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For flexibility of accommodating building servicéapts, openings are
often introduced to the web of steel beams whiéctsf the structural

behaviour of the beams. The available design mstldegteloped only for
the ambient temperature situation. This paper isceoning with the

effect of web opening in the ultimate shear cagacitthe web panel at
elevated temperature. The investigation will inelube plate girders web
panel containing centrally circular or square halda order to provide

accurate assessment to the shear load carrying agpaf plate girder

web panel with openings, a finite element modelegtablished with both
material and geometrical non-linearity by using AfESsoftware package.
Accuracy of the model is assessed by applying jgldte girders tested
earlier by other researchers. Comparison of anabftiresults with the

available experimental results for yielding pattgrmltimate load values
and load—deflection relationships show good agredgrbetween the finite
element and experimental results thus validating #tcuracy of the
proposed model. A parametric study is undertakergdim additional

insight into the overall behaviour, failure modeand deformation

capacity for circular and square shapes of web pao@enings with

various sizes at elevated temperature. From thesalyses, it is

concluded that, variation of the ultimate shear agify of plate girders
with respect to the size of openings for girderthwircular or square

openings dropped continuously with increasing #mgerature and the
size of opening; and the drop in load carrying ceipa increases
significantly as the temperature increase and thening size gets larger
in size. Finally, an equation based on the resoltsnumerical finite

element analyses proposed to anticipate the reoluctif the ultimate
shear force due to circular or square opening size.

KEYWORDS: shear load, plate girder, web opening, elevated
temperature.

1. INTRODUCTION

In modern buildings, openings are frequently reeplito be provided in structural
members so that building services may be incorpdranto structural zones for
simplified layout and installation. Moreover, theegall depth of the construction zone
may be reduced accordingly, and it may become bealefor multi-storey buildings
with large headroom requirement. At present, thisrea tendency to use in the
plumbing system and in the air conditioning syst#nmcreasing sizes, and openings
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of dimensions up to 70% of the depth of floor beamesoften required as shown in Fig
1l-a and b. The presence of web openings may hasevere penalty on the load
carrying capacities of floor beams, depending oa #hapes, the sizes, and the
locations of the openings. Both Square and circofgenings are commonly used, and
reinforcements around the web openings may be ¢edvias necessary through
rational design.

a. Circular opening for air conditioning b. Rectangular opening for building
Sys. facilities.

Fig.1 Circular and rectangular web openings

Castellated beams with both hexagonal and cirowleld openings are also
commonly used where web openings are provided dlmmfpeams at regular intervals
for flexible routing and re-routing of building séres. The presence of web openings
in steel beams introduces three different moddailofre at the perforated sections: (1)
Shear failure due to reduced shear capacity, €Jurdl failure due to reduced moment
capacity, (3) ‘Vierendeel’ mechanism, due to thenation of four plastic hinges in the
tee-sections above and below the web openings utm#eNierendeel action, i.e.
transferring of lateral shear force across a wemg.

At elevated temperature studying beams with openinghe web should be
distinguished by whether or not they are axiallsti@ined. For an axially unrestrained
beam with web openings, when designing for elevaedperatures in fire, it is
acceptable to use the limiting temperature conte@ssess the beam performance.
The limiting temperature is the temperature oflikam at which the bending moment
resistance of the beam is reduced to the bendingmembcaused by the externally
applied load in the fire situation (which is similéo the applied load at the
serviceability limit state). The beam may be coestd to be safe if the beam
temperature in fire does not exceed the limitinggerature. However, for a beam that
is axially restrained, using the limiting temperatywhich is based on bending
moment resistance) may not be suitable becausbete may fail either before or
after the beam has reached its limiting temperafthes is because axial restraint may
force the beam into catenary action (in which tearb is in tension) [7, 18].
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3. LITERATURE REVIEW AND THEORETICAL BACKGROUND

3.1. Steel beams with web openings of common shapes

A large amount of research efforts on the struttoehavior of steel beams with web
openings have been reported in the literature theetast three decades, and most of
the research work on perforated sections may Issitiled into the following two types
of construction:

1. Hot-rolled steel beams with single web openingsr Eniversal steel beams,
rectangular web openings were often formed witleespatios ranging from 1.0-
3.0 while the opening depth,,dvas commonly restricted to about 50% of the
overall section height, h. Welded steel plates mimghprovided above and below
the web openings to reinforce the perforated sesti€ircular web openings were
also popular in commercial buildings with high sfieations in building services
due to easy installation of water pipes.

2. Fabricated beams with multiple web openings: Clatesel steel beams were
fabricated from universal beams with profile cutiand welding so that the
overall beam depth was increased by 50% for enliast@ctural performance
against bending. In typical construction, the opgrdepth, ¢ is 2/3 of the overall
section height of the castellated section whilelémgth of the tee-sections above
and below the opening is only a quarter of the opedepth roughly, producing a
very efficient perforated section against Viereémdechanism. In these types of
beams, no reinforcements are normally provided.

3-2. Strength of Plate Girder Web Panel Loaded in Shear under
Ambient Condition

For a plate girder subjected to a small shear |b@mding theory can be used to
determine how the internal forces are carried leywleb and the flanges. When the
applied load is increased, the failure mode ofadepdirder will depend largely on the
panel aspect ratido(d) and the web slenderness ratidt), whereb is the clear distance
between vertical stiffeners, addandt are the clear depth and the thickness of the web
panel, respectively. When the panel is stocky,vikb will fail by yielding in shear,
which is governed by the theoretical shear yietdragthz,, =UVW//y§, whereay, is the

uniaxial tensile yield strength of the web. For mpsactical plate girders, however,
web panels are generally thin and tend to bucki before yielding. The overall
behaviour of a web panel is thus divided into thsésges, (1) unbuckled, (2) post-
buckled, and (3) collapsed stage.

3.2.1. Unbuckled Stage

If a uniform shear stress is applied to the weerdlwill be a principal tensile stress of
magnituder acting throughout the whole web. This stress stéitecontinue until the
applied shear stress reaches the critical sheargihz,, which can be determined from
classical stability theory for plates by Timoshemkal Gere [15]:

B TE t

Tcr - K[E(m}(aj < TyW (1)
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The buckling coefficienK is obtained from the following equation

2
K = 535+4(%) , for g >1 (2

2
K= SBS(EJ +4,f0rE<1
b d

Where:E the modulus of elasticity, andis the Poisson’s ratio.
Therefore, the shear load that causes the webtpléeckle is given by:
Vv, =r,dt (3)
Although the notion of real boundary condition la¢ juncture between web
and flanges to be somewhere between simply sugparté fixed has been recognized
from early days. Recent studies show that theamstprovided by the flanges could
enhance the buckling coefficieit, which would lead to an enhancement in shear
strength [17]. In this paper the boundary conditibas been arbitrarily and
conservatively assumed to be fixed.

3.2.2. Post-Buckled Stage

Once the critical shear strength is reached, the s@@not carry any increase in shear
load. Additional shear force will be supported bg mobilization of tensile membrane
stresss; in the diagonal band of the web. For a web paniejested to pure shear, the
value ofg; that causes the web to yield can be written as

3 3 ’
Ty == Ta sin26 + J§W+rf{(§sinzej - } (4)

where the anglé is the inclination of the membrane tensile yietdstrengthoy. It
should be mentioned that, the above equation idiegpnly if 7 less than or

equar,,,.

3.2.3. Collapsed Stage

Failure of the plate girder occurs when sufficieambers of hinges have formed in the
top and bottom flanges; together with the diagameld zone, the web panel forms a
plastic sway mechanism. The additional shear \gaistained by the web panel until
it collapses is determined from a consideratiorviaual work applied to the sway
mechanism [19]:

V, = 2cto, sin’ 8+ g, dtsin’ §(cotd - cotd,) (5)
_ 2 ™,
€= sind\ ot ©)

ty
The first term on the right hand side of Eq. (§)resents the contribution of
flanges to panel shear strength. The valuecaok obtained by considering the
equilibrium of the panel between the two plastiogeis in the flange, ané, is
governed by the panel aspect ratiot@y = d/b).

Vult :Vcr +Vf (7)
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In the above equations the ultimate shear I¥gd and the inclination of
principal tensile stres® are unknown. A parametric study for the ambiesiecshows
that the variation oV, with 6 is not abrupt [19]. It was suggested that the rmapsion
of § = 204 /3, in order to maximiz&/,, wherecot dy = d/b [9]. The BS 5950: Part 1

[1], provided a simplified version of the shearesfyth equations based on the
assumption tha# =642 which is used in this paper. The above calcutatnethod
based on Cardiff method which is not applicable uostiffened girders and for high

web aspect ratios; since these procedures lead4to- 0 [9].The Cardiff method

preferred than Basler's method because it is maitde for the reliability level,
which has to be achieved with the needed unifornaisyrecommended by M. Sulyok
et al [9].

3.3. Panels under the Combination of Shear and Compression

Eurocode 3 Part 1.1 [4] stated that, for ambiemiddmn, if the applied shear force is
less than 50% of the shear buckling resistancee tiseno interaction between shear
and compression; otherwise, the interaction hdmetoonsidered. In extending the pure
shear case for a panel including axial stress,igunewvork assumed that the flanges
are subjected to additional axial forces, while gtress system in the web remains the
same as under pure shear [19, 20].

At the buckling stage, the elastic buckling of siynpupported thin plate can
be predicted by an approximate interaction betwientwo stress ratios. Thus, for
panels subjected to shear and uniform compressiamhbient condition as shown in
Fig. 2(a), the following formula suggested by Hoca@ be adopted [19].

e [T ) o4
0w |7 (8)

xcr cr

where g, and 7 are the applied compressive and shear stresseectesly, g, is

the critical-buckling stress for the plate whensitsubjected to a pure compression
given by

_ mE |t
Oy = KC|:12(1—/.12):|(dj s Jyw (9)

which K. is the buckling coefficient, obtained as
b 2
m? ( )
b 2 (10)
d

wherem is a number of sinusoidal half-waves in the dioscbf compression force. It

is well known that for a simply supported flat gldtaving the aspect ra Y 21, K,

approaches 4. Thus, for a panel under a compress®sss,, the reduced buckling
shear stress denoted byr can be calculated from Eq. (11) as:

o 1/2
I, = rc{l— ¢ J (11)

g

Xxcr
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(a) Panel subject to combined shear (b) Stress components of an (c) System of forces acting in
and compression element in the panel the post-buckled range.

Fig. 2 Web panel behavior under combined shear and assion.
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After buckling, the panel behavior is expected twdergo the post-buckled and
collapsed stages, as in the pure shear case. fdss sibomponents developed in the

post-buckling stage include the compressive sti@ssthe shear stress and the
tensile stress developed in the diagonal bandeptnelo,, as shown in Fig. 2.(b).

The element stresses on the inclined plareaaid 90°¥ to the tensile flange are given
by Egs. (12), (13), and (14). Substituting thesaaéigns into the Von Mises yield

equation for the web Eq.(15), the valuemjjwhich results in the yielding of web is
given in Eq. (16).

o, = —%—%c0326’+ I, sin268+0, (12)
g, = ~% 4+ % cos09 - I, sin26 (13)
2 2

g, . :
T, = 7S|n6’ +71,, c0s260 (14)
o} +0; -0,0,+3r, =0}, (15)
=A+B +C (16)
3 r . sin26 (17)

2

2 S|n26j - 3} +71,.0.D, (18)
% 3c0s26 +1) (19)

% (300526 + (Esin26) + (300529 +5)(3cos20-3) % (20)

cr



SHEAR STRENGTH OF PLATE GIRDER WEB PANEL..... 287

Under the presence of axial stress in the flanges, the reduced plastic

moment of resistance of the compression and terfmges that attain the yield
strengtho ; is given by Eq.(21). The location of the plastindes is given by Eq.(22)

2
. O'C
Mg =My 1_( J (21)
o,
i
c=_2_ |1 (22)
sind\ ot

From the equilibrium of internal and external faée the post-buckled stage,
as shown in Fig. 2-(c), the vertical component efmbrane tensile field must be equal
to the external shear force

V,, =F sind+V, (23)

ult
where, from web equilibrium,

Fs = 0, t[2csing+(d cotd - b)siné]

The termFs is the resultant of web membrane stresses a®itdssas marked in Fig.
2(c).

3.4. Strength of Plate Girder Web Panel at Elevated Temperature

Under elevated temperature conditions, the matepadperties deteriorate as
temperature rises. For steel material, the temper-atependent yield strengify, and

the elastic modulug, at temperatur@ can be expressed as a fraction of their ambient
values, which are denoted by subscript (20) ifeHewing linear form:

Ty = Kymyeo (25)

Ery = KemEeo (26)
Where subscriptT) denotes the value corresponding to elevated teanpe;

Ky and K¢y, are the retention ratios of the material yielcesgth and elastic

modulus, respectivelyegs. (1), (2), (3), (4), (5), (6) and (7) extendedcconsider the
panel shear strength under the effects of elevategerature by Ting et al. [19].

In should be noted that in the numerical and tradydisal predictions in this paper, the
strength of the steel at elevated temperature akasntby considering the strength
retention ratio at 0.5% strain as recommended bpdeule 3 Part 1.2 [5]. The strength
at 0.5% strain is also recommended in BSI (2008)He design analysis of an element
that is susceptible to buckling.

3-5 Steel Beams with Perforated Sections

The presence of web openings may have a severdtyem the load carrying
capacities of structural members, depending ordnéigurations of the web openings.
In general, both the shear and the moment capacitithe perforated sections may be
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readily assessed. However, the moment capacitidedkee-sections above and below
the web openings under local moments are relatigdficult to be evaluated in the
presence of co-existing axial and shear forcestalggobal bending action. Moreover,
it is necessary to use plastic design to incorgotfae formation of four plastic hinges
in the tee-sections for an improved prediction lué toad carrying capacity of the
beams. Liu et al. [7]; concluded that all the priyatructural characteristics of steel
beams with perforated sections are similar to esbbr for the difference in shapes
and sizes of web openings. In a perforated sectiater a global moment jand a
global shear force y/three local actions are induced in the tee-sestmioove and
below the web opening as shown in Fig. 3:

* Axial force in the tee-section,/Ndue to the global moment/M

* Shear force in the tee-section;, \due to the global shear force,. V

» Local moment in the tee-section;Milue to the transfer of shear forcgacross the
opening length.

LS RS
Vg‘ Mg Mr.Ls M- rs
‘ Vi
1
‘ N, <_NT
VtdVy2 ! VedVy2
1 maw2 ||| MW L v
[
1 Mr-1s M rs
| Vr
: NT1 L Nr >
[
Global forces V

Fig. 3. Force distribution in a perforated section

For beams with given loading and support condititiés magnitudes of these
local actions depend on the shapes, the sizesalaodhe locations of the openings.
Beams with multiple web openings, buckling of welsts may be critical when the
openings are closely spaced. Moreover, additioefiection due to the presence of
web openings should also be considered. Failuréhamem which can be performed
in this case called Vierendeel mechanism. This @ueism is always critical specially
in steel beams with single large web openings, @/igésbal shear force is transferred
across the opening length, and the Vierendeel mbmeeasisted by the local moment
resistances of the tee-sections above and beloweheopenings [7]. At present, most
of the current design methods recommend empirictraction formulae on the
moment resistances of the tee-sections to allowhfpresence of local axial and shear
forces. They ignore the true ultimate behaviouthef tee-sections under co-existing
axial and shear forces and bending moment [7]. €mrently, it should be mentioned
that, this paper will by concern only with the dangnd central web opening.

4. THEORETICAL ANALYSIS:

Using visual basic program, an EXCEL spreadshexdiding all the above mentioned
equations, executed as an analytical tool for qiyamg the ultimate shear load. By
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using this programmed sheet the ultimate shear dth tambient and elevated

temperature can be calculated for shear web paitebut opening. The input data

required by this program are the geometric and madtproperties of both web and

flanges and the temperature value need to obteinltimate shear on it. The program
is able to determine the ultimate shear force far tveb panel with a range of

temperatures between 20° to 1200°. This study fmtus additional to the ambient

temperature, five others elevated temperature dewehich were 400°, 500°, 600°,

700°, and 800° C. These values of temperature septed the range where steel
material properties vary the most.

Based on these values of temperature the creat€CEEXSpreadsheet calibrated by
calculating the ultimate shear values related feemint values of temperature on a
series of plate girder web panel previously studied published by other researches.
Table 1 reported the geometric and material prasedf three plate girder web plane
studied previously by V. Vimonsatit et al.[19, 2@jhich were the calibration tools for

the theoretical program.

Table 1. Geometric and material properties of G1-G3 series

. . Material Properties at
Geometric properties o
20°C
Panel
t b d by t Oy 2
mm) | mm) | mm) | mm) §mmy | Y P mmay | o (Nfmm?)
@ i@ @ @y GF GF OF © 9) (10)
G1l | 0.965{ 304.8} 304.8] 76.2 5 {3159 1 224 289
G2 2 305 305 80 6 15255 1 248 275
G3 { 1.22% 305{ 305 80 6 250 1 248 275

The results of this comparison repdrie table.2; columns 3, 5, and 7. The comparison
shows that the ultimate shear forces were agread/éwy good degree of accuracy.

5. FINITE ELEMENT ANALYSIS
5-1 General

During the past twenty years, the use of finitemglet model to study non-linear
behaviours of structural members has spread to rfialis of engineering. Different
finite element software packages have been addptedodelling structural members
by other researchers. Narayanan and Der Avanegistaproposed a simplified finite
element formulation to study tension field devebbjiethe post critical stages, when a
plate girder with web openings is subjected to pneidant shear loading. A modified
Von Mises criterion was used to simplify the congtiainal process.

To gain further insight into the behavior of plafeder web panel with opening and
under shear load at elevated temperature, a fat@ment model of the tested web



290 Ahmed S. Elamary

panel plate girder conducted by Ting [19] was depetl. Fig 5.b shows the mesh of
the developed FE model. In this study, the comraéfiiite element package ANSYS
[2] was used. The four nodes shell elements SHEL&v¥&lable in ANSYS were
adopted for the discretization of both the web #iadflanges of the panel section. The
material properties of steel were specified ushegdlastic and the metal plasticity with
plastic options. The model dimensions and propestiere directly adopted from the
measured values of experimental specimens. Newitanaive technique was used to
analyse the non-linear response of the model uedéing. The analysis process was
controlled by material yielding which was definegl the von Mises, yield and shear
stress functions. Further details of formulatiod @aomputations in the analysis can be
found from ANSYS manuals [2].

5-2 Comparison with Experimental and Numerical Results

There are two aspects in predicting the fire rasist of structural components. The
first one, is by evaluating the strength at eledaéenperature and where, the second by
evaluating the maximum temperature that the strattomponent can sustain under a
constant applied load. The author calibrated thmaloility of ANSYS finite element
models applying both aspects in two different mit®#d experimental and analytical
papers as will be reported later herein.

5.2.1. Comparison with Test Results of Liu et al. [18]

The author previously calibrated the capabilitAdfSYS to deal with the steel beams,
subjected bending moment and fire, by comparingo#réormed finite element model
with the test results on restrained steel beanerge deflections performed by Liu et
al. [18]. Fig.4-a, and b show the results of diéferlevel of loading ratio 0.5 and 0.7
applied in this test. It can be seen that the stran results are in good agreement with
the test results. More and full details of thesegarison and test process can be found
in the author publication [1].
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Fig.4 Comparison between experimental and F.E. Modgéstédl to bending and fire
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5.2.2. Comparison with Test Results of V.Vimonsatit et al. [19, 20]

In order to calibrate the model under shear loael seme ANSYS shell elements with
the same material assumption and analysis procesianed above were used in the
following verifications process too. In this cafiee boundary conditions at the edges
of the panel model simulated the transverse stffethat remained straight throughout
heating and the loading processes. This assumptsnconsistent with the theoretical
analysis [19,20]. The boundary conditions of thenk@lel for the local translations, X,
y, and z, and the rotatiort}, 0,, andf,, respectively shown in the brackets in Big;
where 1 represents fixed, and O free. Full mod&éieend of the analysis with buckled
web shown in Fig.5.b. The plastic hinges defornmataad the stress generated in the
web panel at the end of the analysis shown in Kigahd d respectively.

U
(111.1.10) | =
W1 W2 )

(11.41.01) (1,01,1,04)

y
}--f BF1
: / BF?

(110.0.01)

a- F.E. Model Boundary conditions [19] b- Web buckling at failure

wooaL soroTion AN wonas sotuTron AN

Plastic hinge deformation STEP=1

E-. 975
SEQY (A¥G)
DX =2.629

2.6
M =2.331
SIX =286.144

2.331 65.4 128.47 191, .
33.866 96.935 160.005 223.074 286.144

c- Plastic hinge deformation d- Web panel at failure
Fig.5 Finite element model for web panel under shear

The results obtained from the series of shear vastelp with the geometric
and material properties shown in table 1, are reported in table 2; columns 4, 6, and 8.
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Two different comparisons where conducted, thé fims with the previous analytical
and experimental study performed by V. Vimonsdtiale [19, 20], where the second
was with the theoretical values resulted from th&CEL program mentioned
previously and shown in column (5) in table 2. Frtnis comparison it can noticed
that, the finite element method seems to overegtirtiee load-carrying capacity in a
few cases whilst in some cases it underestimates comparison shows that the finite
element modelling is able to predict the failuradowith sufficient accuracy in most
cases the error does not exceed 10%.

Table 2:- Comparisons between Numerical and Analytical ieaifon obtained by
EXCEL and F.E.M results for G1-G3 series under amtand elevated temperatures

Values presented by V. . !
Vimonsatit et al. [19] Present study Percentage of differencep
panel | 1EMP vV Veew
O v, &N V,, (kN ul Vi
ult ( ) V ult ( ) V V
_ rem (KN) _ rem (KN) ult
theoretical theoretical .
(Theoretical) § (Modell
eing)
4)/(6) =
® | @ @3) 4) (5) ©® | ee=0]9
Ambient 28.8 28.1 28 27.8 1.03 1.01
400° 22.05 219 21.8 215 1.01 1.02
G1
550 13.45 13 12.95 12.8 1.04 1.02
700° 4.74 4.4 47 4.5 1.01 0.98
Ambient 77.52 78.2 77.5 78 1.00 1.00
400° 58.35 56.6 56.91 55.6 1.03 1.02
G2
550° 35.75 35.2 35.7 355 1.00 0.99
700° 12.36 12.4 12.3 12.5 1.00 0.99
Ambient 42.96 40.1 40.9 40.7 1.05 0.99
G3 400° 32.88 31.7 31 33 1.06 0.96
550° 20.05 18.9 194 19 1.03 0.99
700° 7.07 6.8 6.75 7 1.05 0.97
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6- EFFECT OF CIRCULAR WEB OPENINGS

For steel beams with circular web openings, mosthefdesign rules are applicable
using an equivalent rectangular opening of modifikohensions, as suggested by
Redwood [13]. However, due to the simplistic applgdhe load carrying capacities of
steel beams are always underestimated significailgstic stress distribution in
beams with large circular web openings have beameed by Chan and Redwood
[12] using the theory of elasticity and the cuniezhm analysis. In order to assess the
load carrying capacities of steel beams with midtipircular web openings in an
explicit manner, a design method based on the mredsemorks of Olander [10] and
Sahmel [11] was developed at the Steel Construdtistitute in 1990. The method
was later incorporated into Amendment A2 of Eurac@d[4} Part 1.1: Annex N, in
1998 after minor modification. However, for steelms with individual circular web
openings, the use of a different set of approxing&®ign rules was recommended in
Annex N.

In this investigation, the analysis executed foweb panel with dimension
500x500 mm. The web depth and flange width werediat 500 mm and 100 mm,
respectively. The ratio of the flange thicknesshi web thicknesg;/t, was set equal
to 2.0. The web and flange thicknesses were fixéslram and 10 mm, respectively.
Material properties were: modulus of elasticEys 205 Gpa; specified minimum yield
stress,F, = 360 MPa; and Poisson’s rati@s0.3. The shear loading was applied as
shown in Fig. 6-a, and b as a pure shear stateamalysis started by determined the
ultimate shear which could be achieved by the watepwithout opening. The circular
opening size performed on the center of the welelpamd the analysis performed for
six different sizes op ranged from a diameter equal 20% to 70% of webhtewvith
10% increment. Fig. 5-a, and b show the model feb wanel with 200 mm diameter
(B = 40% {Open height/web height}) and 300 mm diaméle= 60%) respectively.

ELEMENTS AN ELEMERTS AN

F F

O
W
Iy

\

e
=

7

2
g
7

a. Web panel with circular openifig= 40% b. Web panel with circular openipig 60 %
Fig.6 Finite element model of plate girder web panel witicular opening.
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In the FE analyses at ambient and elevated tempesathe shear load V was
applied gradually until the panel failed to sustairfiurther load increment. In these
analyses, the applied shear load was uniformlyidiged along the web edge marked
W2 in Fig. 5(a).

The analysis results showing that, at yield stresdue ‘Vierendeel
mechanism, was performed due to the formation af foastic hinges in the tee-
sections above and below the web openings as shéugi7-a. Under the Vierendeel
action, the lateral shear force across a web opemas transferring. By continue to
increase the shear force applied at edge W2 tlgoulé stress increased significantly
up to failure as shown in Fig.7-b. The maximum shsteess at failure is shown in
Fig.7-c. In this figure it is shown that the maxmmushear strength zones located
mainly above and under the opening and close tintkeaction line between the web
and the flanges. At the end, the obtained shapieofbuckled shear web panel at
failure shown in Fig.7-d.
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Fig.7 Von-Mises and shear stress at failure
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Fig.8 Maximum Shear forces of web plane with circularropg

Variation of the ultimate shear capacity of plateders with respect to the
temperature and the size of openings for girdeth wircular openings are shown in
Fig. 8-a. The figure shows that the failure loadmired continuously with increasing
size of opening and the drop in load carrying ceapancreases significantly as the
opening size gets larger in size. After the tempeeareached 600° the effect of web
opening size start to be decreased till 800° tfexe€an be ignored.

Table 3:- Maximum shear force obtained analytically by FEddo(Circular

openings)
Temperature Maximum shear force resulted from F. E. Model (kN)
C’ B=0% | B=20% | B=30% | B=40% | B=50% | B=60% | B=70%
20° 511.28 | 495.56 | 435.65 | 318.25 | 240.80 | 156.56 | 132.00
400° 370.65 | 360.25 | 315.64 | 229.58 | 172.60 | 116.48 | 94.80
500° 298.50 | 288.65 | 254.65 | 185.46 | 140.08 | 93.50 | 78.75
600° 170.45 | 165.36 | 145.68 | 106.50 | 80.80| 53.40| 43.50
700° 78.67 | 76.59| 67.10| 48.60| 36.74| 24.25| 20.10
800° 42.85| 41.70| 36.56| 26.57| 20.31| 13.12| 11.02

From table.3 and Fig.8-b, it can be noticed thaemghthe percentage of
diameter of the performed opening to the web hegghial 20%, 30%, 40%, 50%,
60%, and 70% the reduction of the ultimate sheaefare 2%, 10%, 21%, 39%, 52%,
and 69% respectively. These percentages of reduatmalmost constant at each level
of temperature independently.

Liu et al [7], concluded that, for all web openings of variouspgisaand sizes
considered in their investigation, the most impairt@arameter in assessing the
structural behaviour of the perforated sections t@scritical opening length. This
length of the web opening was controlled the maugieit of the local Vierendeel
moments acting on the tee-sections. While the aygedépth controlled the shear and
the moment resistances of the perforated sectianedder, it was stated that, all other
geometrical parameters of the web openings didaffett the structural behaviour of
the perforated sections at all. Furthermore, adl 4teel beams with web openings of
various shapes and sizes which studied by Liu.d7hbehave similarly among each
other in terms of deformed shapes under a wideerafgpplied moments and shear



296 Ahmed S. Elamary

forces. Consequently, the main factor which codildcathe web panel with open was
the opening dimensions.

Since the reduction percentage in ultimate stresseminly based on the size
and the shape of the opening; Eq. (27) is a nemdtar proposed to anticipate the
reduction value in the ultimate shear force whiohld be obtained due to the size of
this opening respect to web height.

__[ct+ciprcip?)
A

1+C33+CIp +Cof°) @)

Where,

Ry Reduction factor of the maximum shear force fontled panel without opening
S = (Open diameter / Web height) * 100

The six C constants can be taken as follow:

C)=- Cl= CJ= Cl=- Co= Cl=-
1.04E-4,  1.46E-4,  1.59E-5, 0.04652, 0.00081,  4.62E-6

The formula calibrated by applying different valuefsp started from 5% to
75%; the obtained relevant reduction values are indicated by solid circular points in
Fig. 9. Where, the results obtained from the fieiement model plotted as a curve in
the same figure. From this figure it can be notitieat the formula can anticipate the
reduction of the maximum shear forces with highuaacy.

0% +
0
-10%
-20%
-30% |

-40% +
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-50%
-60% 1
-70% +

-80% |

-90% i
Fig.9 Comparison between proposed formula and FE Model

7- EFFECT OF SQUARE WEB OPENINGS

In this analysis the web panel has the same dimessind material properties of the
flanges and web mentioned above for circular ogmimhe analysis procedures also
started by determined the ultimate shear which lmarachieved by the web panel
without opening. The square opening size performedhe center of the web panel
and the analysis performed for six different sigemted with a width equal 20% to
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70% of web height with 10% increment. Fig. 10-ad anshow the model for web
panel with 150 mm width (30% of web height) and 2&® width (50% of web height)

respectively.

In the FE analyses at ambient and elevated tempesathe shear load V was
applied gradually until the panel failed to sustairfiurther load increment. In these
analyses, the applied shear load was uniformlyidiged along the web edge marked

W2 in Fig. 5(a).

mmmmmm

a. Web panel with square openirfigH 30%)

ELIENTS

b. Web panel with square openiig« 50%)

Fig.10 Finite element model of plate girder web panel &ifnare opening
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The analysis results showing that, at yield stresdue ‘Vierendeel
mechanism, was performed due to the formation af faastic hinges in the tee-
sections at the four corners above and below theopenings as show in Fig.11-a. By
continue to increase the shear force applied aé &g the shear stress increased
significantly up to failure as shown in Fig.11-m this figure it is shown that the
maximum shear strength zones which were locatedhlynaibove and under the
opening close to the interaction line between treb vand the flanges similar to
previously obtained in the circular opening. On titeer hand, the vertical stress
distribution across the web mainly concentratedhéarest top corner and far lower
corner from the load side as shown in Fig.11-c.sEhtwo zones were the buckled
areas in the shear web panel as shown in Fig.11-d.
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Fig.12 Maximum Shear forces of web plane with square imgen

From table.4 and Fig.12, it can be noticed thatcdee of the percentage of
width of opening to the web height equal 20%, 3@%, 50%, 60%, and 70% the
reduction of the ultimate shear force are 3%, 198%, 53%, 69%, and 74%
respectively. These percentages of reduction aresil constant at each level of
temperature independently. The same notices regptdi the relation between the
shear capacity and the temperature and web opstated above for circular opening
can be drawn herein for the square opening.

Table 4:- Maximum shear force obtained analytically by FEddlb(Square openings)

Temperature Maximum shear force resulted from F. E. Model (kN)
C’ B=0% | B=20% | B=30% B=40% | B=50% | B=60% | B=70%
20° 511.28 | 495.56 | 435.65 | 318.25 | 240.80 | 156.56 | 132.00
400° 370.65 | 360.25 | 315.64 | 229.58 | 172.60 | 116.48 | 94.80
500° 298.50 | 288.65 | 254.65 | 185.46 | 140.08 | 93.50 | 78.75
600° 170.45 | 165.36 | 145.68 | 106.50 | 80.80| 53.40| 43.50
700° 78.67| 76.59| 67.10| 48.60| 36.74| 24.25| 20.10
800° 42.85| 41.70| 36.56| 26.57| 20.31| 13.12| 11.02
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Equation 27 stated above, applied to anticipatere¢dection factor for plate
girder web panel with square opening; whgre (Open height / Web height) * 100;
and the six C constants in this shape of openingeaaken as follow:
C)=- Cl=- Cs= Co=- Co= o
3.48E-4, 0.00229, 1.61E-4, 0.02817, 0.00037,
% { Open height / Web height }
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Fig.13 Comparison between proposed formula and F. E. Mode

By applying the six constant shown above in Eq) (@@ reduction values in
the ultimate shear force in web panel with singid aentral square opening obtained
for various values db started from 5% to 75%. The obtained values frqoa¢ion are
indicated by solid square points in Fig. 13, whigre results obtained from the finite
element model plotted as a curve in the same figen@n this figure it can be noticed
that the formula can anticipate the reduction efttaximum shear forces with less but
acceptable accuracy than obtained in the circydanimg case.

9. CONCLUSIONS

The purpose of this investigation was to ascettagnultimate shear strength effect of
steel beams with perforated sections at elevategdeture. Finite element analyses of
web panel plate girder with central and singulacudar or square openings presented
in this paper. The non-linear behaviour and ultersttear capacity of web panel plate
girders, tested earlier by other researchers, si@dilby using three dimensional finite
element models executed by ANSYS software packabe. model was capable of

simulating the behaviour of the web panel and pledivery good results. At elevated
temperatures, the critical shear strength, theiléeggeld stress at the post buckled
stage, and the ultimate shear strength at thepsallatage derived by taking into
account the degraded material properties, with mpan of uniform temperature

distribution across and along the web panel anagéla. Through this analysis, the



300

Ahmed S. Elamary

overall behaviour of the plate girder under sheas wtudied by applying a uniform
shear force acting throughout the whole web heiDloe to this force the web panel
shear stress state continued until reached theatrghear strengtty,. Once the critical
shear strength was reached, additional shear ®rpported by the mobilization of
tensile membrane stressin the diagonal band of the web until yield. Tladlure of
the plate girder started to be occurred after tastig hinges had formed/ierendeel
mechanism The main conclusions from this studied can bersarized as follow:-

1.

Variation of the ultimate shear capacity of plateders with respect to the
temperature and the size of openings for girderth wircular or square
openings dropped continuously with increasing émperature and the size of
opening; and the drop in load carrying capacityaases significantly as the
opening size gets larger in size.

The ultimate shear of web panel can be affectaufgigntly by the size of the
web opening where the temperature is less than. @3@r the temperature
reached 600° the effect of web opening size stdsetdecreased till 800°; after
that level of temperature the effect of web opersizg can be minor.

The width of membrane stresses developed alonggodal band, which carry
the applied load in the post-critical stage, isucedl by the largest dimension
of the hole

Based on the results obtained from the numericdtefielement analyses, an
equation proposed to anticipate the reduction efulimate shear force which
can be resisted by the shear web panel due toarirousquare opening size.
This equation can be used at each level of temperat

Tee-sections above and below the web openings mmay be accurately
evaluated in the presence of co-existing axial strehr forces. Moreover, load
redistribution across the web openings after yigjdnay be incorporated with
full strength mobilization of the perforated senBoagainst Vierendeel
mechanism.

The position of the maximum shear stress mainlycentrated in zones close
to the flange and in the central length of thegeetions above and below the
web opening.

Due to the web opening the positions of the pldstiges completely changed
from area close to web-flange junction to the foarmers of the opening.

The corners of square openings should be curvestder to minimize or to
eliminate stress concentration.

The response of plate girders with slender webainimg openings depends
strongly on the dimension of the opening. A numbkmanalyses should be
conducted to investigate the sensitivity of thectre to imperfections.
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