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Abstract

Web openingsould be useah cold-formed steebeammembers, sutas wall studs
or floor joints, to facilitateease okervicesn buildings In this paperand its companion
paper a combination of tests and nbnear finite element analysesused to investigate
the effect of such holes on web crippling under-endflange (EOF) loadingandition
The present paper includes a testing programme on web crippling of channel section and
material tensile coupons, followed by a numerical study, where the models are firstly
validated against the performed experimeftse results of74 web crigpling tests are
presented, wit2tests conducted on channel sections without web openindgRaests
conducted on channel sections with web openings. In the case of the tests with web
openings, the hole wasither located centredabovethe bearing plates dnaving a
horizontal cleadistance to thaear edge of thieearing plate A non-linear finite element
model is described, and the results compared against the laboratory test remdts; a
agreement between the tests and finieaneint analyses was obtained in term of both

strength and failure modes.
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1 Introduction

Cold-formed steel sections are increasingly used in residential and commercial
construction as both primary and secondary framing members. Web crippling at points of
concentrated load or reaction is well known to be a significant problem, particularly in
thin walled beams. To improve the buildability of buildings composed otfooided
steel channetections, openings in the web are often required, for ease ofatistabf
electrical or plumbing services

Strength reduction factor equations have recently been proposed by Uzzaman et al.
[1-4] for the web dppling strength of coldormed steechannelsections with circular
holes in the web under the etwlo-flange (ETF) and interietwo-flange (ITF) loading
conditions. This paper extends the work of Uzzamah §t-d] to consider the endne
flange (EOF) loading condition for cefdrmed steel channskctions with circular holes
in the web.

In the literaturefor the EOF loading conditiom,aBoube et al[5] have previously
considered the case of a circular hole havihgrzontal clear distance to the near edge
of the bearing plate but only for the case where tl@nges arefastenedo the bearing
plates. The strength reduction factor equation proposed by LaBoube [&] alas
subsequently adopted by the North American Specification (N&]Spr cold-formed
steel sections. Thistrength reduction factor equatiorhowever, was limited to
thicknesses ramgl from 0.83 mm to 1.42 mnOther work described in the literature
includethat of Yu and Davi$7] who studied the case of both circular auiare web
openings located and centred beneath the bearing plates under-onefilange loading
condition,andSivakumaran and ZielonK&] who considerethe case ofectangular web
openingslocated and centred beath the bearing plates under the inteoioeflange
loading condition,and Zhou and Yound9] who proposed strength reduction factor
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equations for aluminium alloy square sections with circuleb openingdocated and
centred beneath the bearing platader endand interiostwo flange loading conditions
Recent research on web crippling of ciddmed steethannelsections other than that
by Uzzaman et a[10-13] who again considered only the tflange loading conditions,
has not covered the case of holes.

The presentpaper and its companion papgr4] describe a comprehensive
experimentaktudy, numerical study and design recommendation of-émiched steel
channel sections with circular web holeadar endoneflange loading condition
subjected to web cripplingn this study, a combination of tests and +oear finite
element analyses (FEA) are used to investigate the cases of both flanges fastened and
flanges unfastened to the bearing platé<ircular web holes located centred above the
bearing plates and with a horizontal clear distance to the near edge of the bearing plates
on the web crippling strength of lipped channel sections for theoeetlange (EOF)
loading condition, as shown Kig. 1 Thegeneral purpose finite elemeamalysis (FEA)
programABAQUS [14] was usedor the numerical investigatiomhe finite element
model (FEM) included geometric and matemain-linearities the results of the finite
element analysis were verified agaitedtoratory test result®8oth the failure loads as
well as the modes of failuneredicted fromthe finite element analyss were ingood
agreement with thiaboratory test result&élpon valdation of the finite element models,

a series of parametric studi® carried outlesign recommendatisrarereported in the

companion paperlf].



2 Experimental investigation

2.1Test pecimens

Fig. 2 shows details dhe cold-formed steel lippedhannel sectionsvith circular
web holesused in thaveb cripplingtest programmeAs can be seefnom Fig. 3 and Fig.
4, each test comprised a pair of channel sections with a load transfer block bolted between
them. Washer plates of thickness 6 mm warked to the outside of the webs of the
channelsections

The size of the web holes was varied in order to investigate the effect of the web
holes on the web cripplingehaviour Circular holes withanominal diameterd) ranging
from 55 mmto 179 mm wereconsidered in the experimental investigation. The ratio of
the diameter of the holes to the deptlthef flat portion of the websfh) was0.2,0.4and
0.6. All test specimens were fabricated with web holes located at thelepiti of the
websand cented abovethe bearing platesvith a horizontal clear distance to the near
edge of the bearing plaéx), as shownn Fig. 1.

Channelsections without holes were also tested. The test specitnesssted of
threedifferent section sizes, having nominal thicknesses rangingfrdmmto 20 mm
the nominal depth of the webs and the flange widthsedfrgm 142 mm to 302 mm
The measured web slenderné®s) values of thehannel sections ranged frdhl.7 to
157.8. The specimen lengtl{t) were determined according to tNAS [6]. Generally,
the distancdetween bearing plates was set to be 1.5 times the overall depth of the web
(d) rather than 1.5 times the depth of the flat portion of the Wglihe latter being the
minimum specified in the specification.

Tables 1 and 2 show themeasured test specimen dimensidos the flangs
unfastened and fastenad the bearing plage respectively,using the nomenclature

defined inFigs. 2 and3 for theEOFloading conditionThe bearing plates were fabricated



using highstrength steel having nominal yieldstrengthof 560 MPa ana thickness of

25 mm.Threelengths of bearing platedl wereused:100 mm, 120 mm and 150 mm.

2.2 Specimens labelling

In Tade 1 and Table 2, the specimens were labelled such that the nominal

dimension of the specimen and the length of the beptatgs as well as the ratio of the

diameter of the holes to the deptitlod flat portion of the websuh), couldbe identified

from the label. For example, the label$§202x65x5-t1.4N100-A0-FR-T10 and

fi202x65xB-t1.4-N100-AO-FX0 are explained as follows:

T

The first four notations define theominal dmensions @xbsxbyi t1.4) of the

specimens imillimetres(i.e.202x65x5-t1.4 meansl = 202 mmj= 65mm);

b= 15 mmandt = 1.4mm).

"N100' representshe length of bearing in millimetresg. 200mm).

"A0.2","A0.4",and"A0.6" representhe ratios of the diameter of the holes to

the depth of the flat portion of thveebs &/h) i.e. A0.2 means/h= 0.2; A06

meansa/h = 0.6. In all cases, the holes are located at the-aheijoth of the web

and with a horizontal clear distance to the near edge of the bearingxglate

0.2h). Twenty two tests were conducted on the chdnsection specimens
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2.3 Material properties

Tensile coupon tests were cadrieut to determine the material properties of the
channelsections The tensile coupons were taken from the centre of the web plate in the
longitudinal direction of the untested specimens. The tensile coupons were prepared and
tested according to tHritish Standardbr tensile testing of metallic materigls5]. The
coupons were tested in a MTS displacement controlled testing machine using friction
grips. Two strain gauges and a calibrated extensometer of 50 mm gauge length were used
to measure théongitudinal strain.The material properties obtained from the tensile

coupon tests are summarisediable 3, which includes the measedstatic0.2% proof

stress §,,) andthe static tensile strengtls () based on gauge length of 50 mm.

2.4Test Ig and procedure

The specimens were tested under émgtoneflange (EOF)loading condition
specified in theNAS [6], as shown irFig. 3(a), Fig. 3(b), Fig. 4(a), Fig. 5(a), Fig. 6(a)
andFig. 7(a), where two channalpecimes were used to provide symmetric loading. The
specimens were bolted to a load transfer block at the central loadingTpairitentical
bearing plates of the same width were positioaetdoth ends of the specimdtinge
supports were simulated o half rounds in the line of action of the formedteflon
pads Four displacement transducers (LVDTs) were used to measure the vertical
displacements. In addition, transdwgeerelocated on the flange near the corners for all
specimens.A servacontrolled hydraulic testing machinewas used to apply a
concentrated compressive force to the test spaw@iisplacement control was used to
drive the hydraulic actuator at a constant speed of 0.05 mmiliméenloadwas applied
throughthe load tansfer platdolted to the channedectionsAll the bearing plates were
fabricated using high strength stdeving a nominal yieldteess of 560 MPa, and

thicknessof 25 mm. In the experimental investigatiomree differentengths of bearing



plates N) were used, namely, 100 mm, 120 mm and 150 mhe experimental
investigation also considereithnges of thechannelsection specimens fastened
unfastenedo the bearing platesis shown irFig. 3(c) andFig. 3(d). For the case of the

flanges fastenetést setup, the flanges were bolted to the bearing glate

2.5Testresults

A total of 74 specimenswere tested under thendoneflange (EOF)loading
condition The experimental ultimate web crippling loads per weixH) are given in
Tables 1 andable2 for theflangesunfastened and fastenease, respectivelyln order
to demonstrate the reliability of the test resultgee differentchannel sections were
repeatedhree timegor both flanges unfastened aftahges fastened cgsbe specimens
are 1£2x60x13t1.3N100-A0, 142x60x131.3-N100-A0.4 and 142x60x18..3-N100
MAO.4. The tests results for the repeated tests are very close to their first testhiglues.
8 andFig. 9 show te typical failure mode of web crippling of the speciments web
holes and without web holes fitveflanges unfastened anfédstened, respectivelyypical
load-deflection curve obtained fronthespecimes 142x60x13t1.3-N100, bothwithout

and with welholesareshown inFig. 10 andFig. 11.

3 Numerical investigation

3.1General

The nonlineargeneral purposknite elemenfprogramABAQUS [15] was used to
simulate the web crippling behaviour of the channel sectidrebearing plateghe load
transferblock, the channel sectiomand thecontactbetween thédearing plates and the
channel sectiorand load transfer blockvere modelled. The measured crosection
dimensions and the material properties from the tests wereTusedhannel sections of
the model were based on the centreline dimensions of the-sgolisn. Specific

modelling issues are describleelow.



3.2 Geometry andnaterial properties
Half of the test setip was modelledasshown inFig. 4(b), Fig.5(b), Fig.6(b) and
Fig. 7(b). The dimensions of the channel section modelled are givEahlel andTable
2. Contact surfaceare defind betweenthe bearing plate ah the coldformed steel
section In addition, contact surfaces are defined between the load transfeahtbckld
formed steel section.
The value of Y 0 205 gNdnsm? armodd uP aiiss swoars6s  r at i o
ABAQUS required the material stresgain curve input as true stretsge plasticstrain.
The stressstrain curves were directly obtained from the tensile tests and converted into
true stresstrue plasticstraincurves using EquationdndEquation 2 asspecified in the

ABAQUS manual (2013)15],

Sy =S([+e) (1)

true

S
6'true(pl) = ln(1+ e) - % (2)

whereEis t he Yo u nig 6a arelthedngihearisg stress and strain respectively

in ABAQUS [14].

3.3Element type and mesknsitivity

Fig. 4(b), Fig.5(b), Fig.6(b) and Fig.7(b) show detail®f atypical finite elenent
mesh of the channel sectidhe bearing platand load transfer bloclA mesh sensitivity
analysis was used to investigate the effect of different element sizes in theeutss
of the channel sections. Finite element mesh siees5 mmx 5 mm fr the coldformed
steel channel sections andmé x 8 mm for the bearing plates and Ideahsferblock.

From the mesh sensitivity analysigjedto thecontact between thiead transfer
block andinside round corners that form the bend between thedlang webit was

found that ateastfifteen elementsvere required forthe corners between the flange and



weh On the other handor the corners between the flange and lip of the sectoiy
three elements were required.

Cold-formed steel channel stgons with and without web holes were modelled
using S4R shell element. The S4R is afoode double curved thin or thick shell element
with reduced integratioandfinite membrane strains. It is mentioned in the ABAQUS
Manual[15] that the S4R element is suitable for complex buckling behaviour. The S4R
has six degresof freedom per node and provides accurate solsitmmost applicatios
The bearing plates and load transfer block were modelled using analytical rigid plates and
C3D8R element, which is suitable for thréenensional modelling of structures with
plasticity, stress stiffening, large deflection, and large strain capabilities. The solid
element is defined by eight nodes having three translational degrees of freezbch at

node.

3.4 Loading and bundary conditions
The vertical load applied to the channel sectibnsugh the loatransferblockin
the laboratory tests was modelled using displacement cdnttbk finite element model,
a displacement in the verticaldjrection was applietb the nodes located on the top of
the load transfer block. The channel section specimens were tested in pairs, which were
bolted to a load transfer block at the central loading point through the weeteiical
row of M16 high tenge bolts
In the shell element idealisatiocartesian connectors were used to simulaé
boltsi nst ead of physically modelling bolts
were used to model thie-plane translational stiffness.e. y and zdirections The
stiffness of the connectors element was 10 kN/mvimich Lim and Nethercofl7-18]
suggest would be suitable. In the x direction, the nodes were prevented from translating.
Contactbetween thdearing plateand thecold-formed steel sectionagmodelled

in ABAQUS usingthecontact pair@ption The two contact surfaces were not allowed to
1C



penetrate each otheNo friction was modelled between the surfadesthe flanges
fastenedtase in addition to the contact molied between the bearimgjate and the coid
formed steekections,a connectorbetweenthe flanges and the bearing plateas

modelledat the position of the bolt

3.5 Verification of finite element odel

A comparison between the experimental results and the finite element vessilts
carried out in order to verify and check the accuracy of the finite element model. The
comparison of the web crippling strength per web obtained from tise(f#st) and the
finite element analysisPeea) is shown inTable 4 and Table 5. The comparisainthe
load-deflection curves for the specimens 142x60&1L.3-N100 without and with web
holes areshown in Fig.10 and Fig 11, respectivelylt is observed that goayreement
has been achieved for both without web holes and with web holes case

For the flanges unfastened to the bearing plates case, the mean value of the ratio
Pexp/Prea is 0.97 the corresponding coeffient of variation (COV) is 0.057or the
flanges fastened to the bearing plates case, the mean value of th&xafeea is 0.99
the corresponding coefficient of variation (COV) is G02

The web crippling failure mode observed from the tests has been also verified by
the finite element mael for the EOF loading conditions, ashown inFig. 4 to Fig. 9. It
is shown that good agreentes achievedetween the experimental and finite element

results for both the web crippling strength and the failure mode.

4 Conclusions

Experimental andumerical invstigationson the web crippling behaviour of celd
formed steel lipped channel sectipwith and withoutircular web holesundertheend
oneflange (EOF)loading condition have been presented. A tegtogramme onipped

channel sections with web holes located at theaejuth of the web and centrabiove
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the bearing plates or withhorizontal clear dtance to thenear edge obearing plate
were consideredlhe channesectionspecimensiad measured 0.2% proofrsss yield
stresgeg of 457 MPa, 464 MPa and479 MPa for the three different section sizeghe
web slenderness vads ranged from 112to 157.8 The diameter of the web hole was
varied in order to investigate the influence of the web holes on the web crippling
behaviour Flanges of the lipped channel sections watherfastenedr unfastened to
the bearing plates

Finite element modslhave been elveloped anderified agaist the experimental
results in term of web cripplinfgilureloadsanddeformations. The finite element models
provide a good prediction fahe web crippling strength of coltbrmed lipped channel
sectiors with and without circlar web holesThe verified finite element modedseused
to cary out an extended study for developing reliable desegommendationfr cold

formed steel sections with web holes in the companion pager [
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Tablel Measuredspecimerdimensions and experimentdtimateloads forflangesunfastenedase

. . . . Experiment Exp.load
Specimen Web Flange Lip Thickness Fillet Holes Length resF;JalltirfuII per Web

d b by t i ans BRHS L Pexp Pexp

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (kN) (kN)

142x60x13t1.3-N100-A0-FR-T1 142.70 59.79 13.23 1.23 4.80 - - 720.0 19.10 4.78
142x60x13t1.3-N100-A0-FR-T2 142.17 59.98 13.18 1.23 4.80 - - 720.0 19.22 4.81
142x60x13t1.3-N100-A0-FR-T3 142.40 60.04 13.00 1.23 4.80 - - 720.0 19.03 4.76
142x60x13t1.3-N100-A0.4-FR-T1 142.27 60.02 13.11 1.23 4.80 55.30 55.20 720.0 18.11 4.53
142x60x13t1.3-N100-A0.4-FR-T2 142.16 59.99 36.57 1.23 4.80 55.10 55.20 720.0 18.14 4.54
142x60x13t1.3-N100-A0.4-FR-T3 142.16 59.98 13.18 1.23 4.80 55.15 55.20 720.0 18.32 4.58
142x60x13t1.3-N100-MAO0.4-FR-T1 141.85 60.08 13.13 1.23 4.80 55.02 55.21 720.0 14.52 3.63
142x60x13t1.3-N100-MAOQ.4-FR-T2 142.13 60.05 13.13 1.23 4.80 55.53 55.35 720.0 15.65 3.91
142x60x13t1.3-N100-MAOQ.4-FR-T3 142.19 60.07 13.13 1.23 4.80 55.56 55.09 720.0 15.32 3.83
142x60x13t1.3-N120-A0-FR 142.09 60.07 13.34 1.25 4.80 - - 760.0 21.64 5.41
142x60x13t1.3-N120-A0.4-FR 142.22 60.03 13.11 1.23 4.80 55.16 55.17 760.0 18.66 4.66
142x60x13t1.3-N120-MAO0.4-FR 142.27 60.00 13.26 1.25 4.80 55.25 55.28 760.0 16.89 4.22
142x60x13t1.3-N150-A0-FR 142.15 60.06 13.27 124 4.80 - - 820.0 22.23 5.56
142x60x13t1.3-N150-A0.4-FR 142.17 60.00 13.16 1.23 4.80 55.15 55.07 820.0 19.99 5.00
142x60x13t1.3-N150-MA0.4-FR 142.30 60.01 13.12 1.24 4.80 55.15 55.20 820.0 18.37 4.59
202x65x15t1.4-N100-A0-FR 201.99 65.36 14.84 1.35 5.00 - - 900.0 13.72 3.43
202x65x15t1.4-N100-A0.4-FR 202.02 65.04 15.01 1.35 5.00 79.35 79.34 900.0 13.72 3.43
202x65x15t1.4-N100-MA0.4-FR 202.07 65.16 14.98 1.35 5.00 79.34 79.37 900.0 12.29 3.07
202x65x15t1.4-N120-A0-FR 202.07 65.37 14.85 1.35 5.00 - - 940.0 18.40 4.60
202x65x15t1.4-N120-A0.4-FR 202.04 65.20 14.90 1.35 5.00 79.38 79.33 9407 17.65 4.41
202x65x15t1.4-N120-A0.6-FR 202.10 65.49 14.43 1.35 5.00 99.30 99.48 940.0 15.36 3.84
202x65x15t1.4-N120-MAO0.4-FR 202.02 65.42 14.75 1.35 5.00 79.32 79.35 940.0 15.57 3.89
202x65x15t1.4-N120-MA0.6-FR 202.06 65.25 14.52 1.35 5.00 99.41 99.11 940.0 15.36 3.54
202x65x15t1.4-N150-A0-FR 202.13 65.40 14.72 1.35 5.00 - - 1000.0 19.85 4.96
202x65x15t1.4-N150-A0.4-FR 202.05 65.22 14.87 1.35 5.00 79.40 79.40 999.0 17.48 4.37
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202x65x15t1.4-N150-A0.6-FR
202x65x15t1.4-N150-MA0.4-FR
202x65x15t1.4-N150-MAO0.6-FR
302x90x18t2.0-N100-A0-FR
302x90x18t2.0-N100-A0.6-FR
302x90x18t2.0-N100-MAO0.2-FR
302x90x18t2.0-N120-A0-FR
302x90x18t2.0-N120-A0.6-FR
302x90x18t2.0-N120-MA0.3-FR
302x90x18t2.0-N150-A0-FR
302x90x18t2.0-N150-A0.6-FR
302x90x18t2.0-N150-MAO0.4-FR

201.89
202.07
202.41
303.42
303.04
303.02
302.35
302.82
303.63
303.37
303.18
303.47

65.38
65.28
65.26
88.20
88.15
88.05
89.08
89.10
89.30
88.86
89.37
89.73

14.36
14.95
14.31
18.56
18.67
18.69
18.61
18.20
18.62
18.45
18.40
18.38

1.35
1.35
1.35
1.90
1.90
1.90
1.90
1.90
1.90
1.90
1.90
1.90

5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00

99.37
79.36
99.59

179.09
60.00

178.37
89.54

178.85
119.38

99.56
79.34
99.44

179.04
60.02

178.92
89.61

178.91
119.17

1000.0
1000.0
1000.0
1199.0
1200.0
1199.0
1238.8
1240.2
1239.0
1299.9
1299.8
13002

17.48
16.40
15.38
31.69
27.19
31.99
34.63
30.58
34.49
35.23
31.67
33.21

4.44
4.10
3.85
7.92
6.80
8.00
8.66
7.64
8.62
8.81
7.92
8.30
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Table2  Measured specimen dimensions and experimental ultimate lodtmniges fastenedase

. . . . Experiment Exp.load
Specimen Web Flange Lip Thickness Fillet Holes Length Re;l.;litr full per Web

d br by t i ans 8rHs L Pexp Pexp

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (kN) (kN)

142x60x13t1.3-N100-A0-FX-T1 142.13 60.06 13.17 127 4.80 - - 720.0 28.30 7.07
142x60x13t1.3-N100-A0-FX-T2 142.20 60.09 13.09 1.27 4.80 - - 720.0 27.18 6.80
142x60x13t1.3-N100-A0-FX-T3 142.18 60.01 13.10 127 4.80 - - 720.0 28.17 7.04
142x60x13t1.3-N100-A0.4-FX-T1 142.06 60.02 13.06 1.27 4.80 55.27 55.26 720.0 27.15 6.79
142x60x13t1.3-N100-A0.4-FX-T2 142.11 60.07 13.12 127 4.80 55.26 55.28 720.0 26.71 6.68
142x60x13t1.3-N100-A0.4-FX-T3 142.16 60.02 13.20 1.27 4.80 55.28 55.20 720.0 26.32 6.58
142x60x13t1.3-N100-MAO0.4-FX-T1 142.18 60.11 13.22 1.5 4.80 55.14 55.19 720.0 22.73 5.68
142x60x13t1.3-N100-MAOQ.4-FX-T2 142.31 60.10 13.13 1.25 4.80 55.22 55.29 720.0 22.53 5.63
142x60x13t1.3-N100-MAOQ.4-FX-T3 142.38 60.19 13.08 1.5 4.80 55.27 55.25 720.0 22.79 5.70
142x60x13t1.3-N120-A0-FX 142.15 60.09 13.06 1.24 4.80 - - 760.0 29.32 7.33
142x60x13t1.3-N120-A0.4-FX 142.17 60.13 13.11 1.2 4.80 55.30 55.28 760.0 28.31 7.08
142x60x13t1.3-N120-MAO0.4-FX 142.21 59.96 13.13 1.24 4.80 55.20 55.18 760.0 24.52 6.13
142x60x13t1.3-N150-A0-FX 142.27 59.99 13.14 1.3 4.80 - - 820.0 31.89 7.97
142x60x13t1.3-N150-A0.4-FX 142.26 60.09 13.21 1.23 4.80 55.25 55.25 820.0 28.96 7.24
142x60x13t1.3-N150-MAOQ.4-FX 142.20 60.09 13.20 1.3 4.80 55.27 55.25 820.0 27.77 6.94
202x65x15t1.4-N100-A0-FX 202.01 65.57 14.51 1.35 5.00 - - 900.0 26.11 6.53
202x65x15t1.4-N100-A0.4-FX 202.01 65.22 14.86 1.35 5.00 79.32 79.35 899.0 25.55 6.39
202x65x15t1.4-N100-MAO0.4-FX 202.00 65.27 14.77 1.35 5.00 79.33 79.33 899.0 21.54 5.39
202x65x15t1.4-N120-A0-FX 202.02 65.39 14.71 1.35 5.00 - - 939.0 28.43 7.11
202x65x15t1.4-N120-A0.4-FX 202.00 65.43 14.84 1.35 5.00 79.31 79.36 939.3 26.43 6.61
202x65x15t1.4-N120-A0.6-FX 201.60 65.46 14.24 1.3 5.00 99.53 99.46 940.0 23.93 5.98
202x65x15t1.4-N120-MAO0.4-FX 202.01 65.43 14.71 1.3 5.00 79.33 79.34 940.0 22.13 5.53
202x65x15t1.4-N120-MA0.6-FX 201.46 65.38 14.54 140 5.00 99.38 99.52 940.0 21.14 5.28
202x65x15t1.4-N150-A0-FX 202.01 65.45 14.75 1.35 5.00 - - 999.0 30.90 7.73
202x65x15t1.4-N150-A0.4-FX 202.03 65.18 14.77 1.3 5.00 79.33 79.40 999.0 28.48 7.12
202x65x15t1.4-N150-A0.6-FX 202.43 65.42 14.36 1.3 5.00 99.52 99.61 1000.0 27.19 6.80
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202x65x15t1.4-N150-MA0.4-FX 202.08 65.22 14.68 1.3 5.00 79.34 79.31 999.0 25.00 6.25

202x65x15t1.4-N150-MA0.6-FX 202.41 65.18 14.30 140 5.00 99.48 99.96 1000.0 23.76 5.94
302x90x18t2.0-N100-A0-FX 302.91 88.61 18.66 176 5.00 - - 11997 44.29 11.07
302x90x18t2.0-N100-A0.6-FX 303.03 88.37 18.51 180 5.00 178.78 178.74 1200.2 40.38 10.09
302x90x18t2.0-N100-MA0.2-FX 303.33 88.33 18.67 175 5.00 59.87 59.70 1200.1 40.91 10.23
302x90x18t2.0-N120-A0-FX 303.36 89.06 18.79 1.80 5.00 - - 1242.0 49.23 12.31
302x90x18t2.0-N120-A0.6-FX 303.08 88.66 18.35 1.80 5.00 178.77 178.75 1241.0 41.75 10.44
302x90x18t2.0-N120-MA0.3-FX 303.08 88.26 18.49 180 5.00 89.86 89.92 1239.0 45.10 11.27
302x90x18t2.0-N150-A0-FX 303.36 88.65 18.63 175 5.00 - - 1298.0 50.32 12.58
302x90x18t2.0-N150-A0.6-FX 303.62 88.50 18.58 175 5.00 178.92 178.62 1302.3 43.13 10.78
302x90x18t2.0-N150-MA0.4-FX 303.52 88.58 18.43 180 5.00 119.22 119.43 12987 43.69 10.92

Table3  Measured mterial properties of specimens

Section S,, (MPa) s (MPa)
142x60x13x1.3 457 496
202 x65x5B5x1.4 464 566
302x88x18x2.0 479 575
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Table4  Comparison of web crippling strength predicted from finite element analysis with experimentfoeeslatsyesunfasteneaase

Specimen sler\:\éztr)ness digr?ﬁ_lgter Ep):epr \I/\(/):t()j ;)Agret\)/vfert:pgr“endgi’c?gg rlzrgotri Comparison
ratio FEA
(h/t) (a/h) Pexp (KN) Peea (KN) Pexp / Prea
142x60x13t1.3-N100-A0-FR-T1 114.01 - 4.78 4.77 1.00
142x60x13t1.3-N100-A0-FR-T2 113.58 - 4.81 4.77 1.01
142x60x13t1.3-N100-A0-FR-T3 113.77 - 4.76 4.77 1.00
142x60x13t1.3N100-A0.4-FR-T1 113.66 0.40 4.53 4.48 1.01
142x60x13t1.3-N100-A0.4-FR-T2 113.57 0.39 454 4.48 1.01
142x60x13t1.3-N100-A0.4-FR-T3 113.58 0.39 4.58 4.48 1.02
142x60x13t1.3-N100-MAO0.4-FR-T1 113.33 0.39 3.63 3.96 0.92
142x60x13t1.3-N100-MAOQ.4-FR-T2 113.55 0.40 3.91 3.96 0.99
142x60x13t1.3-N100-MAO0.4-FR-T3 113.60 0.40 3.83 3.96 0.97
142x60x13t1.3-N120-A0-FR 111.67 - 541 5.33 1.02
142x60x13t1.3-N120-A0.4-FR 113.62 0.39 4.66 4.88 0.96
142x60x13t1.3-N120-MAO0.4-FR 111.81 0.40 4.22 4.48 0.94
142x60x13t1.3-N150-A0-FR 112.64 - 5.56 5.64 0.99
142x60x13t1.3-N150-A0.4-FR 113.59 0.39 5.00 5.18 0.96
142x60x13t1.3-N150-MAO0.4-FR 112.76 0.39 4.59 4.68 0.98
202x65x15t1.4-N100-A0-FR 147.62 - 3.43 4.52 0.76
202x65x15t1.4-N100-A0.4-FR 147.65 0.40 3.43 4.19 0.82
202x65x15t1.4-N100-MA0.4-FR 147.68 0.40 3.07 3.57 0.86
202x65x15t1.4-N120-A0-FR 147.68 - 4.60 4.62 1.00
202x65x15t1.4N120-A0.4-FR 147.66 0.40 4.41 4.41 1.00
202x65x15t1.4-N120-A0.6-FR 147.70 0.50 3.84 3.93 0.98
202x65x15t1.4-N120-MA0.4-FR 147.65 0.40 3.89 3.98 0.98
202x65x15t1.4-N120-MAO0.6-FR 147.67 0.50 3.54 3.48 1.02
202x65x15t1.4-N150-A0-FR 147.72 - 4.96 5.02 0.99
202x65x15t1.4-N150-A0.4-FR 147.67 0.40 4.37 4.67 0.94
202x65x15t1.4-N150-A0.6-FR 147.55 0.50 4.44 4.44 1.00
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202x65x15t1.4-N150-MA0.4-FR 147.68 0.40 4.10 4.24 0.97
202x65x15t1.4-N150-MA0.6-FR 147.93 0.50 3.85 3.74 1.03
302x90x18t2.0-N100-A0-FR 157.69 - 7.92 8.36 0.95
302x90x18t2.0-N100-A0.6-FR 157.49 0.60 6.80 6.89 0.99
302x90x18t2.0-N100-MAO0.2-FR 157.48 0.20 8.00 8.07 0.99
302x90x18t2.0-N120-A0-FR 157.13 - 8.66 8.61 1.01
302x90x18t2.0-N120-A0.6-FR 157.38 0.60 7.64 7.62 1.00
302x90x18t2.0-N120-MA0.3-FR 157.80 0.30 8.62 8.64 1.00
302x90x18t2.0-N150-A0-FR 157.67 - 8.81 9.17 0.96
302x90x18t2.0-N150-A0.6-FR 157.57 0.60 7.92 7.96 0.99
302x90x18t2.0-N150-MA0.4-FR 157.72 0.40 8.30 8.30 1.00
Mean 0.97
cov 0.057
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Table5  Comparison ofveb crippling strength predicted from finite element analysis with experiment resulenfpgsfastenectase

Hole

oy dlametr  ED1020 Wb SIop el o o
(hft) (ash) Pexp (kKN) Peea (kN) Pexp ! Prea
142x60x13t1.3-N100-A0-FX-T1 109.92 0.00 7.07 7.06 1.00
142x60x13t1.3-N100-A0-FX-T2 109.97 0.00 6.80 7.06 0.96
142x60x13t1.3-N100-A0-FX-T3 109.95 0.00 7.04 7.06 1.00
142x60x13t1.3-N100-A0.4-FX-T1 109.86 0.40 6.79 6.80 1.00
142x60x13t1.3-N100-A0.4-FX-T2 109.90 0.40 6.68 6.80 0.98
142x60x13t1.3-N100-A0.4-FX-T3 109.94 0.40 6.58 6.80 0.97
142x60x13t1.3-N100-MAOQ.4-FX-T1 111.75 0.39 5.68 5.80 0.98
142x60x13t1.3-N100-MAO0.4-FX-T2 111.85 0.39 5.63 5.80 0.97
142x60x13t1.3-N100-MAOQ.4-FX-T3 111.90 0.40 5.70 5.80 0.98
142x60x13t1.3-N120-A0-FX 112.64 0.00 7.33 7.28 1.01
142x60x13t1.3-N120-A0.4-FX 112.65 0.40 7.08 7.01 1.01
142x60x13t1.3-N120-MAO0.4-FX 112.68 0.40 6.13 6.24 0.98
142x60x13t1.3-N150-A0-FX 113.67 0.00 7.97 7.95 1.00
142x60x13t1.3-N150-A0.4-FX 113.66 0.40 7.24 7.65 0.95
142x60x13t1.3-N150-MAO0.4-FX 113.61 0.40 6.94 6.96 1.00
202x65x15t1.4-N100-A0-FX 147.63 0.00 6.53 6.61 0.99
202x65x15t1.4-N100-A0.4-FX 147.64 0.40 6.39 6.35 1.01
202x65x15t1.4-N100-MAQ.4-FX 147.63 0.40 5.39 5.45 0.99
202x65x15t1.4-N120-A0-FX 147.64 0.00 7.11 7.04 1.01
202x65x15t1.4-N120-A0.4-FX 147.63 0.40 6.61 6.77 0.98
202x65x15t1.4-N120-A0.6-FX 149.58 0.50 5.98 6.06 0.99
202x65x15t1.4-N120-MAOQ.4-FX 149.88 0.40 5.53 5.74 0.96
202x65x15t1.4-N120-MAO0.6-FX 141.90 0.50 5.28 4.85 1.09
202x65x15t1.4-N150-A0-FX 147.64 0.00 7.73 7.78 0.99
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202x65x15t1.4-N150-A0.4-FX 149.90 0.40 7.12 7.24 0.98
202x65x15t1.4-N150-A0.6-FX 149.07 0.50 6.80 6.78 1.00
202x65x15t1.4-N150-MAO0.4-FX 149.94 0.40 6.25 6.42 0.97
202x65x15t1.4-N150-MA0.6-FX 142.58 0.50 5.94 5.94 1.00
302x90x18t2.0-N100-A0-FX 170.11 0.00 11.07 11.16 0.99
302x90x18t2.0-N100-A0.6-FX 166.35 0.60 10.09 9.74 1.04
302x90x18t2.0-N100-MA0.2-FX 171.33 0.20 10.23 10.67 0.96
302x90x18t2.0-N120-A0-FX 166.54 0.00 12.31 12.42 0.99
302x90x18t2.0-N120-A0.6-FX 166.38 0.60 10.44 10.46 1.00
302x90x18t2.0-N120-MAQ0.3-FX 166.38 0.30 11.27 11.14 1.01
302x90x18t2.0-N150-A0-FX 171.35 0.00 12.58 13.04 0.96
302x90x18t2.0-N150-A0.6-FX 171.50 0.60 10.78 10.76 1.00
302x90x18t2.0-N150-MA0.4-FX 166.62 0.40 10.92 10.90 1.00
Mean 0.99
cov 0.05
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(a) With holescentedabovebearing plate
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(b) With holesoffset from bearing plate

Fig.1 Endoneflangeloading condition
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(a) Front viewof with holes cenedabovebearing plate
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Loading Ram

T=— Test Specimen

Bearing Plate
Half Round

~*— Support

(b) Front viewof with a horizontal clear distance to near edgbesring plate
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! ~ Loading Ram - '
- Load Transfer Plate -
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(c) End View (Unfastened flanges) (d) End View (Fastened flanges)

Fig.3 Schematic view of test sep
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Specima

Bearing Plate

Half Round

(a) Experimental (b) FEA
Fig.4 Comparison of experiment and it element analysis famentred hole whergangesunfastened to bearing plates
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Specima

Half Round

Bearing Plate

(a) Experimental (b) FEA

Fig.5 Comparison of experiment and itim element analysi®r certred hole where flangdastened to bearing plates
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Specima

Half Round Bearing Plate

(a) Experimental (b) FEA

Fig.6 Comparison of experiment and finite element analggisffsethole where flangesnfastened to beagplates
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Specima

Half Round

Bearing Plate

(a) Experimental (b) FEA

Fig.7 Comparison of experiment and finite element analgsisffsethole where flangefastened to bearing plates
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(a) Comparison of deformation shape for without holes

(b) Comparisorof deformation shape for offset holes

(c) Comparison of deformation shape for centred holes

Fig.8 Comparison of the deformation shape for the flanges unfastened to the bearing plates
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