposed design methods in the standard. The calculations are shown in
Appendix A through E. Table 5 presents the obtained design capacities from the standard, Pur,
compared with the results from each test, Pst. The accompanying failure modes were also
compared to the assessed failure mode of each test. Partial factors ymo and ym1 were both set
equal to 1.0 for the calculations and the material properties previously presented in Table 2

were used for each specimen.

Table 5: Design capacity of each specimen according to EN 1993-1-13.

Calculations by EN 1993-1-13
VEed/Vopl,Rd | Mo,ed/MoRd VEed/ Nw,ed /Nw,Rd Pult [KN] | Ptest | Ptest/Pult
VVier, Rd [KN]

A 0.24 0.23 1.00 0.56 163 228 1.42
B 0.10 0.13 1.00 0.25 90.3 321 3.55
C 0.27 0.26 1.00 0.60 153 300 1.96
D 0.43 0.46 1.00 0.43 173 267 1.54
E 0.32 0.42 0.37 | 0.37 | 1.00(*)(**) 175 265 1.51

(*) As Specimen E was the only specimen with two adjacent openings the accompanying web-post
failure modes are excluded from the table. EN 1993-1-13 limits Specimen E’s capacity to the web post
shear capacity: Vup,ed/Vwp,rd=1.00.

(**) The web-post buckling utilization was Nup ed/Nwp,ra=0.81.

As seen from Table 5, the design methods of EN 1993-1-13 gave Vierendeel bending as the
critical failure mode for the same four specimen that indicated Vierendeel bending in the tests.
In addition to this it predicted failure of the web-post as critical for Specimen E, which was
also observed in the laboratory. This indicates that EN 1993-1-13 can predict the correct
failure modes well and is investigated further through the parameter study presented in
Section 4.2.

The standard gave as expected conservative design capacities for all five specimens.
Specimen A obtained a design capacity of 163 kN, while the test showed an ultimate capacity
of 228 kN, 42% larger than what the standard allows for. The design check for Vierendeel
bending allowed for plastic calculations and thus that the Tees were allowed to develop
plastic stresses at both sides of the opening.
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The most conservative results were seen for Specimen B. The design capacity was 90 kN
while the test showed an ultimate capacity of 321 kN, 255 % larger than what the design
methods of the standard allows for. Recall that the opening geometry of Specimen B was
chosen exactly to investigate the conservatism of EN 1993-1-13 in relation to Vierendeel
bending. As the web outstands of the Tees in compression were classified to cross-sectional
Class 4, the standard restricts the capacity to elastic calculations of the bending resistance of
the Tees. The depth of the outstands are to be taken as the limit of a Class 3 outstand and the
resulting Vierendeel bending capacity then becomes the combination of elastic moment

capacities of both Tees.

In reality, as the Tees are regarded as fixed at both ends, it is likely that the web outstand on
one side will be in compression but that it will be in tension on the other side. Fig. 21 shows
an illustration of this which is later verified in Section 4.2.1 by analyzing the stress
distribution in the corresponding FE-model. Because of this, it is reasonable to assume that
the classification of Class 4 only applies to one side of the Tees. Thus, if the position of zero
moment across the opening is allowed to move at the ultimate limit state, then the plastic
bending resistance on one side of the Tees can be developed. Furthermore, because of this
change in the zero moment position the compressed length of the outstand is also reduced
when assessing the classification of the Tees. Therefore, the section class may be determined
from the actual length of the outstand in compression, ac, rather than aef as the standard

proposes. Equation 1 defines ac:

Equation 1:

Mel.T

a, = a, ————
M7 + My 1

Where & is the opening length, Me 1 is the elastic bending resistance of the Tees and M1 is

the plastic bending resistance of the Tees.

Based on this, the capacity at opening becomes the combination of the elastic and plastic
moment capacities of the Tees, rather than only the elastic. As the plastic bending resistance
in this case is about three times larger than the elastic bending resistance, the total Vierendeel
bending capacity is increased by a factor of 2. If this was allowed, one could for this geometry
increase the design load to about 200 kN. Thus, the test results of 321 kN would only be about
60 % larger instead of 255 % which is the case.
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Figure 21: Hlustration of stress-distribution in Tees (red is tension, blue is compression)
and corresponding bending moments in bottom Tee if plastic bending resistance can be
developed on one side.
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For Specimen C the design capacity was 153 kN while the test showed an ultimate capacity of
300 kN, 96 % larger than what the standard predicted. For these calculations the plastic
capacities of the Tees are used when assessing Vierendeel bending, but we still see a
significant conservatism. As the opening height and length of Specimen C was equal to the
one of Specimen A, it was expected that the design load achieved from the standard would be
roughly equal. Table 5 shows that this was the case. At the same time the test result of
Specimen C was significantly larger than that of Specimen A, about 30 %. This indicates how
EN 1993-1-13 fails to account for an increased corner radius which is investigated further

thought the parameter study presented in Section 4.2.

For Specimen D the design capacity was 173 kN while the test showed an ultimate capacity of
267 kN, about 54 % larger than what the standard predicted. Here again we see Vierendeel
bending of the Tees as the limiting factor for the design. For these calculations the
compressed web outstands of the Tees were classified to Class 1, and plastic capacities could
be used with the full depth of the Tees.

Lastly, for Specimen E the calculated design capacity was 175 kN while the test showed an
ultimate capacity of 265 kN, about 51 % larger than what the standard predicted. Failure of
the web-post due to shear was the deciding failure mode according to EN 1993-1-13. This is
expected for closely spaced openings as the web-post is narrow and the resulting shear area is
small. In this case the width of the web-post was only 50 mm, resulting in a horizontal shear

capacity of 67 kN.
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4. FE-models and parameter study

4.1 Verification of FE-models

To further investigate the performance of EN 1993-1-13 numerical models of Specimen B, C,
D and E were constructed in Abaqus 2019, a finite element modelling software. Sufficient
accuracy of the models was achieved through calibration against each tests data. Factors such
as material properties, mesh, element type and amplitude or shape of initial web imperfections
were evaluated. The following section presents how each of the four specimen’s models were
verified. The load-displacement curve together with the observed deformations was compared

to prove a sufficient accuracy of the FE-models.
4.1.1 Verification of Specimen B and C

Specimen B and C was modeled using Abaqus 2019 as a 3D deformable shell model. S4R
shell elements were used for the entire model except for at the opening. Here S3R shell
elements with varying size were used to handle the irregular geometry. The shell thickness
varied between 9.1 mm, 6 mm and 15 mm in the flanges, web and stiffeners respectively. The
corresponding plastic material properties presented in Section 2.1 was converted to true
stresses/strains and used together with an elastic modulus of 210 GPa. The beam was modeled
as a simply supported beam with the corresponding displacement restrains presented in Table
2. The load was applied as a downward pointing displacement in the middle of the flange
width with non-linear geometry turned on. Imperfection shapes were introduced through
buckling modes from linear buckling analyzes. The imperfection amplitude was chosen based
on measurements in the laboratory. Different combinations of shapes and amplitudes were
analyzed and chosen based on what gave the most accurate results. It was observed that
choosing the correct amplitude was more important, while almost any shape would suffice.
The load-displacement curves were obtained through one step and a maximal increment size

of 0.5 mm.
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Fig. 22 and 24, shows the load-displacement curves obtained from the FE-models together

with the corresponding curves obtained in the tests of Specimen B and C respectively.

For Specimen B, the response of the numerical model was stiffer for the elastic part of the
curve, but the ultimate capacities coincide well. The FE-model obtained an ultimate capacity
of 321.2 kN while 321.4 KN was achieved in the test. The displacement at ultimate load was

12 mm for the numerical model and 13 mm for the test.
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Figure 22: Load-displacement curve of Specimen B and the representative FE-model.
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Fig. 23 shows a comparison of the transverse displacements of Specimen B. The left part of
the figure is from the numerical model while the right part is from the laboratory test. The
colors indicate a varying displacement in mm where red are the larger values. In addition, a
1:1 comparison of the deformations is shown. The results coincide well both when it comes to

shape and size of displacements.

U, u2
+1.015¢+01
+9.2582+00
+8.365e400
+7.472¢+00
+6.57%e+00
+5.687e400
+4,794£+00
+3.901e+00
+3.008e+00
+2.115e+00
+1.2232+00
+3.29%¢-01
-5.62%&-01

Figure 23: Comparison of transverse deformations between numerical model (left) and
test (right) of Specimen B [7].
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For Specimen C, both the stiffness and ultimate capacity coincide well. The ultimate capacity
of the FE-model is 1.4 % smaller than that of the test and the displacement at ultimate load is

12 mm for the numerical model versus 13 mm for the test.
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Figure 24: Load-displacement curve of Specimen C and the representative FE-model.
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Fig. 25 shows a comparison of the transverse displacements of Specimen C. Again, the left
part of the figure is from the numerical model and the right part is from the test. The colors
indicate a varying displacement in mm where red are the larger values. In addition, a 1:1

comparison of the deformations is shown. The results coincide well both when it comes to

shape and size of displacements.
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Figure 25: Comparison of transverse deformations between numerical model (left) and
test (right) of Specimen C [7].
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4.1.2 Verification of Specimen D and E

The process of constructing FE-models for Specimen D and E was similar to that of Specimen
B and C. The models differed in element type and how the load was applied. Here, it was
chosen to use C3D10 solid elements and analyzes were performed to determine the needed
element sizes as well as imperfection shapes and amplitudes, similar to what was done for
Specimen B and C. Since Specimen D and E were tested through four-point-bending the load
application had to be modeled differently. This was done by modelling an infinitely stiff part
made up of two cylinders with radius 50 mm connected with a plate, see Fig. 26. A quite

refined mesh was chosen to achieve high accuracy in the contact forces.

Figure 26: lllustration of how the load application was modelled for the FE-models of
Specimen D and E [6].

Fig. 27 shows the load-displacement curve for Specimen D obtained from the FE-model
together with the corresponding curve obtained from the test. A direct comparison between
the two curves comes with a margin of error as problems with the jack occurred while testing
Specimen D. The numerical model represents the stiffness of the beam well, but as the middle
part of the test is less accurate, the ultimate capacities cannot be compared. Nevertheless,
based on experience it is likely that the FE-model represent Specimen D sufficiently. Fig. 28
shows a 1:1 comparison of the deformations at the opening between the test (left) and the
numerical model (right).

Fig. 29 and 30 shows the same comparisons for specimen E. The load-displacement curves
coincide well, with discrepancies of 6 % and 1% for the stiffness and ultimate capacity
respectively. The numerical model is stiffer and obtained a slightly larger ultimate load.

Lastly, a 1:1 comparison of the deformations at the opening is also shown as for Specimen D.
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Figure 27: Load-displacement curve of Specimen D and the representative FE-model.

Figure 28: Comparison of transverse deformations between test (left) and numerical
model (right) of Specimen D [6].
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Figure 29: Load-displacement curve of Specimen E and the representative FE-model.

Figure 30: Comparison of transverse deformations between test (left) and numerical
model (right) of Specimen E [6].
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4.2 Extending the parameter range

As seen from Section 4.1 the FE-models represents the experimental data quite accurately and
thus they were sufficient to be used as base models for studying several new opening
geometries. The parameter study extended the base numerical models to 22 new rectangular
openings, 12 combinations of single circular openings and 12 combinations of two closely
spaced circular openings. Thus, a total of 46 different opening geometries were studied and

compared against the ultimate design capacities from EN 1993-1-13.

Furthermore, the base numerical models were extended to study three additional subtopics.
These were the effect of global axial loading, the effect of corner radius for rectangular

openings, and loads applied at or close to an opening.

The effect of global axial loading was studied as EN 1993-1-13 limits it’s design methods to
axial forces not exceeding 2 % of the plastic capacity of the cross-section. The base model of
Specimen C was extended with a varying opening height and axial forces ranging from 0-50
% of the plastic capacity.

As seen from Section 3, Specimen C achieved an ultimate load that was 30 % larger than that
of Specimen A. Recall that these two specimens only differed in the corner radius. To study
this discrepancy the numerical model of Specimen C was extended by varying the corner

radius and the results were compared with the design capacity of the standard.
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4.2.1 Rectangular openings

In Section 3 it was argued that the stress distribution at the opening of Specimen B most likely
was such, that the web of two of the Tee-ends was subjected to tensile stresses and that this
allowed for the development of plastic capacities. To verify this, the stress distribution of the
numerical model of Specimen B was analyzed. Fig. 31 shows a plot of the stress distribution
in section a-c and b-d, low moment side and high moment side of the opening respectively.

The stress distribution is plotted for a varying load intensity P in increments of 20 % of the

ultimate load Pyi=321 kN.
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Figure 31: Plot of stress distribution at section a-c and b-d from FE-model of Specimen
B, positive values indicate tension and negative values indicate compression.

40

-150 -

200 1 1 1 I

Stress distribution in section b-d

-500 -400 -300 -200 -100 O

100 200 300 400
S11 stress [MPa]



It is clear from Fig. 31 that two of the Tee-ends indeed have web outstands that are subjected
to tensile stresses. This is seen from the bottom left and top right corner of the figure. For all
load intensities the bottom left corner of the opening experiences tensile stresses in its entire
Tee-end. The local Vierendeel bending moment induces tensile stresses in the web and
compression stresses in the flange. This combined with tensile stresses from the global
bending moment results in tensile stresses for the entire Tee-end. As discussed in Section 3,
EN 1993-1-13 on the other hand limits the capacity of this Tee-end as if the web was in

compression, which it clearly is not.

The stresses in the Tee-end located at the top right corner of the opening (illustrated by the top
right corner in Fig. 31) varies between tensile and compressive over the section of the Tee-
end. This is due to the local Vierendeel bending in combination with compressive stresses
from the global moment. Nevertheless, it is clear for all load intensities that a larger part of
the web is subject to tensile stresses. Thus, the same argument holds as for the bottom left
corner, and one could expect that also here plastic capacity of the section could be developed.

Combining this, it is possible to conclude on the suggested assumption of Section 3. It is
indeed reasonable to assume that two of the Tee-ends could develop plastic capacities, and
that the final Vierendeel capacity should be taken as a combination of the elastic and plastic
capacities of the Tees. This is true for the opening geometry of specimen B, but a more

thorough study should be done to see if this is true in general.
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Table 6 shows the result of the parameter study for rectangular openings based on the FE-
model of Specimen C. The calculated design capacities according to EN 1993-1-13 together
with the ultimate capacities from the FE-models are listed and compared to each other. Three
different web thicknesses of tw=4 mm, t,==6 mm and t,=8 mm was analyzed for two opening
heights ho=160 mm and ho=250 mm. The opening lengths a, varied with the ratio a./h,=0.6,
1.2 and 2.4, and the opening corner radius was set to r,=16 mm.

Table 6: Results from parameter study of rectangular openings.

Opening geometry | EN 1993-1-13 [KN] FE-model [KN] | FE-model / EN1993-1-13
ho160a,96 118.9 2721 2.29
ho160a,192 84.6 230.7 2.73
ho160a,384 36.9 147.0 3.98

tw=4 | h250a0,150 80.4 156.8 1.95
ho250a,300 45.2 92.2 2.04
ho250a,600 23.4 45.7 1.95
ho1602,96 290.2 317.3 1.09
ho160a,192 197.5 317.1 1.61
ho160a,384 96.5 252.9 2.62

tw=6 | hy250a0,150 223.8 258.3 1.15
ho250a,300 129.1 151.1 1.17
ho250a,600 68.3 75.9 1.11
ho160a,96 341.2 348.3 1.02
ho160a,192 243.7 349.7 1.43
ho160a,384 152.3 314.6 2.07

tw=8 | hy250a,150 267.1 323.4 1.21
ho250a,300 159.4 199.2 1.25
ho250a,600 85.7 102.5 1.20

Failure modes: Vierendeel, Web buckling, Moment at midspan, Vierendeel/web buckling.

Each cell is colored based on the corresponding failure mode of the opening geometry. The
failure modes for the FE-models were decided based on analyzes of the Von-Mises stresses as
well as the transverse deformations at ultimate load. For some of the geometries it was hard to

distinguish between Vierendeel or web buckling failure as the stress distribution reminded of
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typical Vierendeel failure while the transverse displacement of typical web buckling. Thus,

these got their own color (green).

It is clear from Table 6 that EN 1993-1-13 underestimates the capacity for several opening
geometries. The differences are larger for beams with web thickness ty=4 mm, which is
reasonable considering that buckling of the web outstands usually is the deciding design
criteria. Here the obtained ultimate capacities of the FE-models were on average 149 % larger
than the allowed EN 1993-1-13 design capacities. For the beams with web thickness tw=6 mm
it was on average 46 % larger, and for the beams with a web thickness of t,=8 mm it was 36%

larger.

If the failure mode Vierendeel/web buckling (green cells) obtained from the FE-models is
compared directly with Vierendeel (yellow cells) and web buckling (blue cells) of EN 1993-1-
13, the standard predicted the correct failure mode in 14 of 18 cases. In the four cases where it
was wrong, the numerical analyzes showed failure due to moment at mid span while the
standard showed failure due to Vierendeel bending or buckling of the web close to the

opening.

For the 12 cases where Vierendeel bending was the failure mode in both EN 1993-1-13 and
the numerical analyzes the standard gives varying results. For 6 of the cases, a maximal
difference of 25 % is observed. These are the opening geometries with ho=250 mm and tw=6
mm or tw=8 mm, where plastic moment capacity of the Tees is allowed to be used.

For the remaining 6 cases the numerical results are on average 157 % larger than EN 1993-1-
13. The largest discrepancy is found for geometry tw4h,160a,384 where the capacity of the
FE-model is almost 300 % larger than what EN 1993-1-13 allows for. Here the web outstands
in compression are classified as Class 4 as for Specimen B, so we see the same conservatism
as previously discussed. The standard only allows for elastic design of the Tees, but again, a

combination of elastic and plastic capacities could give more accurate results.

Table 6 also shows that for the two cases where web buckling is the deciding failure mode
according to EN 1993-1-13, the FE-models achieve an ultimate load that is about 100 %
larger. This coincides with SCI Publication P355 [1], which states that the corresponding
column model used to calculate the web buckling capacity next to widely spaced openings is

conservative.
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4.2.2 The effect of increased corner radius for rectangular openings

For rectangular openings, EN 1993-1-13 specifies a minimum corner radius of 10 mm. This is
to avoid highly concentrated stresses locally. Besides this, the corner radius is not included in
its design methods, and any beneficial effects of a larger radius is neglected. This means that
the allowed design capacity would be the same for an opening with corner radius 10 mm or
100 mm.

Fig. 32 shows the opening geometry of Specimen C with a varying corner radius of 16, 50,
100 and 125 mm. The opening geometries of a), b) and c) should according to EN 1993-1-13
be treated equally as rectangular openings and thus the ultimate design load is equal at 153
kN. Opening d) is treated as elongated circular for which the corner radius is included in the
formulae of the standard. The ultimate capacity of opening d) is thus increased to 306 kN, i.e.,
an increase of 100 % from geometry c) with r,=100 mm and d) with r,=125 mm.

&I&_ '?ib &J S— 3,
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(a) (b) Ic)

Figure 32: Opening geometry of Specimen C with corner radius varying between 16, 50,
100 and 125 mm [7].

Table 7 shows the design capacities of EN 1993-1-13 compared with the ultimate capacities
obtained from numerical models of beams with the same opening geometries. It is clear that
neglecting the corner radius is conservative, especially for a larger radius. For the opening
with r,=16 mm, the ultimate capacity of the numerical model is 19 % larger than the design
capacity of EN 1993-1-13. For r,=50 mm it is 38 % larger, while for r,=100 mm it is 78 %

larger. Lastly, for ro=125 mm we see that the obtained capacities are similar.
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Table 7: Ultimate capacities of opening geometries in Fig. 32 according to EN 1993-1-13
and numerical models.

Corner radius EN 1993-1-13 [KN] | FE-models [KN] | FE-models/

[mm] EN 1993-1-13
ro=16 153 182 1.19
ro=50 153 211 1.38
ro=100 153 273 1.78
ro=125 306 310 1.01

Redwood [9] proposes that circular or elongated circular openings should be treated as
equivalent rectangular openings based on the fact that yielding happens first at the corners of
the opening. EN 1993-1-13 treats rectangular openings as if yielding where to happen first at
the opening ends, but by analyzing the Von-Mises stresses of these openings it is clear that the
larger stresses are located at the corners here as well. Based on this, it can be considered to
treat rectangular openings the same way as circular or elongated openings are. This in the
form of an equivalent height heg, and length aeq, according to the following formulas shown in
Table 8.

Table 8: Proposed formulas of equivalent opening length and height for rectangular
openings.

Shape of opening Equivalent opening length, | Equivalent opening height,
deq heq
Rectangular ao- 1.1ro ho-0.2r0

The difference now, with the proposed formulas, is that the corner radius is included. The
reduction of aeq and heq is equivalent with what EN 1993-1-13 does for circular and elongated
circular openings. Consequently, it should be considered reducing the effective length aes,
used when performing checks of Vierendeel capacity, but in this case, it was chosen to leave it
unchanged. Fig. 33 shows the equivalent opening geometries one gets when using the

proposed formulas in Table 8.
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Figure 33: Hlustration of rectangular openings (black) and equivalent openings (blue)
when using the proposed formulas in Table 8 [7].

Table 9 is an extension of Table 7, now including the ultimate capacities of the equivalent

rectangular openings. This column is named “Proposed” and the ultimate capacities from the

numerical models are then compared to the proposed capacities in a separate column.

Table 9: Results from proposed formulas considering the corner radius.

Corner radius | EN 1993-1-13 FE-models | Proposed FE-models/ FE-models/
[mm] [KN] [KN] [KN] EN 1993-1-13 Proposed
ro=16 153 182 170 1.19 1.07
ro=50 153 211 205 1.38 1.03
ro=100 153 273 270 1.78 1.01
ro=125 306 310 306 1.01 1.01

For the opening geometries with corner radius ro=16 mm and ro=50 mm, the ultimate capacity
of the FE-model is respectively 7 % and 3 % larger than the capacities with the proposed
formulas. This means that the capacities have increased with 11 % and 34 % compared to

what EN 1993-1-13 allows for. An increase of 76 % is seen for the opening geometry with

re=100 mm.

The results of Table 9 indicate that the proposed formulas for treating a rectangular opening

with an equivalent height and length is reasonable. Nevertheless, the analyzes are only

performed one opening with a varying radius and further investigations should be done on a

variety of geometries to conclude on whether such formulas are acceptable in general.
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4.2.3 Single circular opening

Table 10 shows the results of the parameter study for single circular openings based on the
FE-model of Specimen D. The calculated design capacities according to EN 1993-1-13
together with the ultimate capacities from the FE-models are listed and compared to each
other. The base model was extended to four different opening heights h,=140, 200, 250 and
273 mm each placed at three different positions as shown in Fig. 34. This was done to analyze

different ratios of shear and moment.

P [mm]
h, }
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Figure 34: llustration of opening positions for parameter study of single circular
openings.

Position 1 is located close to the support resulting in a large shear force and relatively small
moment. Position 2 has a large shear force and large moment, while position 3 has the largest

moment but zero shear force.

As for the parameter study of rectangular openings, each cell in Table 10 is colored based on
the corresponding failure mode from EN 1993-1-13 and numerical models. Together with the
failure modes seen for rectangular openings, one additional is added. Failure due to moment
of reduced cross-section at the opening (black). It is expected this failure mode will be critical

when the opening is placed at position 3.
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Table 10: Results from parameter study of single circular openings.

Opening geometry
ho/h | ho Pos. | EN 1993-1-13 [kN] FE-model FE
[KN] EN1993-1-13

[%0] [mm]
0.0 0.0 - 288.1 283.3 0.98
1 288.1 284.2 0.99
40.0 140 2 269.4 283.2 1.05
3 247.7 270.5 1.09
1 235.7 283.2 1.20
57.1 200 2 179.4 274.4 1.53
3 247.8 253.3 1.02
1 224.7 243.9 1.09
71.4 250 2 194.4 212.8 1.09
3 234.3 233.0 0.99
1 170.2 180.0 1.06
78.0 273 2 151.2 166.4 1.10
3 223.3 223.1 1.00

Failure modes: Vierendeel, Moment at opening, Moment at midspan, Vierendeel/web buckling.

It is clear from Table 10 that EN 1993-1-13 predicts the correct failure mode in 10 of 12
cases. In the 2 cases where it is wrong, the numerical analyzes showed failure due to moment
at mid span while the standard predicted a Vierendeel failure mechanism. For circular
openings, EN 1993-1-13 calculates the Vierendeel failure capacity based on equivalent
rectangular openings. It is previously found that this way of calculating the capacity is

conservative with up to 55 % [10].

On average the ultimate capacity of the FE-models are 10 % larger than the design capacity of
EN 1993-1-13. The least conservative results are achieved for openings placed at position 3,
where the average ultimate capacity is 3 % larger for the FE-models. Placing the opening at
position 1 gives an average ultimate capacity that is 9 % larger, while position 2 an average
that is 19 % larger.
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When studying the performance of EN 1993-1-13 in relation to failure modes, it’s clear that it
IS most conservative when Vierendeel bending is the critical failure mode. Here, the ultimate
capacities obtained in the FE-models are on average 17 % larger. The standard predicts the
ultimate capacity well when the failure mode is both moment at mid span and moment at

opening.

Here again it is observed that the most conservative results are found for smaller openings.
The Tees will have longer web outstands for smaller openings, and thus the local web is more
prone to buckling and classified to a higher class. The restriction of elastic calculations for
Class 4 is again what seems to give the most conservative results. This is true both when
assessing the capacity with respect to bending moment at the opening but also for the
Vierendeel capacity. The most prominent example is seen from ho=200 mm at position 2,
where the capacity from the FE-model is 53 % larger than that of EN 1993-1-13. Also, an
interesting comparison can be done with the larger opening ho=250 at the same position. EN
1993-1-13 gives more capacity for a larger opening, which of course is counter intuitive, and
shown not to be accurate by the corresponding FE-models. All in all, it is clear that the

conservatisms for circular openings are not as severe as they are for rectangular openings.
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4.2.4 Two closely spaced circular openings

Table 11 shows the results from the parameter study of two closely spaced circular openings
based on the FE-model of Specimen E. The calculated design capacities according to EN
1993-1-13 together with the ultimate capacities from the FE-models are listed and compared
to each other. The base model was extended with the same four opening heights as for the
parameter study of single circular openings, but this time with varying web-post width instead
of a varying position. The web-post width s, varied between 10, 40 and 70 % of the opening
height, see Fig. 35. The smallest allowed web-post width according to EN 1993-1-13 is 10 %,

while it is considered two widely spaced openings if it exceeds 100 %.
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Figure 35: Hlustration of a varying web-post width for the parameter study of two
closely spaced circular openings.

For closely spaced openings, new failure modes regarding the web-posts between the
openings are introduced. These are failure due to buckling of the web-post and failure due to
horizontal shear forces in the web-post. As it is hard to distinguish between these two in the

FE-models, they have the same color in Table 11 (grey).
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Table 11: Results from parameter study of two closely spaced circular openings.

Opening geometry
ho/h ho So FE-model FE-model /
EN 1993-1-13 [kN]
[%] [mm] | /ho [KN] EN1993-1-13
[%0]
0.0 0.0 - 288.1 283.3 0.98
10 63.2 282.4 4.47
40.0 140 40 198.3 283.6 1.43
70 267.2 283.2 1.05
10 67.5 194.4 2.88
57.1 200 40 179.3 246.2 1.37
70 179.3 276.1 1.54
10 69.1 112.5 1.63
71.4 250 40 194.8 177.7 0.91
70 194.8 216.9 1.11
10 70.3 84.4 1.20
78.0 273 40 151.2 166.1 1.10
70 151.2 166.6 1.10

Failure modes: Vierendeel, Moment at opening, Moment at midspan, Web-post bucking or shear,
Vierendeel/web-post buckling or shear.

It is clear from Table 11 that the standard predicts the correct failure mode for 7 of the 12

opening geometries.

For so/ho= 70 %, the ultimate capacities from the FE-models and standard coincide well for
three out of four cases. The results from the FE-models are about 10 % larger. The deviation
occurs for the last case, ho=200 mm, where failure due to moment at the opening occurred in
the FE-model with an ultimate capacity that was 54 % larger. EN 1993-1-13 limits this case to
Vierendeel bending based on elastic capacity of the Tees and as discussed this tends to be

over conservative.

For so/ho= 40 % the standard gave varying results. The beam with the largest openings failed
due to Vierendeel bending at the most loaded opening, agreeing with the failure mode of
1993-1-13. The ultimate load from the FE-model was 10 % larger than what the standard
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gave. For ho=250 mm we see the only significant non-conservative result that was obtained in
this study. The standard overestimates the capacity with about 9 %. According to the
numerical analysis the beam fails due to buckling of the web-post, but the design capacity was
limited by Vierendeel bending according to EN 1993-1-13. This indicates that the web-post

design methods are not always conservative for circular openings.

We see the opposite for the remaining opening heights h,=200 mm and ho=140 mm where the
standard underestimates the capacity with 27 % and 30 % respectively. For h,=200 mm the
elastic capacity of Vierendeel bending is critical, while for h,=140 mm it is the web post shear
capacity that is deciding. Both failure modes are different from what was seen in the FE-

models.

Lastly, for the narrowest web-post so/ho= 10 %, the numerical models and EN 1993-1-13
coincide well with regards to the failure modes, but not with regards to the ultimate capacities.
On average the FE-models obtained an ultimate capacity that was 155 % larger than what the
standard allowed. One reason for this can be that the FE-models allow for new failure modes
to take over once one is reached, so as the web-post is fully plasticized the forces can be
redirected to the Tees. On the other hand, EN 1993-1-13 gives ultimate design capacity as

plasticization of the web-post.

This conservatism is observed to increase for smaller openings. As smaller openings have
larger web outstands and thus more capacity in the Tee’s, they are more capable of carrying a
load increase after the web-post if fully plasticized. Which means that the difference in

capacity between the FE-models and the standard increases as the openings become smaller.
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4.2.5 The effect of global axial loading

EN 1993-1-13 limits ULS calculations to axial forces not exceeding 2 % of the cross-sections’
net capacity at the opening. Thus, any real interaction between global moment and global
axial forces is excluded from the standard. As interest on this had already been noted in
relation to the design of large trusses on offshore constructions it was chosen to analyze this

and propose an interaction for the design check of Vierendeel bending.

Firstly, the FE-model of Specimen C was extended to four different opening geometries. The
opening length a, and corner radius ro, remained constant at 300 mm and 100 mm respectively.
The opening height ho varied between 125 mm, 187.5 mm, 250 mm, and 300 mm. The four
models were then subjected to global axial forces of varying intensity as well as a point load
at midpoint. The intensities were decided as a percentage ranging from 0-50 % of the net axial

capacity of each cross-section at the center of the opening.

Fig. 36 shows the results of the analysis with N/Ny req On the x-axis and M/Myi: on the y-axis.
N/Ny,red represents the applied axial load in relation to the net axial capacity of the reduced
cross-section at the opening. M represents the moment capacity for the given axial load
obtained from the FE-models, while My is the ultimate moment capacity when the axial force
is zero. M/Muit then becomes a measure of the reduction of moment capacity when the beam
also is loaded axially. In addition to the four analyzed opening geometries, the same is plotted
for an identical beam with ho=0, i.e, no opening. This is then compared to the design capacity

of interaction between moment and axial forces according to EN 1993-1-1.

From Fig. 36 one can as expected see that beam with the largest opening, ho=300 mm, is most
affected from global axial loading. For an axial intensity of 10 % the moment capacity is
reduced by 12 %. This trend continues up until an intensity of about 30 % where it from then
on out slows down. This is the opposite of what we see for the other beams. For h,=250 mm
the reduction is smallest, followed by ho=125 mm and then ho=187.5 mm. For these three
cases the reduction starts out slow, but then increases as the axial intensity gets larger. The
two smaller openings head towards a very similar trend as the one EN 1993-1-1 proposes. The
two larger openings head towards a trend with a slower moment capacity reduction for larger

axial force intensities.
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Taking the beam with opening height h,=250 mm the ultimate load from the FE-model is
compared against a proposed interaction for Vierendeel bending. The results are shown in
Table 12 and calculations are presented in Appendix F. In the design check for Vierendeel
bending according to EN 1993-1-13 one is to combine the local bending of the Tees with the
axial forces in the Tees resulting from the global moment. The interaction is linear if the

global moment gives compressive forces in the Tee, while it is quadratic if the forces are

tensile.

It is proposed to allow this interaction even for larger axial forces than 2 % and the results are

shown in Table 12. The total axial force in the Tees then becomes the sum of the axial forces
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Figure 36: Results from study of moment-axial interaction.

due to the global moment and due to the global axial forces.
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Table 12: Results from proposed interaction of global axial forces.

Axial intensity FE-model [KN] Proposed Proposed interaction/
N/Ny,red interaction [KN] FE-model
0 296 158 0.53
0.1 292 150 0.51
0.2 278 137 0.49
0.3 256 125 0.49
0.4 235 111 0.47
0.5 209 94 0.45

Table 12 shows that the proposed interaction in on the safe side at least for the chosen
opening geometry. The ratio between the design capacity for the proposed interaction and the
actual capacity obtained from the FE-models is stable. Actually, it is slightly decreasing,
meaning that the proposed formulas give more conservative results as the axial intensity

increases.

Indications of an unsafe interaction would have been the case if the ratio-trend was opposite.
Meaning that the ratios increased as the axial intensity increased. The case of a ratio above 1.0
would have indicated that the proposed formulas give results that are on the non-conservative
side. Nevertheless, the opposite is seen for the chosen geometry and indications of a valid
interaction for the Vierendeel check are present. It should be noted that interaction also for
moment at the center of the opening and moment at midspan should be checked. This was not
done for this analysis as it was the Vierendeel bending capacity of the cross-section that was
critical for the ultimate design of the beam. To conclude on whether the proposed Vierendeel
interaction is sufficient further analyzes should be done for different opening geometries.

55



4.2.6 Comparison of evenly distributed load versus point load

Loading applied close to or above a web opening is covered briefly by the design methods of
EN 1993-1-13. It states that the local bending resistance of the loaded Tees should be checked
when Veg>0.15 Vo pi,rd and aer>6 he (or hp). Vopird IS here the shear capacity of the cross
section at the opening and aerf is the effective length used to assess the stability of the web
outstands in the Tees, which for rectangular openings is equal to the opening length a,. While

ht or hy is the depth of the top or bottom Tee respectively.

It is highly likely that large transverse concentrated forces, applied in the span of the Tee
above the opening or close to it, will reduce the M-V resistance of the beam at the region of
the opening considerably. Evenly distributed transverse loading along the beam’s top or
bottom flanges may induce local bending moment in the Tees at a magnitude sufficient to
influence the beam’s resistance, even for opening geometries with aef outside the criteria of
EN 1993-1-13.

The latter case is therefore studied by comparing the already obtained beam response for the
point load case, with a corresponding FE-model of a beam with distributed loading (g, kN/m)

along the entire beam length.

The case with distributed uniform loading is easy to model, but it is not straight forward to
choose an opening geometry and loading scenario that makes the point load case directly
comparable to the distributed load case. It was chosen to use Specimen B as a reference, with
a span length of 2,8 m, a,=380 mm, ho=160 mm and a centrally applied point load P. The
geometry is shown in Table 2. The bending moment M, at the center of the web opening is
0.3m*P and the shear force Vo is 0.5*P. Bending moment to shear force ratio is for such
loading then Mo/V,=0.6 kKNm/kN, see Table 13 and Fig. 37.

Correspondingly, for a beam with distributed loading g the moment M, is 0.66m?*q and the

shear force is 0.8m*q. This gives a moment-to-shear ratio Mo/V=0.825 KNm/kN.
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Table 13: Comparison of theoretical and analyzed moment-to-shear ratio at opening
center.

Statics Ratio FE-models Ratio Mo/Vo
Mo/Vo
P: Mo=0.3m*P 0.6 Purt: 321 kN Mo=96.3 KNm 0.6
Vo=0.5P KNm/KN V0=160.5 kKN KNm/KN
d: | Mo=0.66m?>*q 0.825 Quit: 184 KN/m | Mp=99.5 kNm 0.675
Vo=0.8m*q KNm/KN Vo=147.4 KN KNm/KN
P q
! Y
X X X X X X

0.6 m | . o6m | i
| 0.5%p o | 0.8m*q i
0.3m*P 0.66mA2*q '

Figure 37: lllustration of statics for point load case and evenly distributed load case.

A on “equal terms” comparison of the beams ultimate load capacities (Puit and quir) must then
choose either moment or shear values for the basis of comparison. As the shear force V, at the
web opening center is believed to be the dominant load component for the present opening
geometry case, it is chosen to compare on the shear force basis.

Ultimate loading capacity for the point load case of Specimen B gave an ultimate force Py of
321 kN as presented earlier. This gives Vo=Put/2=160.5 kN at the opening.
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From simulation of the same beam with a distributed load ¢, an ultimate load capacity of
quit=184 kN/m is obtained. Ultimate shear force at the center of the opening is then V=147
kN, which shows that the ultimate capacity is reached at shear force 9 % smaller than for the
point load case. The failure pattern that defined the capacity in both simulations consisted as
expected of compression of the top left and bottom right corner and tension of the bottom left
and top right corner for both cases. The stress distribution and the out of plane deformations is
observed to be similar for both load cases.

When interpreting this resistance drop, one must also look to the moment at the opening
center Mo, which is 3 % larger for the distributed load case. The “effective” reduction in the
beam’s capacity due to distributed loading as an alternative for point load, may thus be
smaller than 9 % if we consider the increased capacity for moment. Constructing two
load/geometry scenarios with P or g loading, causing exact equal ratios of M, and Vo, was not

attempted.

When simulating also longer web openings, with constant height h,=160 mm and varying
lengths a,=380 mm, 580 mm, 780 mm, 980 mm, one gets ultimate capacities as shown in Fig.
38. Fig. 38 shows load capacities as ultimate load versus opening lengths. One sees that the
difference in capacities becomes smaller as the opening lengths become larger. For the design
methods of EN 1993-1-13 to be valid, the maximum allowed opening length is set at
a0/ho=2,5. For the chosen opening height of h,=160 mm this corresponds to a maximal

ao,max= 400 mm, and thus the case of a,=380 mm is representative.

It can further be commented that in the design check for the beam case with opening
dimensions ho=160 mm * a,=380 mm, in the determining design check where the Vierendeel
check decides, the interaction equation has two terms, Ned/Ntrd and Mnv,1t,rd/Mei,Trd. The
numerical values show that the moment utilization (Mnv,trd/Mel.T rd) determines 88 % of the
total capacity , which supports the idea that the shear force is the best foundation for an

estimation of the effect of transverse loading over the opening.
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Figure 38: Ultimate capacity Purt plotted versus opening length for point load case and
distributed load case.
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An alternative investigation on the influence of distributed loading (q) in the region of the
web opening may be performed by applying two blocks of distributed loads at the opening for
the point load case. Distributed vertical downwards force (g) on the upper flange and an
oppositely directed distributed force (i.e., -g), on the bottom flange, see Fig. 39. This causes
local bending of the Tees over and under the opening but has zero net influence on the global
M and V actions on the beam, which allows a more direct comparison with the results for the

point load case.
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Figure 39: Hlustration of alternative study with blocks of distributed load at the opening
for point load case.

This approach allows the effect of distributed force to be studied for varying load intensity.
Choosing the web opening case h,=160 mm, a,= 380 mm for this, and distributed load values
gy corresponding to what causes moment at the theoretical “fixed end” of the Tees,

Mty = 1/12qya.> one gets gy=806 kN/m using the plastic capacity of the Tees. This gy is then
used in load intervals ranging from Oqy (load level 0) up until 1.0qy (load level 10) in 10

percent intervals.

As seen, the resistance of the beam for point load case only, i.e., with zero distributed load gy
on the Tees, was Put=321 kKN. Applied transverse distributed load on the two flanges
(opposite directions) gives ultimate load capacities of the beam, Pyt as presented in Table 14
and plotted in Fig. 40. The reduction of the ultimate capacity is then compared to Pu=321 KN

to quantify the influence of distributed loading over the opening.
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Table 14: Results from study of beam with blocks of distributed load as illustrated in
Fig. 39.

Load level 0 1 2 3 4 5 6 7 8 9 10

Increment 0 81 161 | 242 | 322 | 403 | 484 | 564 | 645 | 725 806
of qy [kN/m]

Puit [KN] 321 | 302 | 294 | 264 | 252 | 236 | 218 | 200 | 178 | 154 | 116

Reduction 0 | 66 | 95 | 219 | 278 | 364 |47.7| 61 | 809 |109.1|177.6
[%0]

18[} T T T T T T T T T

»  Ultimate capacity P

ult

160 T T
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S X =
o= = =

*
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Figure 40: Ultimate capacities of beam with blocks of distributed load at the opening
plotted versus the load increment of qy.
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When discussing the results of Table 14 it is important to have in mind the distributed load
capacity of a representative beam without an opening. Such a beam, with span length L=2.8 m
would in fact only be able to carry a distributed load gneam=236 kN/m if one considers the
elastic capacity. In addition, from FE-simulations of Specimen B with an evenly distributed
load over the entire beam we saw an ultimate capacity of g=184 kN/m. With this in mind, it
would not be reasonable to consider any load level beyond 2 or 3 when analyzing the local
effects of loading above or close to an opening.

From Table 14 it is clear that when the beam is loaded at the opening with a load equivalent to
that of load level 2, the reduction of ultimate capacity Pu, is 9.5 %. According to EN 1993-1-
13 the local capacity of the Tees does not need to be checked since the opening length is
small, i.e. aetf < 6 ht (or hp). This means that EN 1993-1-13 neglects the 9.5 % capacity

reduction of the beam but does not seem unreasonable as the reduction is small.

Nevertheless, the reduction of Py is substantial when moving beyond load level 2, which
could be present for traffic loads or other moving loads, and should be considered even for

openings where aefr < 6 ht (or hp).
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5. Summary and conclusions

Five beams with different opening geometries were tested at Norwegian University of Science
and Technology. The ultimate capacities for each test were then compared to the design
capacities of EN 1993-1-13. The standard gives conservative results for all five specimen as
expected, but some overly conservative results were seen in relation to rectangular openings
where the web outstands are classified as cross-sectional Class 4. A proposed design method
taking into consideration that two of the Tee-ends can develop plastic capacities was then

discussed as an improvement to the standard.

The study was extended through a variety of FE-models which were calibrated against the
tests in the laboratory. Rectangular, single circular and double circular openings were
analyzed and the obtained ultimate capacities from the FE-models were compared to the
design capacities of EN 1993-1-13. For rectangular openings the same conservatism regarding
Class 4 web outstands was seen. For single and double circular openings some over-
conservatism was seen, but the standard seemed to predict both the failure mode and ultimate

capacities accurately in general.

Lastly, three subtopics regarding beams with web openings were studied. The influence of
increased corner radius in rectangular openings was analyzed as EN 1993-1-13 does not
include the beneficiary effects of this in its formulae. Proposed formulae for treating a
rectangular opening with an equivalent length and height depending on the corner radius was
verified against FE-models. The results indicated that the proposed formulae improved the

accuracy of EN 1993-1-13 substantially for openings where the corner radius is large.

In addition, the design methods proposed in EN 1993-1-13 does not allow for global axial
forces exceeding 2 % of the beams net axial capacity. Four different opening heights were
analyzed with a varying axial intensity up to 50 % to study this. A proposed interaction with
global axial force regarding the check for Vierendeel bending was evaluated and conservative

results were seen indicating a reasonable proposed interaction.

The last subtopic regarded beams with loads applied either at the opening or close to it. This

topic is covered briefly by EN 1993-1-13. FE-models with evenly distributed loads both along
the entire beam length and only at the opening were analyzed. Both cases showed a reduction
of the ultimate capacity of the beam. The reduction was small for the most relevant load cases

and the proposed design check of EN 1993-1-13 was thus considered reasonable.
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Appendix A: Calculations on Specimen A according to

EN 1993-1-13
Dimensions:
L:=2800 mm Span length p
h:=392 mm Cross section height 300 l
b:=110 mm Flange width A -
t::=9.4 mm Flange thickness ks X X
! R16 —
t,:=6 mm Web thickness 250
r:=12 mm Root radius
- = —y
h,:=250 mm Opening height 275 ; 275
a,:=300 mm Opening length | |
r,:=16 mm Opening corner radius 700 700
Material data:
fy :=424 MPa
E:=210000 MPa
v:=0.3
MP 0.5
2
e (235 MPa) ) 7aa
£y
n:=1.2
Ymo=1.0
Y =10
Load:
P:=163.1 kN Ultimate design load according to EN 1993-1-13
VEd ::E: 81.55 kN Shear load acting on cross section
M, gai=Vgq+ 700 mm=>57.085 kN -m Moment acting at centre of opening

L
M, ia= VEd.EZ 114.17 kN -m Moment acting at midspan



Calculations according to EN 1993-1-1:

Shear capacity

hy:=h—2.t,=373.2 mm Web height

2
2. —rer?
A::z.b.tf+hw-tw+2-( ) . T

= <4.431 . 103> mm?  Gross area of cross section

Ay=A—2:betit (b, +2+7) 4;=(2.645-10°) mm* < n-h,-t,=(2.687-10°) mm®

A, ::n-hw-tw:<2.687-103> mm”® Shear area
A, 'fy . . .
Vopird m————= 657.778 kN Plastic shear capacity according to (6.18)
" *Ymo
VEd .
=0.124 < 1 0K, <0.5 do not have to reduce yield strength
VlRd according 6.2.10(3)

h
Y —62.2 >

72.5 = 44.669
t Ui

w

Shear buckling

a::§:<1.4-1()3> mm

2 =3.751
hy,
k.g:=0 No horizontal stiffeners
2
k. :=5.34+4.|—| +k, =5.624
2 E. w2

o= ————=49.059 MPa

12-(1-v?)-h,,
Tepi=k, +05=275.918 MPa (5.4)

f 0.5
A, =0.76| =L | =0.942 (5.3)
0.83 i
=22 -0.692 < A,=0.942 1.08
n

0.83 . .
Xw:=—=0.881 According to table 5.1 in EN 1993-1-5

Ay

. .h ‘t . .h .t
vb_Rd:zwzzlsz.gm kN wzﬁmws EN  (5.1)
37 Y 37 Y

Need to check shear buckling according to
EN 1993-1-5

Distance between vertical stiffeners



Vi

=0.169 < 1 OK
b.Rd

Moment at midspan

b t
Cpi= 5 - ?w —r=40 mm Cross section classification of flenge in compression
Cr
” =5.716 < 9 Cross sectional class 1 according to table 5.2
fo€

cpi=h,—2:7=349.2 mm
Cp1:=72-€-t,=321.614 mm <  ¢,=349.2 mm

Cu2=83+€+1,=370.749 mm > C,=349.2 mm  Cross sectional class 2 for web

h t h h
2.|(bety)- LN N . A Y
7\2 2) 2 ™ 4)7Y
My pa= =256.319 kN -m Plastic moment capacity
Yo at midspan
mid__ 0.445 < 1 OK according to (6.12)
pl.Rd
Calculations according to EN 1993-1-13:
A ppi=a, =300 mm Defining effective opening length
aeqi=a, =300 mm Defining equivalent opening length
heq :=h,=250 mm Defining equivalent opening height
Shear capacity at opening center, 8.2
h,+t,.
V) pLRd = Vpl,Rd—‘;ji‘”fy: 290.583 kN
37 Yo
VEd .
——=0.281 < 1 OK according to (8.1)
Vo.pLRd
< 0.5 OK, do not have to reduce yield strength according

to 8.2(2)



v _62.2 > 72.5 = 44.669 8.5.1(3)
ty Ui
h,=250 mm > 15+t,+£=67.003 mm 8.5.1(4)

Both 8.5.1(3) and 8.5.1(4) are fulfilled and thus control for buckling of web next to the opening
have to be done.

Buckling of web next to opening, 8.5.2

b,:=0.5-h,=125 mm 8.5.2(3)
E 0.5
Ai=me|—| =69.916 (8.21)
fy
a:=0.21 Imperfection factor for buckling curve according to

EN 1993-1-1 table 6.1

h,
=2.086 (8.20)

¢:=0.5+ (140> Ay par—0.2) + Xy por” ) =2.873

1
X :i= 5= 0.206 Buckling reduction factor according to EN

1993-1-1 (6.49
b+ (% —Nurpar’) (649

Noyra=X*bywty* Ty =65.572 kN (8.18)
vt
1
Ny Ed ::5 V5qa=40.775 kKN According to (8.16) and (8.17)
N,
wBd _ o 622 < 1 OK according to 8.5.2(1)

w.Rd



Moment capacity at opening, 8.3
_h=2-t;—2.7—h

CoTt 5 °=49.6 mm Web outstands - global bending
Cuw.T .
=11.104 < 14 Cross sectional class 3
t, €

Since the flanges are classified as class 1, the web of the T-section that is subjected to
compression can be taken as class 2 according to 7.4(2) if the effective depth of the outstand is
set to the cross sectional class 2 limit according to EN 1993-1-1.

Cy.1.epp=10+1,+€=44.669 mm

Calculations to find the plastic moment capacity:

by i1.ef 3= Cop T.eff+ 7 =56.669 mm Height of effective web of top T
Aw,tT.eff := Py g eff* iy =340.012 mm’ Area of effective web of top T
Af::b-tf:<1.034-103) mm’ Area of flange

Arerfi=Art Ay irerr= (1.374 . 103> mm”’ Total area of effective T neglecting area
of root radius

lp+

t h AT
Agpe ?f"'Aw.tT.eff . w—eff)

=12.875 mm

4T eff =
‘ AtT.eff

In reality, there is a small difference between the top Tee
and the bottom Tee because they have different depths.
This is a small difference and is thus neglected.

M, pi.rat= (Arregr) - (W =2 Zeregs) o fy _ 213.371 kN -m (8.6)

Ym0

M
_oFd _ 268 < 1 OK according to (8.5)

o.pl.Rd



Buckling of T-section in compression

h—h,
hT::

=71 mm

M 0.5
M) =613.15 mm

a.pp=300 mm < 6-hT-6-( .
o.

< 12-h;;=852 mm

Do not need to check for buckling of T-section in compression according to 8.3.2(1) and 8.3.2(2).

Vierendeel-capacity, 8.4

h—2+t;—2.7—h,

CU}.T.V = 2 = 49-6 mm

c
wlV _ 11.104 < 14 The web outstand is classfied as class 3
t, €

a.pr=300 mm > 32.1,-£€=142.939 mm

The class 3 web outstand may be taken as class 2 for Vierendeel-bending if:

10-t,-€
Corv=49.6 mm < “ =50.806 mm (7.3)

0.5
2
- 32.t,-€
Aeff

Since (7.3) holds the Tee's can be taken as class 2 with full depth.

dt = C’LU.T.V: 49-6 mm

Since the Tee's are regarded as class 2 the plastic capacity can be used.
Calculating the axial force in the Tee's as a result of global moment, and the capcaity of the Tee's
in compression according to 8.4(6):

2= ZtT.eff: 12.875 mm

Nga =B _ 155.863 kN Axial force in Tee's as a result of global moment

Apyi=Ayp o= (1.374-10%) mm?



‘A
M =582.581 kN Axial capacity of Tee

N T.pl.Rd =
Yo
h,rv=d,+r=61.6 mm

Aprvi=hyryet,=369.6 mm?

Ary

2
2 ri=——=6.246 mm < t:=9.4 mm Plastic neutral axis of Tee's
pl.T b f

Have to find the cetnre of gravity of the part of the Tee's that is located
"beneeth" the plastic neutral axis

hy,
TV _33.954 mm

Qoeb = tf_zpl.T+

tr—z
aﬂ[mge::%: 1.577 mm

b <tf — Zpl,T> * Qfiange +Aw.T.V *Qye

Zap= A b ~19.064 mm
TV
2
A z A
My 1. ra= v, ot + TV “Zapl* Ty =6.463 kN -m Plastic moment capacity of the
2 2 2 Y0 Tee's.
Ngq 2
Mpyvrri=Mprri*|1—|—| |=6 kN-m (8.11)
T.pl.Rd
4.M
Voier = — TR — 80,002 kN (8.10)
Qg
Vv
P _1.019 =1 OK according to (8.9).
Vm‘er.Rd

Thus the ultimate design load P according to EN 1993-1-13 is
P=142.1 kN



Appendix B: Calculations on Specimen B according to

EN 1993-1-13
Dimensions:
L:=2800 mm Span length P
h:=392 mm Cross section height ISHL =
b:=110 mm Flange width . -
t;:=9.4 mm Flange thickness X . X X
f R16 —= ;
t,:=6 mm Web thickness E :[ 160
r:=12 mm Root radius
a T
) ) ; 250 1 250
h,:=160 mm Opening height ; :
a,:=380 mm Opening length | : |
r,:=16 mm Opening corner radius 600 800
Material data:
Jy=424 MPa
E:=210000 MPa
v:=0.3
MP 0.5
2
e (235 MPa) ) 7aa
£y
n:=1.2
Ymo=1.0
Y =10
Load:
P:=90.3 kN Ultimate design load according to EN 1993-1-13
VEd ::E: 45.15 kN Shear load acting on cross section
M, gai=Vgq+600 mm=27.09 kN -m Moment acting at centre of opening

L
M, a= VEd.EZ 63.21 kN-m Moment acting at midspan



Calculations according to EN 1993-1-1:

Shear capacity

hy:=h—2.t,=373.2 mm Web height

2
2. —rer?
A::z.b.tf+hw-tw+2-( ) . T

= <4.431 . 103> mm?  Gross area of cross section

Ay=A—2:betit (b, +2+7) 4;=(2.645-10°) mm* < n-h,-t,=(2.687-10°) mm®

A, ::n-hw-tw:<2.687-103> mm”® Shear area
A, 'fy . . .
Vopird m————= 657.778 kN Plastic shear capacity according to (6.18)
" *Ymo
VEd .
=0.069 < 1 0K, <0.5 do not have to reduce yield strength
VlRd according 6.2.10(3)

h
Y —62.2 >

72.5 = 44.669
t Ui

w

Shear buckling

a::§:<1.4-1()3> mm

Need to check shear buckling according to
EN 1993-1-5

Distance between vertical stiffeners

2 =3.751
hy,
k.g:=0 No horizontal stiffeners
2
k. :=5.34+4.|—| +k, =5.624
2 E. w2

o= ————=49.059 MPa

12-(1-v?)-h,,
Tepi=k, +05=275.918 MPa (5.4)

f 0.5
A, =0.76| =L | =0.942 (5.3)
0.83 i
=22 -0.692 < A,=0.942 1.08
n

0.83 . .
Xw:=—=0.881 According to table 5.1 in EN 1993-1-5

Ay

. .h ‘t . .h .t
vb_Rd:zwzzlsz.gm kN wzﬁmws EN  (5.1)
37 Y 37 Y



Vi

=0.093 < 1 OK
b.Rd

Moment at midspan

b t
Cpi= 5 - ?w —r=40 mm Cross section classification of flenge in compression
Cr
” =5.716 < 9 Cross sectional class 1 according to table 5.2
fo€

cpi=h,—2:7=349.2 mm
Cp1:=72-€-t,=321.614 mm <  ¢,=349.2 mm

Cu2=83+€+1,=370.749 mm > C,=349.2 mm  Cross sectional class 2 for web

t h, h
2.|(b-t;)- h_ ) Doy Do)y
7\2 2) 2 ™ 4)7Y
My pa= =256.319 kN -m Plastic moment capacity
Yo at midspan
mid__ 0.247 < 1 OK according to (6.12)
pl.Rd
Calculations according to EN 1993-1-13:
Qe ppi=a, =380 mm Defining effective opening length
Qeqi=a, =380 mm Defining equivalent opening length
heq :=h,=160 mm Defining equivalent opening height
Shear capacity at opening center, 8.2
h,+t,.
V., pLRd = Vpl,Rd—M:Qz.Wzs kN
30,5 .
Yo
VEd .
———=0.107 < 1 OK according to (8.1)
Vo.pLRd
< 0.5 OK, do not have to reduce yield strength according

to 8.2(2)



v _62.2 > 72.5 = 44.669 8.5.1(3)
ty Ui
h,=160 mm > 15+t,+£=67.003 mm 8.5.1(4)

Both 8.5.1(3) and 8.5.1(4) are fulfilled and thus control for buckling of web next to the opening
have to be done

Buckling of web next to opening, 8.5.2

b,:=0.5-h,=80 mm 8.5.2(3)
E 0.5
Ai=me|—| =69.916 (8.21)
fy
a:=0.21 Imperfection factor for buckling curve according to

EN 1993-1-1 table 6.1

h,
=1.335 (8.20)

¢:=0.5+ (140 (A par—0.2) + Xy por” ) =1.51

1
X :i= 5= 0.451 Buckling reduction factor according to EN

1993-1-1 (6.49
b+ (% —Nurpar’) (649

Noyra=X*bywty* Ty =91.827 kN (8.18)
vt
1
Ny Ed ::5 V5a=22.575 kN According to (8.16) and (8.17)
N,
wEd _0.246 < 1 OK according to 8.5.2(1)

w.Rd



Moment capacity at opening, 8.3
_h=2-t;=2.r—h,

CoT' 5 =94.6 mm Web outstands - global bending
Cuw.T .
=21.178 > 14 Cross sectional class 4
t,*€

Since the flanges are classified as class 1, the web of the T-section that is subjected to
compression can be taken as class 3 according to 7.4(3) if the effective depth of the outstand is
set to the cross sectional class 3 limit according to EN 1993-1-1.

CoTepri=14+t,€=62.536 mm

Calculations to find the 2. moment of area:

by i1.eff 3= Cop 1efp+7=T74.536 mm Height of effective web of top T
Ay iteff =P ir.epr ty=447.216 mm’ Area of effective web of top T
Af::b-tf:<1.034-103) mm’> Area of flange

Arerf=Art Ay ir.err= (1.481 . 103> mm”’ Total area of effective T neglecting area
of root radius

t h,
f AT .eff
Af' 9 +Aw.tT.eff' tf+L)
24T eff = =17.371 mm
AtT.eff
b th ty 5 4
Iir.eppi= +Ap 2oy | = (1.736-10%) mm
h 3 h ’
t .
Iw.tT‘eff::%-l_Aw.tT.eff' (tf-'_ 'w.tT-eff —ZtT‘Eff) — <5'909. 105) mm4
Liretp=Tw et L pimerr= <7.645 . 105> mm* Total 2. moment of area of effective T-

section in compression

The 2. moment of area for the T-section in tension is in reality larger than the
one in compression, due to the use of plastic calculations. This is neglected as
it is not the resulting critical design capacity.

h
Zpmax ::5: 196 mm

2
Io.el =2 (ItT.eff+AtT.eff' <Zmax_th.eff> ) = <9'606 ° 107> mm*



zo el 'fy
M, py=—" —=207.793 kN -m
a0
M
°Bd _ 13 < 1 OK according to (8.5)
o.Rd

Buckling of T-section in compression

hypi= 2=116 mm

Mo.Rd

0.5
a. ;=380 mm < 6-hT-€-( ) =(1.435-10%) mm

o.Ed
< 12.hp=(1.392-10%) mm
Do not need to check for buckling of T-section in compression according to 8.3.2(1) and 8.3.2(2).
Vierendeel-capacity, 8.4

h—2+t;—2-r—h,

CoTyi= 5 =94.6 mm
c
tw'T'V =21.178 > 14 The web outstand is classfied as class 4.
£
w
aeff:380 mm > 36-t,-£=160.807 mm

The class 4 web outstand may be taken as class 3 for Vierendeel-bending if:

14.t -€

w

dy:=cypy=94.6 mm < —=69.021 mm  (7.4)
NG
1 36-t,-€
Aetf

Since (7.4) does not hold, the elastic capacity is determined by an effective depth based on the
limit for a class 3 web outstands according to 7.5(6)

dyoppi=14+1,-€ =62.536 mm

Since the Tee in compression is regarded as class 3 the elastic capacity have to be used.
Calculating the axial force in the Tee's as a result of global moment, and the capcaity of the Tee's
in compression according to 8.4(6):



Zrv.effi=2irepr=17.371 mm

M
N, £d = oPd 75.828 KN  Axial force in Tee as a result of global moment

h—=2 zpy cff

AT.V.eff::AtT.eff: <1.481 . 103> mm2

A
M =628.036 kN Axial capacity of Tee

Ynmo

N7t eira=

b1y epri=dpeprtr="74.536 mm

Aw.T.eff.V =y T Veff® ty= 447.216 me

2

3
I = + Az _u =(1.736-10%) mm*
FTVeff™="715 Fr\FTVes T 5 ) T
h ’ h ’
t .
Iw.T.V.effZ%"‘Awmeﬁy' tf"'M_ZT.V.eff = (5-909 . 105) mm*
Ipyetr=Lirvesrt loarversr= <7.645 . 1()5> mm* Second moment of area of Tee
neglecting contribution from root
radius.
Zmaz = w.T.V.eff+ tf_ZT.V.eff: 66.565 mm
I
M1 ra= _TVelf | fy=4.87 kN-m Effective elastic moment capacity
Zmaz * VMO of Tee.

Nm.Ed

My rtra=Me TR (1 - ) =4.282 kN -m (8.12)

T.el.Rd

4.-(M
VvieT.Rd = ( gVTt'Rd) =45.072 kN (8.10)
eq
v
_F 1,002 =1 OK according to (8.9).
Vm’er.Rd

Thus the ultimate design load P according to EN 1993-1-13 is
P=199.1 kN



Alternative calculations if one side of the Tees are allowed to develop
plastic capacities:

. h—2-tf—2-r—h0 B
Cow.T V= 2 =94.6 mm

Aryi=cpry -ty +bet;=(1.602-10°) mm?

h,rvi=c,rv+r=106.6 mm

Ayrvi=hy 1y t,=639.6 mm’

AT.V

2
Zppi=———= 7.28 mm < tf: 9.4 mm Plastic neutral axis of Tee's
‘ b

Have to find the cetnre of gravity of the part of the Tee's that is located
"beneeth" the plastic neutral axis

h
ey = tp— 2y p+—l = 55.42 mm
tr—2z
aflange::%: 1.06 mm
be(t;—z a + A .a
Zapi= < f pl.T> j;lange w.T.V * Qweb — 44573 mim
TV
2 Plastic moment capacity of the
A A f Tee's.
z
M7 ra ==( LV oL 2TV -zA,,)- Y —16.37 kN -m
2 2 2 Yo
<A
Nr Rd-:fy—”:mg.ms kN
Ynmo

Nm.Ed

2
MNV.Tb.Rd ::Mpl.T.Rd.(]‘_( ) ):16166 k:N-m (811)

N T.pl.Rd

2« (Mnvrt.ra+Mny.1b.RA
ier.Rd ‘= < > =107.62 kN

aeq

V.

v

About 2 times larger capacity.



Appendix C:

EN 1993-1-13

Dimensions:

L:=2800 mm Span length

h:=387 mm Cross section height

b:=110 mm Flange width

tf :=9.1 mm Flange thickness

t,:=6 mm Web thickness

r:=12 mm Root radius

h,:=250 mm Opening height

a,:=300 mm
r,:=100 mm

Opening length

Material data:

fy =424 MPa

FE:=210000 MPa

v:=0.3

o[ 235 MPa
fy

0.5

) =0.744
n:=1.2

Ymo=1.0
Y =10

Load:
P:=153.1 kN
VEd::§:76.55 kN
M

L
Mmid::VEd.EZ 107-17 kN'm

Calculations on Specimen C according to

Opening corner radius

0.Ed=VEq* 700 mm=>53.585 kN -m

p
300
_ i
X S X X
O
f 250 ; 250
700 " 700

Ultimate design load according to EN 1993-1-13

Shear load acting on cross section

Moment acting at centre of opening

Moment acting at midspan



Calculations according to EN 1993-1-1:

Shear capacity

hyi=h—2-t;=368.8 mm Web height

2
2. —rer?
A::z.b.tf+hw-tw+2-( ) . T

= <4.338 . 103> mm?  Gross area of cross section

Ay=A—2:betit (b, +2+7) - £;=(2.609-10°) mm*> < n-h,-t,=(2.655-10°) mm’

A, ::n-hw-tw:<2.655-103> mm”® Shear area
A, 'fy . . .
Vopird m————= 650.023 kN Plastic shear capacity according to (6.18)
" *Ymo
VEd .
=0.118 < 1 0K, <0.5 do not have to reduce yield strength
VlRd according 6.2.10(3)

h
U _61.467 >  72.5=44.669
n

t

w

Shear buckling

a::§:<1.4-1()3> mm

Need to check shear buckling according to
EN 1993-1-5

Distance between vertical stiffeners

2 3796
h,,
k.g:=0 No horizontal stiffeners
2
k,:=5.34+4.|—| +k,4=5.618
xt.E. w2

o= - —=50.236 MPa

12-(1-v?)-h,,
To =k, 0p=282.206 MPa (5.4)

f 0.5
A,=0.76. || =0.932 (5.3)
0.83 Ter
—2=0.692 < \,=0.932 1.08
n

0.83 . :
Xw:=—=0.891 According to table 5.1 in EN 1993-1-5

Ay

. . h . t . . h . t
Vb_Rd::W:zlwﬁ% kN W:%0.0% EN  (5.1)
37 Y 37 Y



Vi

=0.159 < 1 OK
b.Rd

Moment at midspan

b t
Cpi= 5 - ?w —r=40 mm Cross section classification of flenge in compression
Cr
” =5.904 < 9 Cross sectional class 1 according to table 5.2
fo€

cpi=h,—2:r=344.8 mm
Cp1:=72-€-t,=321.614 mm < c,=344.8 mm

Cu2=83+€+1,=370.749 mm > c,=344.8 mm Cross sectional class 2 for web

h t h h
2.|(bety)- LN N . A Y
2 2 2 Y o4)7Y
My pa= =246.894 kN -m Plastic moment capacity
Yo at midspan
mid _ 0.434 < 1 OK according to (6.12)
pl.Rd
Calculations according to EN 1993-1-13:
A ppi=a, =300 mm Defining effective opening length
aeqi=a, =300 mm Defining equivalent opening length
heq :=h,=250 mm Defining equivalent opening height
Shear capacity at opening center, 8.2
h,+t,.
V) pLRd = Vpl,Rd—‘;ji‘”fy: 282.828 kN
37 Yo
VEd .
—=0.271 < 1 OK according to (8.1)
Vo.pLRd
< 0.5 OK, do not have to reduce yield strength according

to 8.2(2)



h’LU
So=61467 > 72.5 = 44.669 8.5.1(3)
n

w

h,=250 mm > 15-t,+-c=67.003 mm 8.5.1(4)

Both 8.5.1(3) and 8.5.1(4) are fulfilled and thus control for buckling of web next to the opening
have to be done

Buckling of web next to opening, 8.5.2

b,:=0.5-h,=125 mm 8.5.2(3)
E 0.5
Ai=me|—| =69.916 (8.21)
fy
a:=0.21 Imperfection factor for buckling curve according to

EN 1993-1-1 table 6.1

h,
=2.086 (8.20)

¢:=0.5+ (140> Ay par—0.2) + Xy por” ) =2.873

1
X :i= 5= 0.206 Buckling reduction factor according to EN

1993-1-1 (6.49
b+ (% —Nurpar’) (649

Noyra=X*bywty* Ty =65.572 kN (8.18)
vt
1
Ny Ed ::5 Vi5a=38.275 kN According to (8.16) and (8.17)
N,
wBd _ g 584 < 1 OK according to 8.5.2(1)

w.Rd



Moment capacity at opening, 8.3
_h=2-t;=2.r—h,

Co.T" 5 =47.4 mm Web outstands - global bending
Cuw.T .
=10.611 < 14 Cross sectional class 3
t,*€

Since the flanges are classified as class 1, the web of the T-section that is subjected to
compression can be taken as class 2 according to 7.4(2) if the effective depth of the outstand is
set to the cross sectional class 2 limit according to EN 1993-1-1.

CoTefri=10+t,-€=44.669 mm

Calculations to find the plastic moment capacity:

by i1.ef 3= Cop 1efp+ 1 =56.669 mm Height of effective web of top T
Ay it.effi= P ir.epr ty=340.012 mm’ Area of effective web of top T
Af::b-tf:<1.001-103) mm’> Area of flange

Arerf=Art Ay ir.err= (1.341 . 103> mm”’ Total area of effective T neglecting area
of root radius

ty+

t P i
Age 2f+Aw.tT.eff' w—eff)

=12.888 mm

24T eff =
AtT.eff

In reality, there is a small difference between the top Tee
and the bottom Tee because they have different depths.
This is a small difference and is thus neglected.

M, pqi= Arresr) *(h=22emers) “Fy _o0c ass kv om

Yo

Mo.Ed

=0.261 < 1 OK according to (8.5)
Mo.Rd



Buckling of T-section in compression

o

hp:= =68.5 mm

MRd 0.5
a.;=300 mm < 6-hT-5-( = ) =599.044 mm
o.Ed

< 12-h;=822 mm

Do not need to check for buckling of T-section in compression according to 8.3.2(1) and 8.3.2(2).

Vierendeel-capacity, 8.4

h—2+t;—2.7—h,

CU}.T.V = 2 :47.4 mm

c
wlV _ 10.611 < 14 The web outstand is classfied as class 3
t, €

a.pr=300 mm > 32.1,-£€=142.939 mm

The class 3 web outstand may be taken as class 2 for Vierendeel-bending if:

10+, -€

Corv=47.4 mm < o =50.806 mm (7.3)

2
- 32.t,-€
Aegf

Since (7.3) holds the Tee can be taken as class 2.

dt = C’LU.T.V: 47.4 mm

Since the Tee's are regarded as class 2 the plastic capacity can be used.
Calculating the axial force in the Tee's as a result of global moment, and the capcaity of the Tee's
in compression according to 8.4(6):

hyrvi=d;+7r=59.4 mm Height of web of Tee's
Aprvi=hyryt,=356.4 mm? Area of web of Tee's
Ap=bet;= <1_001.103> mm? Area of flange

Apyi=As+Ayrv= <1.357~ 103> mm’ Total area of Tee's neglecting area of
root radius



t h
f w.T.V
ALy Ay e |t
"5 TV (f 5 )

AT.Vi= A =13.543 mm
T.V
Mo.Ed . . .
Npgi=———=148.883 kN Axial force in Tee's as a result of global moment
h—2 zpy
‘A
Nrpira*= M =575.538 kN Axial capacity of Tee
Yo
Ary
2 . .
Zyri=—=06.17T mm < t,=9.1 mm Plastic neutral axis of Tee's
pl.T b f

Finding the cetnre of gravity of the part of the Tee's that is located
"beneeth" the plastic neutral axis.

h
ey = tp— 2y p+ — = 32.63 mm
tr—z
O ftenge ::%: 1.465 mm
be(t;—z ca +A .a

Zapi= < f pl.T> j;lenge w.T.V * Yweb —17.83 mm

T.V

2

A z A

My 1 Ra ::( e 'zAb) . Ty =6.019 kN-m Plastic moment capacity of the

Yo Tee's.

Nga Y
My r.ri=Mprra*|1—|——| |=5.616 kN-m (8.11)

T.pl.Rd
4+Myvy.1.Ra
vier.Rd'=——————="74.881 kN (8.10)
Qg
%
B _1.022 =1 OK according to (8.9).
Vm‘er.Rd

Thus the ultimate design load P according to EN 1993-1-13 is
P=153.1 kN



Appendix D: Calculations on Specimen D according to

EN 1993-1-13
Dimensions:
L:=2800 mm Span length P
— ; ; |
h:=350 mm Cross section height D250 +
b:=100 mm Flange width = i I
t;:=8.5 mm Flange thickness i i F S
t,=5.6 mm Web thickness
r:=12 mm Root radius
= —t——
h,:=250 mm Opening height : 250 1 250
I ! I
200 600
Material data:
fy :=417 MPa
E:=210000 MPa
v:=0.3
MP 0.5
2
e (230 MPa) o5y
£y
n:=1.2
Ymo=1.0
Y =10
Load:
P:=173.1 kN Ultimate design load according to EN 1993-1-13
Via ::E: 86.55 kN Shear load acting on cross section
M, 5i=Vg;+800 mm=69.24 kN -m Moment acting at centre of opening
M, iq:=VEq+ 1150 mm =99.533 kN -m Moment acting at midspan



Calculations according to EN 1993-1-1:

Shear capacity

hy,:=h—2.t,=333 mm Web height
2
(2 . r) —mer?

A:=2:betythy-t,+2- = <3.688o 103> mm?  Gross area of cross section

Ay=A—2:betit (b, +207) 4;=(2.24.10°) mm® < n-h,-t,=(2.238.10°) mm®

w
A, ::n-hw-tw:<2.238-103> mm”® Shear area
A, 'fy . . .
Vopird m————= 538.752 kN Plastic shear capacity according to (6.18)
" *Ymo
VEd .
=0.161 < 1 OK, <0.5 do not have to reduce yield strength

VlRd according 6.2.10(3)

h,, £ _ :
—=59.464 > 72+—=45.042 Need to check shear buckling according to
ty n EN 1993-1-5

Shear buckling

L
a ::E: <1.4 . 1()3> mm Distance between vertical stiffeners
2 —4.204
hy,
k.g:=0 No horizontal stiffeners
2
k. =5344+4-|—| +k, ,=5.566
n? E.t,’
opi= . —-=>53.676 MPa
12-(1-v?)-h,,
Topi=k,+05=298.78 MPa (5.4)
f 0.5
A, =0.76+| =L | =0.898 (5.3)
0.83 I
——=0.692 < A,=0.898 < 1.08
n
0.83 . .
Xuw:=——=0.924 According to table 5.1 in EN 1993-1-5
. oh ot . 'h 't
vb_Rd:zwzuaos kN wzm&%z EN  (5.1)
37 M 37 M



Vi

=0.209 < 1 OK
b.Rd

Moment at midspan

bty . o : :
cf::E —? —r=35.2 mm Cross section classification of flenge in compression
Cr
” =5.516 < 9 Cross sectional class 1 according to table 5.2
1€

Cpi=hy,—2:7=309 mm
Cyp1:=72+€+1,=302.682 mm < €, =309 mm

Cu=83+¢+1,=348.925 mm > C, =309 mm Cross sectional class 2 for web

=185.782 kN -m Plastic moment capacity
at midspan

=0.536 < 1 OK according to (6.12)

Calculations according to EN 1993-1-13:

Qofpi= 0.7 h,=175 mm Defining effective opening length

Qpqi= 0.45+h,=112.5 mm Defining equivalent opening length

heq :=0.9-h,=225 mm Defining equivalent opening height

Shear capacity at opening center, 8.2
ho'tw'fy

Vorira=VpLrd— e

=201.695 kKN
*Ymo

=
_P _0429 < 1

OK according to (8.1)
Vo.PLRA

< 0.5 OK, do not have to reduce yield strength according
to 8.2(2)



h

W _59.464 = > 72.£ =45.042 8.5.1(3)
by U]
h,=250 mm > 25+1,-=105.098 mm  8.5.1(4)

Both 8.5.1(3) and 8.5.1(4) are fulfilled and thus control for buckling of web next to the opening
have to be done

Buckling of web next to opening, 8.5.2

b,=0.5-h,=125 mm 8.5.2(3)
E 0.5
Aji=me|—| =705 (8.21)
fy
a:=0.21 Imperfection factor for buckling curve according to

EN 1993-1-1 table 6.1

2.4-h,
T °—1.52 (8.20)

w N

A

w.bar *—

¢:=0.5- <1 ta- <>‘w.bar_ 02> + Aw.bar2> =1.793

1
X = = 0.364 Buckling reduction factor according to EN

1993-1-1 (6.49
b+ (* = Nurpar’) (649

Nyra =X by ty* Ty =106.317 kN (8.18)
Y
1
Nw.Ed:ZE Vi5a=43.275 kN According to (8.16) and (8.17)
N,
wEd _ o 407 < 1 OK according to 8.5.2(1)

Nw.Rd



Moment capacity at opening, 8.3
_h=2-t;=2.r—h,

CoT' 5 =29.5 mm Web outstands - global bending
c
v —7.017 < 9 Cross sectional class 1
t,*€

Calculations to find the plastic moment capacity:

hyiri=c,r+r=41.5 mm Height of web of top T
Ay ir=hy ety =232.4 mm® Area of web of top T
Ap:=b-t;=850 mm> Area of flange
A=A+ Ay r= <1.082 . 103> mm’ Total area of T neglecting area of root
radius
t h.
Zypi= =9.618 mm Elastic neutral axis depth from outer
Ayr edge of flange
Ape(h—2427) ¢
M, pyi=—tt ( ) fy =149.294 kN -m
Ynmo

M,

T 0.464 < 1 OK according to (8.5)

o.Rd

Buckling of T-section in compression
h—h,

hp:= =50 mm

Mo.Rd

0.5
aepp=175 mm < 6-hT-€-( ] =330.697 mm

o.Ed

< 12-h;;=600 mm

Do not need to check for buckling of T-section in compression according to 8.3.2(1) and 8.3.2(2).



Vierendeel-capacity, 8.4

h—2-t;—2.r—h,

CoTvVi= 5 =29.5 mm
cw.T.V . )
" =7.017 < 9 The web outstand is classfied as class 1
¥
w

dt = Cw.T.V: 29.5 mm

Since the Tee's are regarded as class 1 the plastic capacity can be used.
Calculating the axial force in the Tee's as a result of global moment, and the capcaity of the Tee's
in compression according to 8.4(6):

zpi=2;7=9.618 mm Elastic neutral axis of Tee's meassured from
outside of flange

Ng4 = oFd 209.333 kN Axial force in Tee's as a result of global moment

Api=Ay=(1.082-10%) mm?

A
M =451.361 kN Axial capacity of Tee

N T.pl.Rd‘=
Yo

hyryv=d,+r=41.5 mm
Ayrvi=hyryet,=232.4 mm?
Apyi=Ap+ A, ry=(1.082-10") mm’

AT.V

2
Zppi=——= 5.412 mm < tf: 8.5 mm Plastic neutral axis of Tee's
’ b

negelcting root radius

Have to find the cetnre of gravity of the part of the Tee's that is located
"beneeth" the plastic neutral axis

h
wTV _93.838 mm

Qopeb = tf_zpl.T+

tr—z
ftenge ::%: 1.544 mm



b- <tf - zpl.T) * a’flenge +Aw.T.V * Qe

Zpi= . b =11.117 mm
TV
2
A z A
My r.ra= TV ot | TV *Zp -i: 3.12 kN-m Plastic moment capacity of the
- 2 2 2 Yo Tee's.
Nga \?
Myy.rra=Mprra*|1- N =2.449 kN -m  (8.11)
T.pl.Rd

4-M
Vyior = —V TR 87,063 kN (8.10)
(.
v
Ed_ _0.994 =1 OK according to (8.9).
Vvier.Rd

Thus the ultimate design load P according to EN 1993-1-13 is
P=173.1kN



Appendix E:

Dimensions:

L:=2800 mm
h:=350 mm
b:=100 mm
tf::8.5 mm
t,=5.6 mm
r:=12 mm

h,:=200 mm
s,:=50 mm

Material data:

J,=417 MPa
E:=210000 MPa
v:=0.3
. 235 MPa
fy

n:=1.2
Ymo=1.0
Y =10

Load:
P:=174.5 kN

P
VEd ::E: 87.25 kN

Calculations on Specimen E according to

EN 1993-1-13

Span length

Cross section height
Flange width

Flange thickness
Web thickness

Root radius

Opening height
Distance between openings

) =0.751

M, gai=VEq+800 mm=69.8 kN-m

M, gq:=V g+ 675 mm=>58.894 kN -m

M,,;4:=V g+ 1150 mm =100.338 kN -m

P
D200 ’
—_ —
I OO0 T
: 50 | 250 1 250
i | ;
675 725

Ultimate design load according to EN 1993-1-13
Shear load acting on cross section

Largest moment acting at centre of

opening

Moment acting inbetween openings

Moment acting at midspan



Calculations according to EN 1993-1-1:

Shear capacity

hy,:=h—2.t,=333 mm Web height
2
(2 . r) —mer?

A:=2:betythy-t,+2- = <3.688o 103> mm?  Gross area of cross section

Ay=A—2:betit (b, +207) 4;=(2.24.10°) mm® < n-h,-t,=(2.238.10°) mm®

w
A, ::n-hw-tw:<2.238-103> mm”® Shear area
A, 'fy . . .
Vopird m————= 538.752 kN Plastic shear capacity according to (6.18)
" *Ymo
VEd .
=0.162 < 1 OK, <0.5 do not have to reduce yield strength

VlRd according 6.2.10(3)

h,, £ _ :
—=59.464 > 72+—=45.042 Need to check shear buckling according to
ty n EN 1993-1-5

Shear buckling

L
a ::E: <1.4 . 1()3> mm Distance between vertical stiffeners
2 —4.204
hy,
k.g:=0 No horizontal stiffeners
2
k. =5344+4-|—| +k, ,=5.566
n? E.t,’
opi= . —-=>53.676 MPa
12-(1-v?)-h,,
Topi=k,+05=298.78 MPa (5.4)
f 0.5
A, =0.76+| =L | =0.898 (5.3)
0.83 I
——=0.692 < A,=0.898 < 1.08
n
0.83 . .
Xuw:=——=0.924 According to table 5.1 in EN 1993-1-5
. oh ot . 'h 't
vb_Rd:zwzuaos kN wzm&%z EN  (5.1)
37 M 37 M



Vi

=0.21 < 1 OK
Vi.ra

Moment at midspan

b t
cf::E —?w —r=35.2 mm Cross section classification of flenge in compression
Cr
” =5.516 < 9 Cross sectional class 1 according to table 5.2
1€

Cpi=hy,—2:7=309 mm
Cyp1:=72+€+1,=302.682 mm < €, =309 mm

Cu=83+¢+1,=348.925 mm > C, =309 mm Cross sectional class 2 for web

h t h,, h,,
2+((bt)) LA ) B f
2 2 2 v Y
My pa= =185.782 kN -m Plastic moment capacity
Yo at midspan
mid _ 0.54 < 1 OK according to (6.12)
pl.Rd
Calculations according to EN 1993-1-13:
Qofpi= 0.7 h,=140 mm Defining effective opening length
Gq:=0.45- h,=90 mm Defining equivalent opening length
heg:=0.9+h,=180 mm Defining equivalent opening height
Shear capacity at opening center, 8.2
h,+t,.
V) pLRd = Vpl,Rd—‘fmi‘”fy: 269.106 kN
37 Yo
VEd .
—=0.324 < 1 OK according to (8.1)
Vo.pLRd
< 0.5 OK, do not have to reduce yield strength according

to 8.2(2)



h, 15
—=59.464 > 72.—=45.042 8.5.1(3)
ty n
h,=200 mm > 25+t,+£=105.098 mm 8.5.1(4)

Both 8.5.1(3) and 8.5.1(4) are fulfilled and thus control for buckling of web next to the opening
have to be done

Buckling of web next to opening, 8.5.2

b,:=0.5-h,=100 mm 8.5.2(3)
E 0.5
Api=me|—| =705 (8.21)
fy
a:=0.21 Imperfection factor for buckling curve according to

EN 1993-1-1 table 6.1

.
(o]

=1.216 (8.20)

)‘w.bar =

¢:=0.5+ (140 (A par—0-2) + Xy ) =1.346

1
X = o= 0.52 Buckling reduction factor according to EN

1993-1-1 (6.49
b+ (% —Nurpar’) (649)

Nyrai=X*byt,* fy =121.456 kN (8.18)
Y
Ny Ed ::% Vi5a=43.625 kKN According to (8.16) and (8.17)
N,
L 0.359 < 1 OK according to 8.5.2(1)

w.Rd



Moment capacity at opening, 8.3
_h=2-t;=2.r—h,

CoT' 5 =54.5 mm Web outstands - global bending
Cuw.T .
=12.964 < 14 Cross sectional class 3
t,*€

Since the flanges are classified as class 1, the web of the T-section that is subjected to
compression can be taken as class 2 according to 7.4(2) if the effective depth of the outstand is
set to the cross sectional class 2 limit according to EN 1993-1-1.

CoTepri=10+t,-€=42.039 mm

Calculations to find the plastic moment capacity:

b i1.eff:=Cppr+7=66.5 mm Height of effective web of top T
Aw,tT,eff =Py efp ety =372.4 mm’ Area of effective web of top T
Af::b-tf:850 mm? Area of flange

Arerf=Art Ay ir.err= (1.222 . 103> mm” Total area of effective T neglecting area
of root radius

t h,
f AT .eff
Age 5 + Ay ireff tf"'&)
Zypi= =15.674 mm  Elastic neutral axis depth from outer
AtT‘eff edge of flange
A e(h—2ez,p)
M, pg=— < ) Sy 162.43 kN -m
Ymo
= 0.43 < 1 OK according to (8.5)
0.Rd

Buckling of T-section in compression

h—h,

hp:= =75 mm

Mo.Rd

aeff:140 mm < 6'hT'5'( .
o..

0.5
) =515.328 mm

< 12 h;;=900 mm

Do not need to check for buckling of T-section in compression according to 8.3.2(1) and 8.3.2(2).



Vierendeel-capacity, 8.3

h—2-t;—2.r—h,

Cw.T.V = 2 = 54.5 mm
c
tw'T'V =12.964 < 14 The web outstand is classfied as class 3
¥
w
a.rp=140 mm > 32-t,-6=134.525 mm

The class 3 web outstand may be taken as class 2 for Vierendeel-bending if:

10-t,-€
Cy.1.v=954.5 MM < —=151.813 mm (7.3)
2

(32-tw-5)
1—]—
Qefy

Since (7.3) holds the Tee can be taken as class 2.

dt = C’w.T.V: 54.5 mm

Since the Tee's are regarded as class 2 the plastic capacity can be used.
Calculating the axial force in the Tee's as a result of global moment, and the capcaity of the Tee's
in compression according to 8.4(6):

h,rvi=d,+r=66.5 mm Height of web of Tee's
Aprvi=hyryet,=372.4 mm?> Area of web of Tee's
Ap:=b-t;=850 mm> Area of flange

AT.V::Af+Aw,T'V: <1.222 . 103) mm’ Total area of Tee's neglecting area of
root radius

Zpyi= =15.674 mm Elastic neutral axis of Tee from outside
Ary of flange
M
Nga =— 2P _—919.048 kN Axial force in Tee's as a result of global moment

h—2 zpy



f,A

Ny pirai= VTV _509.741 kN Axial capacity of Tee
Yo
Ary
2
Zpri=———= 6.112 mm < tf =8.5 mm Plastic neutral axis of Tee's
’ b

Finding the cetnre of gravity of the part of the Tee's that is located
"beneeth" the plastic neutral axis.

h
wTV _ 35.638 mm

Qopeb = tf_zpl.T+

tr—2z
ftenge ::%: 1.194 mm

b- <tf B zpl.T) * Aflenge + Ay Qe

2= o © =22.18 mm
T.V

A z A f
M, 1 pai= ( v ZelT LIV -zAb) -7—?’: 6.432 kN -m ?Iastic moment capacity of the
MO0 ee's.

Ngqg

My rra=Mp.1r.Ra" (1 - (7

2
] ]:5.244 kN -m (8.11)
NT‘pl.Rd

4+Myvy.1.Rd
vier.rd'=————=233.079 kN (8.10)
Qg
v
B _0.374 =1 OK according to (8.9).

vier.Rd



Web-post buckling, 8.6.3

0.5

1.75+(s,”> +h,” 1 2.4-h, 1
wp.bar = < . 2 > -—=0.914 < 2. =1.216 (8.30)
tw 1 tw >‘1
a:=0.21 Imperfection factor for buckling curve according to

EN 1993-1-1 table 6.1
¢:=0.5+ (140 (Ayppar—0-2) + Ay pr ) =0.992

1
Xwp = 0.

¢ + <¢2 - >‘wp.ba1"2 >

== 0.725 Buckling reduction factor according to EN
1993-1-1 (6.49)

fy

Y

N

wp.Rd =50 tw* Xup* =84.627 kN (8.29) Web-post buckling capacity

AM :=V ;- (800 mm — 550 mm)=21.813 kN-m

AM
ANpypi=—— =68.453 kN
h - 2 ® ZT.V
Nyp.pa=ANgqr=68.453 kKN Web-post buckling load according to figure 8.3
N,
—wrBd _().809 <1 OK (8.26)
wp.Rd

Web-post shear, 8.6.4

pr.Rd ::So'tw°o5L:67'4ll kN (8.34)
37 Yo
Vp.pa=ANggr=68.453 kN Web-post shear load according to figure 8.3
v
—wpPd g 015 =1 oK (8.33)
wp.Rd

Thus the ultimate design load P according to EN 1993-1-13 is
P=174.5 kN



Appendix F: Calculations on Specimen C with proposed
interaction of moment and axial forces

Dimensions:
L:=2800 mm Span length P
h:=387 mm Cross section height 300 ; '
b:=110 mm Flange width - . = :
tf :=9.1 mm Flange thickness R100 — 550
t,:=6 mm Web thickness -
r:=12 mm Root radius =
= e
: 250 250
h,:=250 mm Opening height | . .
a,:=300 mm Opening length 700 ' 700 A
r,:=100 mm Opening corner radius
Material data:
fy :=445 MPa Same yield strenght that was used in

the FE analyses.
E:=210000 MPa
v:=0.3
6::(235 MPa
fy

0.5

) =0.727

n:==1.2
Ymo=1.0
Y1 =10



Vierendeel-capacity, 8.4

Qo ppi=a, = 300 mm Defining effective opening length

h—2t;—2.r—h,

CoT V= 5 =47.4 mm
c
tw'T'V =10.871 < 14 The web outstand is classfied as class 3
¥
w
a, f:300 mm > 32.1t,-£6=139.526 mm

The class 3 web outstand may be taken as class 2 for Vierendeel-bending if:
10-t,-€
CoTv=47.4 mm < o= 49.253 mm (7.3)
O

(32-tw-5)
1—]—
ey

Since (7.3) holds the Tee can be taken as class 2.

dt = C’w.T.V: 47.4 mm

Since the Tee's are regarded as class 2 the plastic capacity can be used.
Calculating the axial force in the Tee's as a result of global moment, and the capcaity of the Tee's
in compression according to 8.4(6):

h,rvi=d;+r=59.4 mm Height of web of Tee's
Aprvi=hyryet,=356.4 mm? Area of web of Tee's
Af=:b-tf:<1.001-103> mm’ Area of flange

AT.V::Af+Aw.T.V: <1.357- 103> mm’ Total area of Tee's neglecting area of
root radius

t h
Rrvi= =13.543 mm
' Ary
JA
Ny pirai= fyﬂyiTV =604.043 kN Axial capacity of Tee
MO
Ary
2
zgmi=———=06.17 mm < t,=9.1 mm Plastic neutral axis of Tee's
pl.T b f



Finding the cetnre of gravity of the part of the Tee's that is located
"beneeth" the plastic neutral axis.

h
awebzztf—zpl,T+w'T”:32.63 mm

tr—z
ftenge ::%: 1.465 mm
2= b- <tf_zpl.T> * Qflenge +Aw,T.V' Qed —17.83 mm
AT.V
2

Ary . Zpl.T n Ary

T
*Zap|® Y —6.317 kN-m Plastic moment capacity of the

My 1 ra=
P 2 2 2 Mo Tee's.

0% global axial force:

P, ,:=158 kN Ultimate design load taking into account global
axial forces
Py
Vga ::T: 79 kKN Shear load acting on cross section
M, 5i=Vgq+ 700 mm=>55.3 kN-m Moment acting at center of opening
Mo.Ed . . ,
N, ga= =153.648 kN Axial force in Tee's as a result of global moment
h—=2zpy and global axial forces

Nyga )
L) =5.908 kIN -m Plastic moment capacity in Tees

My rri=Mprris|1—
N T.pl.Rd reduced for axial forces from
global moment and global axial

loading
4.M
Vgior ::%T'Rd =78.776 kN
(0]
%
L 1.003 =1 Check for Vierendeel-capacity

V’vier.Rd



10% global axial force:
hy,:=h—t;=377.9 mm

Apori=hy oty +2-bet;=(4.269-10°) mm’

Aperi=At—hyo ty,= <2.769 . 103> mm’ Area of net cross section
Npira=Anet* fy= (1.232 . 103> kN Axial capacity of net cross section
Ny1:=0.1Np; pg=123.238 kN Global axial load
P, ,:=149.8 kN Ultimate design load taking into account global
axial forces
Py, . .
Vga= =74.9 kN Shear load acting on cross section
M, gai=VEq+ 700 mm=>52.43 kKN -m Moment acting at center of opening
Mo.Ed NO.I
N, ga= + =207.293 kKN  Axial force in Tee's as a result of global moment
h—2 zry 2 and global axial forces

N 2
ﬂ) ] =5.573 kKN +m  Plastic moment capacity in Tees

My .rra=M, pl.T.Rd"® 1-
N. T.pl.Rd reduced for axial forces from

global moment and global axial

loading
4.M
V yiorkd ::%T‘Rd =74.306 kN
(0]
v
o 1.008 =1 Check for Vierendeel-capacity

vier.Rd



20% global axial force:

Ny2:=0.2+Np; p;=246.477 kN Global axial load
P,,:=137.3 kN Ultimate design load taking into account global
axial forces
Py,
Via ::T: 68.65 kN Shear load acting on cross section
M, i =Vgqss 700 mm=48.055 kN -m Moment acting at center of opening
Mo.Ed 0.2 . . |
N, ga= + =256.756 KN  Axial force in Tee's as a result of global moment
h—2 zry 2 and global axial forces

N 2
m.Ed ) ] =5.176 kKN +m Plastic moment capacity in Tees

My rri=Mprra|1— :
N T.pl.Rd reduced for axial forces from

global moment and global axial

loading
4.-M
Vyior rod ::%T'Rd =69.008 kN
(0]
e
_ e 0.995 =1 Check for Vierendeel-capacity

vier.Rd



30% global axial force:
Ny 3:=0.3+Np, p;=369.715 kN

P, ;:=125.2 kN
PO.3
VEd::T:62.6 kN

M

o

£24:=VEgq* 700 mm=43.82 kKN-m

Mo.Ed

h—2zpy

N,

m.Ed = +

Ny ga
My rra=Mpir.Ra" (1 - (L
NT.pl.Rd

/)

4-Mny 1 R4
o=V R 69 595 kN
aO
5
_ P _1.001 =1

vier.Rd

N0.3
=306.609 kN

Global axial load

Ultimate design load taking into account global
axial forces

Shear load acting on cross section

Moment acting at center of opening

Axial force in Tee's as a result of global moment
and global axial forces

=4.689 kN -m Plastic moment capacity in Tees
reduced for axial forces from
global moment and global axial
loading

Check for Vierendeel-capacity



40% global axial force:

Ny4:=0.4+Np; p;=492.953 kN Global axial load
P, ,:=110.5 kN Ultimate design load taking into account global
axial forces
Py,
Vga= =55.25 kN Shear load acting on cross section
M, i =Vgqs* 700 mm=38.675 kN -m Moment acting at center of opening
Mo.Ed 0.4 . . \
N, ga= + =353.933 kKN  Axial force in Tee's as a result of global moment
h—2 zry 2 and global axial forces

N 2
m.Ed ) ] =4.148 kN +m  Plastic moment capacity in Tees

My rri=Mprra|1— :
N T.pl.Rd reduced for axial forces from

global moment and global axial

loading
4.-M
Vyior rod ::%T'Rd =55.309 kN
(0]
e
_ e 0.999 =1 Check for Vierendeel-capacity

vier.Rd



50% global axial force:

Ny5:=0.5Np; p;=616.192 kN Global axial load
P,5:=94.4 kN Ultimate design load taking into account global
axial forces
Py s
Via ::T: 47.2 kN Shear load acting on cross section
M, 5qi=Vgs* 700 mm=33.04 kN -m Moment acting at center of opening
Mo.Ed 0.5 . . |
N, ga= + =399.895 kN  Axial force in Tee's as a result of global moment
h=2zpy 2 and global axial forces

N 2
m.Ed ) ] =3.548 kN +m  Plastic moment capacity in Tees

My rri=Mprra|1— :
N T.pl.Rd reduced for axial forces from

global moment and global axial

loading
4.-M
Vyior rod ::%T'Rd =47.311 kN
(0]
e
_ e 0.998 =1 Check for Vierendeel-capacity

vier.Rd
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