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Abstract

‘This report preseats an investigation of the shear capacities of stecl plate girders with web
holes, penetrations, cut-outs or openings. The study is motivated by the need for simple
guidelines that can be used in practical design of girders in building and offshote structores.
Simplicity of method is highly desirable because the value of any calculation decreases
sharply if it is not completed before the design is frozen.

The study comprises a review of existing load-carrying theories, inchuding methods
based on allowable stresses, strength criteria, simplified shear buckling, rotated stress ficlds,
tension fields and stressed skin.

260 simulations of girders are performed by means of the non-linear finite element
program ABAQUS. Results from experiments of large plate girders are used to calibrate
the finite element models, in order to ensure that reliable models are wsed in the
simulations.

The simulations comprise girders with webs of height-thickness ratios from 63 to 333.
The openings are circulat, clongated circulat, square and rectangular, with and without
sleeves, doubler plates, vertical stiffeners and horizontal reinforcement. Opening sizes are
25 % and 50 % of the girder heights. Single openings and two openings closc together are
included.

The shear capcities and transverse web displacements in the various limit states are
discussed. A new design procedure is proposed for girders with openings. Here, the
calculation of the shear capacity in the ultimate limit state (ULS) is linked to the Eurocode
3 for girders without openings. A simplified moment-sheay interaction equation 1s also
proposed. A set of design guidelines is given for design based on the LRFD method.

For more complicated cases, and for design in the accidental limit state (ALS), non-
linear FE-models may be required. Recommendations for such models arc given, based on
the experience from the simulatons.
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Notation

Notations and symbols used in this repost are defined in the text when they occur for the
first time.

Symbol  Hxplanation

A area, rato

Af cross section arez of flange

Ay cross section area of reinforcement in cach tee

Armex maximum cross section area of reinforcement

At cross section area of bottom tee web

At cross section area of top tee web

B, distance from top compression corner to vertical reaction force

By distance from bottom compression cotner to vertical reaction force
D diameter of opening

D, length of opening, horizontal dimension of opening

Dy length of fictitious opening, hotizontal dimension of fictitious opening
Dy, height of opening, vertical dimension of opening

Dy height of fictitious opening, vertical dimension of fictitious opening
Dy, clear vertical distance between horizontal reinforcements

D, flexural rigidity paraliel to stiffeners

D, flexural rigidity perpendicular to stiffeners

E modulus of elasticity

F, additional fiange force

F hotizonrat force transferred to the flanges

Fou Fop flange forces at maximum shear in girder "A" and girder "B", respectively
G shear modulus

A heigth (depth) of beam

H, efficiency index

Iy I second moment of area of bottom tee and top tee, repectively

Ler second moment of area for the total net section at center of opening

Ipo polar second moment of area of stiffener about the toe

Tot second moment of area of stiffeners or reinforcement incl. effective plate flange
Ir St. Venant torsional constant of stiffener alone

L second moment of area of stiffener including cffective plate flange

I second moment of area of stiffener about its centroid perpendicular to the plate
L length

Ly unbraced length of compression flange

Ls length of stiffencr between transversc stiffening

Ly ..L, contributions to the length of a fictitious opening

M primaty bending moment at centerline of opening

M, primaty moment at position 2"

My secondary moment in bottom tee at high moment end

My secondary moment in bottom tee at low moment end
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Mbucki
Mbuck!.rnod

Mbnck!. mad,
Minickt mod
Mc.'

Me.', mod

My
M,{mod

I
M
M,
M,

moment capacity of girder based on the effective cross section areas

moment capacity of girder based on the effective cross section areas, with
opening subttacted

moment capacity of girder based on the effective flanges and the cffective
compression patt of web

design resistance for moment in girder based on the cffective cross section
areas, with opening subtracted

clastic moment capacity of the gross section of girder, obtained when
buckling is disregarded

clasic moment capacity of the gross section of girder, obtained when
buckling is disregarded and opening subtracted

moment capacity of gieder when only the effective flanges are considered
moment capacity of girder when only the effective flanges are considered,
and the arcas required for the additional flange forces are subtracted

primary moment at high moment end of opening

primary moment at low moment end of opening

maximurm motmnent capacity for beams at location of an opening

moment capacity of beams at location of an opening

plastic moment capacity

plastic moment capacity of bottom tee

plastic moment capacity of bottom tee at high moment end

plastic moment capacity of bottom tee at low moment end

plastic moment capacity of flange

plastic moment capacity of girdet based on effective flanges and full web
plastic moment capacity of girder based on effective flanges and full web with
opening subtracted

plastic momment capacity of chord atend "n" = 1,234

plastic moment capacity of ring or reinforcement

plastic moment capacity of top tee

plastic moment capacity of top tee at high moment end

plastic moment capacity of top tee at low moment end

secondary moment in top tee at high moment end

secondary moment in top tee at low moment end

moment capacity at maximum shear

axial foree in stiffeners

axial forces in stiffeners at position "n" in stressed skin design

tip load

horizontal component of tension stress ficld

clear horizontal distance between openings

clear vertical distance between openings

first moment of area of top tee

maximum shear capacity at the location of an opening

plastic shear capacity of uaperforated girder

shear force at centerline of opening

tip equilibrinm load that gave a tip displacement of 50 or 38 mm

shear force in bottom tee
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V. maximum shear capacity for a web without opening, i.e. in pure shear

Ve mod mazximum shear capacity modified for opening, i.e. in pure shear

Vc‘mod,cu,uaff cut-off value for the nominal maximum shear capacity rodified for opening
Ve mod,cur-af-ra Cut-off value for the design resistance modified for opeting

Ve mod Rt design resistance for pure shear modified for opening

| — modified critical shear force

Ve shear force [capacity] of flanges

Vit Vinar,p aximum shear foree in girder "A" and girder "B", respectively

Vi, Varr maximurm shear capacity of beams at the location of an opening

Voax maximum shear force

Viaca Vinax s traximum shear foree in gitder "A" and girder "B", respectively

Vb, Vi meaximumn shear capacity of bottom tee

Vnechanism shear force carried by tension field

Vo, Ve maximutn shear capacity of top tee

Vo shear capacity of classic Vierendeel girder

Ve shear capacity of non-classic Viereadeel girder

Va shear capacity

Voo shear capacity of bottom tee

Vit shear capacity of top tee

v, plastic shear capacity of unperforated beam

¥ pmod plastic shear capacity based on the minimum section through the opening
Vi plastic shear capacity of top tee

¥ shear foree in top tee, shear force [capacity} of tension field

Vsrse tip cquilibrium load that gave a web transverse displacement of 4/200
Vie measured maximum equilibrium load

Vien measured maximum load not in equilibrium

Vit total shear capacity based on Cardiff method

Vit Lee total shear capacity based on the method by Lee (June 1990

Viinzoe modified total shear capacity based on the method by Lee (fune 1990)
Vit mod total shear capacity based on Cardiff method and modified for opening
Vo model maximum equilibrium shear load for model girders

| shear force [eapacity] of web

W effective section modulus

W oepimod effective section modulus modified for opening

W, plastic section modulus of beam without opening

a distance between transverse stiffeners

Qe distance from vertical centerline of opening

ay leagth of sub-panels in stressed skin desipn

oy width of tension field

b, width of compression field

b, restored width of tension field

by width of flange

¢ distance defining position of hinge in flange

Co Ch vertical and horizontal center distance between openings, tespectively

cr distance defining position of hinge in reinforcement



Crels Cref
C1

C2

C2h
C2,basic
Cobf
caf

Coi

Can
C2.offset

CZ,ofjlsef, cire

Cooft-self

Car
Cas
Cas
Cayf
C2,0m0
C3

d

e

5

h

kq
krrmde.’
Frrose
ke

£ 7,m0d
!

lrm‘u

!.V

o

Mg

Po

qn
qf.nom
Gro
Gra

ratio between two factors that are compared, ratio that is adjusted
function, factor

function, adjustment factor

adjustment factor for bottom tee

adjustiment factor for a single opening without stiffening

adjustment factor for bottom tee for a fictitious opening

adjustment factor for a fictitious opening

adjustment factor for a single opening

adjustment factor for a fictitious opening

adjustment factor for a single opening without stiffening, located eccenric to
the horizontal centetline of web

adjustment factor for a single circular opening without stiffening, located
eccentric to the horizontal centerline of web

adjustment factor for a fictitdous opening without stiffening, located eccentric
to the hotizontal centerline of web

adjustment factor for a single opening with horizontal reinforcement
adjustment factor for a single opening with slecves or doubler plates
adjustment factor for top tee

adjustment factor for top tee for a fictitious opening

adjustment factot for two openings

function, factor

distance between vertical members in a Vierendeel girder

eccentticity of opening

yield stress

reduced axial stress

depth of cross section, height of web

cffective width for normal and beading stress

shortest length of shear failure lines

distance from stiffener toe to shear centre

dimension for stiffeners, sleeves, doubler plates or horizontal reinforcement
reduction factor for webs with doubler plates

secant stiffness of model girders

secant stiffness of test girders

shear buckling cocfficient

shear buckling coefficient modified for opening

buckling length, anchoring length

minimum anchoring length

connection length berween compression and tension ficlds and flange
weight of removed plate material in opening

weight of vert. stiffeners, sleeves, doubler plates and horizontal reinforcement
opening parameter

shear flow from web to flanges above and below opening

nominal shezr flow from web to flanges above and below opening

shear flow from horizontal reinforcement to web above and below opening
shear flow from hotizental reinforcement to web along the anchoring length
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Creh Crel '
€1

2

C2h

C3, basic
C2,bf
Caf

Caor

o
C2offset

Ca.offsetcive
Cooffsetf

Car
Cas
Car
Cry
£2,nv0
4]

d

&

Fy

Jg’. red
h

hm

hn

b

hse

ka
kmadcf
Kyes:
k:
A’xr,rnod
/

Imin

s

Mo

Hlg

2o

g

it nom
(7
dra

ratio between two factors that are compared, 1atio that is adjusted
function, factor

function, adjustment factor

adjusiment factor for bottom tee

adjustment factor for a single opening without stiffening

adjustment factor for bottom tee for a fictitious opening

adjustment factor for a fictitious opening

adjustment factor for a single opening

adjustment factor for a fictitious opening

adjustment factor for a single opening without stiffening, located eccentric to
the horizontal centetline of web

adjustment factor for a single circudar opening without stiffening, located
eccentric to the horizontal centerline of web

adjustment factor for a fictitious opening without stiffening, located eccentric
to the hotizontal centerline of web

adjustment factor for a single opening with hotizontal reinforcement
adjustment factor {or 2 single opening with sleeves or doubler plates
adjustment factor for top tee

adjustment factor for top tec for a fictitious opening

adjustment factor for two opernings

function, factor

distance between vertical members in a Vierendeel girder

eccentricity of opening

yield stress

reduced axial stress

depth of cross section, height of web

effective width for notmal and bending stress

shortest length of shear failure lines

distance from stiffener toe to shear centre

dimension for stiffeners, sleeves, doubler plates or horizontal reinforcement
reduction factor for webs with doubler plates

secant stiffness of model girders

secant stiffness of test girders

shear buckling coefficient

shear buckling cocfficient modified for opening

buckling length, anchoring length

minimum anchoring length

connection length between compression and tension fields and flange
weight of removed plate material in opening

weight of vert. stffeners, slecves, doubler plates and horizontal reinforcement
opening parameter

shear flow from web to flanges above and below opening

nominal shear flow from web w flanges above and below opening

shear flow from horizontal reinforcement to web above and below opening
shear flow from horizontal reinforcement to web along the anchoring length




gs sheat flow from web to sleeves and doubler plates
A radius, polar coordinate
Fred reduced radius
Sp, Sof depth of bottam tee, depth of bottom tee for a fictitious opening
Si, Sy depth of top tee, depth of top tee for a fictitious opening
t, 1 thickness of web, thickness of flange
st dimension for stiffeners, sleeves, doubler plates or horizontal reinforcement
w leg length of weld
z, z distance from centroid of section, distance from centroid of top tee
o ratio between flange area and web area without opening
o relative {reduced) sienderness
o factor for the position of the inflexion point for secondary moments
o, cut-off factor
e, s cut-off factot for openings with sleeves or doubler plates
&, cut-off factor for openings with hotizontal reinforcement
Jif factor for the effect of siceves, doubler plates or horizontal reinforcement
Fass Fan partial factors
& diameter of imaginary central circular opening, tip displacement
£ vield stress factor
/i coefficient
& angle, polar coordinate, inclination of tension field
&y inclination of panecl diagonal
G optimum inclination of tension field
A relative (reduced) slenderness of web
Zw,o relative (reduced) global slenderness of web
Ao im relative (reduced) slenderness of web including the interaction between global
and local shear buckling
M weight ratio
Hp weight ratio for girder "B", i.c. a girder that is compared
;1: function of geometry and vield stress for reinforeed top tee
v Poisson’s ratio
v, 1‘/7 aspect ratio of top tee, modified aspect ratio of top tee
&y notmalized flange force ratio in girder "A", Le, a reference girder
&4 ciastic normalized flange foree rato in gitder "A", based on linear analysis
Ean normalized flange force ratio in girder "A" at posttion "N"
&g normalized flange force ratio in girder "B, Le. a girder that is compared
e N normalized flange force ratio in girder "B" at positdon "N"
& function, additional flange force factor
o bending stress, axial stress, nosmal stress
Ceompr COMPICSSIVE Stress
Cer [elastic] critical stress

Cor.T [elastic] critical torsional stress
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Oy Ogred  equivalent (von Mises) stress and reduced equivalent stress, respectively
i1, G, stress at low and high moment end, respectively, due to primaty moment
Oprincipai ptincipal stress

0., 0y, e stresses around a small circular opening

O, Orension  tensile membrane stress and tension stress, respectively

Oxl,2 stress in top tee at low moment end due to secondary moment
Orh,2 stress in top tee at high moment end due to secondary moment
Ciy membrane stress producing yield

o), M principal stresses

T shear stress

Tor ctitical shear stress

Ter,G critical global shear stress for thin orthotropic plate

Ter,mod modified critical shear stress

T reduced shear stress

TG, Tr  reduced global shear stress and reduced local shear stress, respectively
T vield shear stress

T shearstress in top tee

T vield shear stress

0,00 local shear stress in sub-panel 1, 2 and 3, respectively

¢ inclinations of tension field

X factor for the contribution to shear capacity from flanges

T buckling reduction factor for shear capacity of web

Hwmod modified reduction factor for shear capacity in ULS

Ywmod4  modified reduction factor for girder "A", i.e. a reference girder

Fwmod ars modified reduction factor in ALS

Fremod.B modified reduction factor for girder "B, i.e, a girder that is compared
Temodpasic  modified basic reduction factor

wemed.G modified reduction factor based on the proposed design guidelines
Dvmod R modified reduction factor based on rotated stress field theory

Hwmodred  modified reduction factor from girder simulations, reduced for model
inaccuracy

Pwmoedsis  madified reduction factot in SLS
Zwmady  modified reduction factor from Vierendeel theory
W inclination of compression field






Chapter 1
Introduction

1.1 Background

Plate girders are common structural elements in the deck structures of Norwegian offshore
platforms. These platforms are producing large quantities of oil and gas and the space
available for process equipment is very limited. Often drilling operations are performed
simultaneously, requiring also processing of drilling mud and wvarious chemicals. It is
inevitable that process pipes, electrical and instramental cables and ventilation ducts have to
be routed through the girder webs. Manholes for access ate also tequired, The height of the
girders is usually restricted due to demand for free space below, and the amount of steel
used should be kept to a minimum in ordet to save weight.

The setting of the problem may be illustrated by a structural drawing from the Driliing
module on the Snorre B platform. See Fig 1.1, This drawing shows 1/8 of the total
“secondary main” plate girder webs in the double bottom of the drilling madule. Here, the
double bottom consists of 2 bottom deck plate and a cellar deck plate that are connected
by 1500 mm high webs, or bulkheads, at a spacing of 3125 mm.

The secondary main structure also includes 2 main deck locared eight meter above the
cellar deck. The drilling module comprises about 50 % of the Snorre B topside structute,
the rest includes the Utility module with 25 % and the Process module with 25 %. Total
number of openings in the dtilling module is about 866 smaller openings for pipe, cables
and ducts and 121 larger openings for access or ventlation. Many of the smaller openings
are in deck plates, but the total number of web openings in Snorre B are estimated to 300
smaller openings and 200 larger openings of the manhole type.

Processing of oil, gas and mud arc by far the most important activities on an offshore
platform. Restrictions on size and location of web openings imposed from a structural
point of view, are hardly accepted if they interfere with a smooth lay-out of the process
equipment. Hence the openings may come in areas with both high normal stress from
bending moment and high shear stress. Further they may be located anywhere between the
top and bottom flange of a girder. Two openings may well be located close to cach other.
Many pipes must have a certain inclination, which means that all openings are located at
different heights if these pipes penetrate several girders. The highest position of an opening
may be very close to the top flange of the girder. In such cases weld-in stiffening around
the opening, i.e. 2 sleeve, will not be feasible due to poor access for welding or sand
blasting,

Design calculations for the web openings on Snorre B Drilling module weze based on
normal and shear stresses in the web without the openings, and the stress modifications
due to the openings were based on  Vierendeel action above, below and between the
openings. In the double bottomn the gitder flange area was calculated from the effective
width of the deck plates. On the compression side this lead to relatively small flanges.
Hence, the webs also had to carry normal stresses in order to get sufficient moment
capacity. In the main deck the girders had ordinary flanges.
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1.1 BACKGROUND 3

Design calculations were in principle performed for all web openings, excluding only a few
that were obviously OK by inspection. A spreadsheet was established to facilitate the
calculations, but the amount of caleulation work was still high, representing several
hundred man-houts,

It is assumed that the design calculations, as described, are conservative. For ultimate
and accidental limit state they are probably very conservative as non-linear actions such as
tension fields and plastic mechanisms wete not considered. On the other hand, the cffect
of such actions may only be fully utilized in the accidental limit state, as there are
restricdons to girder deflections imposed by processing requirements.

A consesvative approach to design calculations means that a girder may have got thicker
webs, more stiffeners, web inserts and sleeves than it really required. This in murn leads to
mote weight, more fabrication costs and less processing and storage capacity for the oil and
gas platform. The importance of more theosetical knowledge applied to practical problems
and solutions seemns cleat.

In this investigation the term “opening” is used in the meaning of a web penetration,
cut-out or hole. The term is consistent with the use in ENV 1993 Annex N (1998).

1.2 Obijectives

The present investigation has three primary objectives:

* To obtain efficient and teliable numerical models in order to perform numerical
simulations.

¢ To establish criteria for determination of the shear force capacity in the ultimate limit
state and in the accidental limit state.

s Tec perform numerical simulations using the non-linear finite element program
ABAQUS and establish 2 set of guidelines and a simple formula that will cover 2 wide
range of web openings with a minimurm of calculations.

Simplicity of method is highly desirable because the value of any cateulation decreases
sharply if it is not completed before the design is frozen. Maybe 80 % of ali web openings
are of a relatively small size, or they are located in positions where the shear capacity is far
from fully utilized. It would be more convenient to check girders with such openings based
on design guidelines in combination with a simple formula, than on comprehensive
calculations.

The main design effort can then be concentrated upon the more complicated
configurations. Presumably there will be so many variatons of these, that a general design
formula to cover them all, will be very hard to find. In such cases a dedicared FE-model
should be the best solution. In order to make this non-linear FE-model most efficient, the
results from the simulations should be helpful and give more insight in the important
parameters and mechanisms,



CHAPTER 1 INTRODUCTION

The main tasks of the present investigation are:

1.

2

Ta study existing rules and load-carrying theories

To make non-linear FE-models using the finite clement program ABAQUS. Results
from experiments of large plate girders at Norwegian Institute of Technology (NTH)
will be used to calibrate the FE-models.  FE-models of some test girders have already
been developed by Bergsholm (1999), who also compared the numetical simulation
results with the test results. Further investigations will be done to study the effect of
element size and meshing.

- To cstablish criteria for determination of shear capacities. Traditionally, extensive

plastification is not tolerated in ultimate limit state design of offshore structures,
whereas it is fully accepted in accidental limit state design.

- To carry out numerical simulations of FE-models with various configurations of web

openings, Factors that should be varied are:

* number of openings

¢ web sienderness ratio

* pirder flanges

* size of openings

¢ height position of openings
¢ distance between openings
¢ sleeves and doubler plates
®  vertical stiffeners

* horizontal reinforcement

* bending momentin girder

Configurations similar to Snotre B may be found amongst a few of the simuiations, but
in general the simulations are not inked to a specific offshore project.

To establish a set of design guidelines and simple equations that will cover a large
amount of openings with 2 minimum of calculations.

In view of the experience gained from the experiments, to discuss mechanisms and
cffects that are important in the analysis of complicated configurations involving two
ot more openings close together.




Chapter 2

Previous studies
2.1 Introduction

In the present chapter a brief survey of previous studies is given, while more detailed
descriptions of the most important load-carrying theories are presented in Chapter 3. The
survey is divided into two groups; stocky webs and slender webs. Such grouping has been
the traditional approach and is connected to shear buckling of webs without openings. To
obtain a siraplified design approach for webs with openings it would be desirable to merge
the two groups. A first step in this direction is done in Section 2.4, where theories suitable
for all webs are listed, In Section 2.5 a short description of the stressed skin method is
presented. This method may be useful in the further development of methods for webs
with openings.

2.2 Stocky webs

Webs without openings are stocky if yield shear stress can develop in the full web height.
Hence no shear buckling takes place. This is the case for webs with low height-to-thickness
ratio A/, as in rolled beams and in welded girder with webs in class 1, 2 or 3. For webs of
steel with yield stress f, = 420 N/mm?, simple support of all edges and no transverse
stiffeners, the limiting ratio is 2/f = 65. Lower yield stress increases the limit to about 80.
Webs in class 4 ate also stocky, if transverse stiffencrs prevent shear buckling, An example
is the Snorre B girders shown in Fig 1.1,

The definition is not altered if openings are present. However, both global shear
buckling and local buckling arc assumed to take place in stocky webs with openings, before
vield shear stress is developed.

For h/! ratios up to 80 and without transverse stiffeners, several analytical methods for
calculation of the shear capacity of webs with openings have been developed.

The eatliest methods are based on allowable stresses and elastic theory. Bower ct al.
{1971) published a report on the wotk and recommendations of a sub-committee of the
Structural Division of the ASCE. The work by Bower and also by Redwood (1973) were
the basis for a recommendation made by Constrado (1977), which has been used in
Norwegian offshore industry. The recommendation considers un-stiffened circular and
rectangular openings with diameter or height up to 0,50h. Some cases of muitipic openings
are also covered.

In the 19605 methods based on strength criteria and plastic theory came more into use.
Bower et al. (1971) considers also such methods, The research continued in the 1970s and
1980s. Surveys made by Redwood (1983) and Darwin and Donahey (1988) review design
procedures and contain worked examples and an extensive bibliography for both
unreinforced and reinforced circular and rectangular openings. Ameng the benefits of this
research was the realization that a single design approach can be used for both
unreinforced and reinforced openings. If reinforcement is needed, horizontal bars above
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and below the opening are fully effective. Vertical bars or bars arcund the opening
periphery are neither needed nor cost effective. 'The approach is included in a guide to
design steel and composite beams with web openings, published by the American Institute
of Steel Construction: AISC (1990) covers circular and rectangular openings with diameter
ot height up to 0,70k, with or without reinforcement. Multiple openings are also covered.
1n Europe, ENV 1993 Annex N (1998) has provisions for webs with openings up to (754,
Single and multiple, citcular and rectangular openings are covered. Rules for girders in
ships are given in Dn'V (1993).

Buckling may occur in stocky webs for un-stiffened openings in the upper &/? ranges. It
may be difficult to say if this buckling is of global or local nature. Uenoya and Redwood
(1977) studied elasto-plastic buckling of square plates for a wide variety of un-stiffened
circular opening sizes and #/f ratios. The study showed that for openings smaller than
0,304 the shear capacity is reduced with the factor (1-D/h), where D is the diameter of the
opening. This cotresponds to the reduction, which follows from the minimum shear area
above and below the opening. Hence such openings need no stiffening. For the larger
openings the reduction is more than (1-D/A), due to yielding or local buckling from
Vierendeel action. Stiffening around the opening might then compensate for the extra
reduction. Uenoya and Redwood (1978) studied elasto-plastic buckling of webs with un-
stiffened rectangular and circular openings. Heights of the openings were about 0,307 for
rectangular openings, and diameters were 0,50# and 0,60/ for circular openings. Both in-
plane bending and shear were considered. One of the results was that for 2/ ratios below
50, the opening shapes and sizes considered do not lead to buckling prior to the
development of full plastic strength. In the previous design guides local buckling are
prevented by requirements to height-thickness ratios of outstand elements around the
opening. AISC (1990} appears to be mote liberal than ENV 1993 Annex N (1998). DnV
{1993) has no specific requirements to buckling, but states that “[openings] in girders will
generally be accepted provided the shear stress level is acceprable and the buckling strength
is sufficient”. A similar requirement is included in DaV (2004).

Stocky webs in class 4, i.c. with transverse stiffeners close together, have been studied by
Lee, Kamtekar and Little (1989). 52 tests of perforated webs subjected to in-plane beading
and shear are described. Al but two of the webs had an aspect ratic a/h of 0,7 and each
web had a centrally placed opening. The #/f ratios varied between 90 and 180, and this
means that some webs were stocky by way of the transverse stiffeners and other were
slender. The openings had unreinforced edges and were of either circular or elongated
circular shape. The effect of varying the shear/moment ratio in the panel on its strength
was studied. Stresses in one test panel were calculated from suain measurements at loads
up to collapse. It was found that the experimental results for the stockiest plates could be
reasonably predicted using 2n existing approach based on simple plastic theory.

2.3 Slender webs

Webs without openings in general

Siendet webs are defined as all webs that are not stocky. The shear capacities depend on
the web yield stress and modulus of elasticity, the A/ ratio, and the aspect ratio a/# as well
as the boundary conditions of the web edges.
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Unlike columns, which actually are on the verge of collapse as their buckling stage is
approached, the siender panels of a plate girder web, bounded by all sides by the girder
flanges and transverse stiffeners, are capable of carrying loads far in excess of their critical
shear load. Upon reaching the critical load, very slight lateral displacement will have
developed in the web. However, they arc of no structural significance, because other
mechanisms are still present to assist in resisting further loading, When transverse stiffeners
are properly spaced and strong enough to act as compression struts, membrane stzesses,
due to shear forces greater than those assoclated with the critical buckling load, form
diagonal tension fields. The resulting combination in effect provides a truss action, which,
without producing yield stress in the steel, furnishes the capacity to resist applied shear
forces unaccounted for by the linear buckling theory.
A definition of terms may be useful:

o [Elastic} critical load = load in a component at which the component becomes
unstable when asing small deflection elastic theory of a perfect structure. In this
linearised modet a bifurcadon takes place when the critical load is reached.

¢ Buckling capacity = load capacity of a component when post-cridical actions are
accounted for. Basically, the buckling capacity is limited by the material yicld stress
and acceptable displacements of the component,

By this definition, terms as “initial buckling load” and “post-buckling capacity” should be
avoided.

The existence of post-ctitical shear capacities in webs without openings has been known
since about 1880. Rode {1916) discussed 2 partial tension field and proposed a field width
of 50t. A pure tension field theory proposed by Wagner (1929 is only suitable for
structures where extremely thin plates are attached to very rigid boundary elements. This is
the case for instance in aireraft structures or for an inner panel in a plate with rigid cross-
beams and stiffeners. Further development of diagonal tension methods for aircraft
structures is described by Kuhn, Peterson and Levin {1952},

For civil engineering purpose, the major break-through for analytical methods based on
tension field action was achieved by Basler and Thiitlimann. The methods are described in
Basler and Thiitlimann (Aug. 1961), Basler (Oct. 1961a) and Basler (Oct. 1961b). Since
then several researchers have developed alternative and refined methods which have been
cotroborated in extensive test programs. The difference between these methods are mainly
due to vatious assumptions of how the teasion field is attached to the edges of the web,
and zbout the bending stiffness of the flanges. In the model by Basler and Thiirdimann the
flanges are assumed to have small bending stiffness and hence the tension field is attached
only to the transverse stiffeners. The Cardiff method, described by Porter, Rockey and
Evans (1975), utilizes the moment capacity of the flanges and assumes the tension field to
be attached both to the flanges and transverse stiffeners. In 1981 Cescotto et al. made
rnumetical simulations of plate girders by means of a non-linear finite element program in
order to evaluate several tension field models. The conclusion referred by Dubas and Gehri
{1986) was that the Cardiff method gave the best estimates of shear capacity compared to
experimental results. NS-ENV 1993-1-1 (1993) uses the Cardiff method oz, alternatively, a
simple post-critical method. However, in the further development of Eurocode 3, the
Cardiff method has been deleted as it gives inaccurate results for certain aspect ratios.

In stead of using the tension field method explicitly, the post-critical capacity can be
utilized implicidy through the term “simple post-critical strength”. This method allows
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higher values of the global shear buckling stress than the critical stress values. The amount
of post-critical shear capacity is mostly based on empirical results, There ate also vasiations
between different codes. Alternatively, some codes allow for post-critical action by using
the critical shear stress and applying lower safety factors in design checking for such cases.

‘The simple post-critical shear capacity of webs need not be based on empirical results
only, but can be developed from the so-called rotated stress field method, which is due to
Héghund (1971) and Hoglund {1973), Rod systems are used to model the stress pattern and
to caleulate the shear capacity, Originally, this method was developed for girders with web
stiffeners at the suppotts only, a structure for which other tension field merhods are very
conservative. In 1972 there was only two tests available for ratios A/f > 210 aad no
intermediate stiffeners. In Hoglund (1973) the allowabie shear strengths were reduced for
the large slenderness ratios because of the low number of tests. Since then a number of
tests have been made, showing that this reduction is not needed. Haghund (1997) teports
on shear buckling capacity of steel and aluminum girders and states that the rotated stress
field method, with some modifications, was found to give the best agreement with 273
tests on steel plate girders as well as 93 tests on aluminum atloy plate girders in shear, The
method is simple to use and is applicable to un-stiffened, transversally and longitudinally
stiffened flat plate webs and also to trapezoidally corrgated webs.

Critical shear stresses

Uenoya and Redwood (1977 studied critical shear coefficients for simply supported and
clamped plates with circular openings of various sizes. For the range of practical interest,
they proposed a formula for any rectangular panel with a central opening. Narayanan and
Der Avancssian (1984D) studied critical shear stresses of simply supported plates as well as
clamped plates, and suggested approximate design formulze for the practical cases where
the openings were not greater than 0,50k Openings were circular, rectangular, central,
eccentrically, unstiffened or reinforced. Critical shear stresses for reinforced OpEenings were
treated by Narayanan and Der Avanessian (1983b).

In the lower A/t ranges of slender webs, failure/collapse will take place as elasto-plastic
shear buckling. Uenoya and Redwood (1978) studied elasto-plastic shear buckling of square
plates with un-stiffened circular openings,

Simple post-critical method.

No literature describing the use of simple post-critical methods for webs with openings has
been found.

Rotated stress field method

Héglund also has developed his rotated stress field method to cover un-stiffened webs with
openings. In Héglund (1970) tests are described for welded girders with /¢ ratios from
200 to 300. Circular and rectangular openings without local stiffening are included. The
girders had pure shear and combinations of moments and shear, Two design methods are
described: The first method is based directly on the rod system that is 2 main idea of the
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rotational stiffness method. The second method is a modified version of the Vierendeel
method, in order to cover cases with large openings and cases with shear and moment. A
brief description of openings with reinforcements is also given. Further, a set of provisions
is given for design of openings in pre-fabticated girders from a fabricator of welded girders.

Tension field methods

When an opening is present in a web designed according to tension field theory, the
tension field may be reduced, relocated to another position or otherwise disturbed, Smaller
openings may not have any influence on the shear capacity.

AISC (1978) uses an indirect form of the Basler method for webs without openings.
When this tension field method is used, openings should not be “large”. If openings are
large, only the critical shear capacity shall be utilized. The thickness of the particular field
must be increased if required, or more transverse stiffencrs provided. Large opening is here
taken to mearn a circular opening with diameter more than 0,154

Based on the Cardiff method, Narayanan (1983a) describes theoretical methods of
computing the shear capacity of webs containing circular or rectangular openings. The
reinforcement requited to restore the strength lost by the introduction of the openings is
discussed. The uidmate capacity is computed as the sum of four contributions; 1) the
critical load, 2) the load carried by the membrane tension, 3) the load carried by the flange
and 4) the load carried by the reinforcement, if any. The results of some 70 ultimate load
tests on girders containing various forms of openings are summarized. The /2/7 ratios were
250 and 360 with aspect ratios of 1,0 and 1,5. Maximum opening diameter was 0,904, The
strength predictions obtained by the theory proposed are shown to be sufficiently accurate
in comparison with the values observed in test girders.

Subsequent papers by Narayanan and Der Avanessian claborate on certain aspects of
the proposed methods, but basically the methods are as already described in Narayanan
{(1983a). In Narayanan and Der Avanessian (1983b) a revised cridical shear cocfficicat for
webs with rectangular openings is proposed, and in Narayanan and Der Avanessian (June
1983) another one is proposed.

Narayanan and Der Avanessian (March 1984) extend the method to an un-reinforced
circular opening located right in the cotner of a web panel, but away from the tension field.
Basically the method is the same as in Narayanan (1983a). A small opening in the corner is
found to have only minor effect on the total shear capacity. Here, an opening 1s small if the
diameter is less than 0,30/, Its main effect is to reduce the critical shear stress. A reduction
in the critical shear strength slightly increases the strength of the tension field. Hence the
total effect is minor and the paper proposes a simplified expression for the shear buckling
capacity proportonal to the ratio (1-D/h) compared to the web without openings. This is
also conservatively applicable when the opening is central. Large openings modify the
behavior compared to a web without opening and cause the tension band to form in an
eccentric position. In this case the tension band is anchored at one end mainly to a flange
plus a short end of stiffener and at the other end mainly to a stiffener plus a short length of
flange.

In Narayanan and Der Avanessian (1984b) the authots claborate on the background for
the various reduced critical shear coefficients they have used in their earlier papers. One
reason that the formulae proposed in the other papers vary, is because different
approximations are better for small openings than for large openings. Narayanan and Der



10 CHAPTER 2 PREVIOUS STUDIES

Avanessian (June 1984) seport on further tests of reinforced circular openings and
reinforced rectangulat openings. Narayanan and Der Avanessian (Aprl 1985) is a
shortened version of earlier papers, with detailed refinement of some of the expressions. It
concentrates on small rectangular openings, both un-reinforced and reinforced.

Narayanan and Darwish (1985) extend the method described in Narayanan and Der
Avanessian (March 1984) to cover openings that are neither central not in the compression
corness of the web panel. Cases of small or large openings are considered. Tests with
square and circular openings at vatious points in square panels are compared with the
theory. A simple design method is also justified, in which linear interpolation is used
between central and corner positions. For the corner position 90 % of the capacity without
opening is adopted, but this is only applicable to small openings.

Key points of the method are also included in ECCS Publication 44 by Dubas and
Gehti {ed.) (1986). Here, another expression for the shear buckling capacity of webs with
rectangular openings is proposed.

In Constructional Steel Design — An International Guide, Maquoi (1992) proposes to
use the simplified method by Narayanan and Darwish (1985) for eccentric openings in
panels for aspect ratios from 0,8 to 1,25, which he assumes to have been the investigated
range. However, in the paper by Narayanan and Darwish the panels all had the aspect ratio
of 1,0, It also introduces a limit of validity for non-central openings in the form of a figure
showing a permissible region. This region leaves a clearance of 0,35x from the
compression flange and from the stiffener where the tension band meets the tension flange
and a clearance of 0,10x from the tension flange and the other stiffener, where x is the
lesser panel dimension. It is assumed that this is taken from an eatlier German
recommendation and not from the paper by Narayanan and Darwish. Quite contraty,
Narayanan and Darwish (1985) indicated that an opening tight in the corner away from the
tension band gives the smallest reduction in the shear buckling capacity of the panel,
without any distinction between tension and compression flanges.

For webs with openings and where tension field action is utilized, ENV 1993 Annex N
(1998) has provisions for girdess with web openings up to 0,75k, Aspect ratio must be
between 1,0 and 3,0. Circular and rectangular openings are covered. CEN (1995} is a
background note for the recommendations in ENV 1993 Annex N {1998). However, as the
rules for webs without openings that were based on the Cardiff-method, now is deleted
from Burocode 3, it may be cxpected that the provisions will also be deleted from ENV
1993 Annex N (1998).

Other methods

Narayanan and Rockey (1981) describe a theory for computing the shear capacity of webs
with circular openings and present a design method. The A// ratios tested were 250 and
360 and aspect ratios 1,0 and 1,5, Maximum opening diameter was 0,804 The shear
capacity was found to vary linearly with the factor (1-D/h). The concept or model of the
opening as interrupting the tension field does not appear in this paper, neither does its
effect on the critical shear capacity.

The checkerboard method and the doubler plate method are described by Buckland,
Bartlett and Watts (1988).
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An experimental study by Lee, Kamtekar and Lirde (1989) comprises webs with ratios
hft = 90 and A/t = 180 and aspect ratios 0,7. The former belongs to the stocky web
category. The openings were circular or elongared and had un-reinforced edges. The
approach based on simple plastic theory methods, which was successfully used for stocky
webs, could not be applied to the mote slender panels. The method based on the tension
field approach, proposed by Narayanan and Der Avanessian, was unable to predict the
failure loads of the panels.

An alternative to tension field methods is preseated in Lee (Feb. 1990). The girders
considered had transvessely stiffened webs with aspect ratios between 0,7 and 1,5. Height-
thickness ratios were about 120, 180, 300 and 370. Openings were centrally located and of
citcular, rectangular and elongated shapes. The ultimate shear capacity is determined using
a theoretical model developed on the basis of stress fields and load-carrying mechanisms
observed experimentally from test results, pumerically from finite element calculations and
simplified to allow for variations in web and opening size. The predictons obtained from
the theoty are compared with experimental and numerical results available, and it is found
that the theory provides reasonably accurate estimates.

Experitents

A comprehensive experiment program was performed at The Norwegian Institute of
Technology (NTH) in the years 1978-85 in order to map the parameters that influence the
shear capacity of slender plate girders with latge web openings. The most important
patameters in this program were the size and location of the web opening and the design of
vatious types of stiffening. The experiments are further described in Chapter 4.

2.4 All webs

Some of the methods referred in Section 2.3 are applicable for all webs:

¢  Rotated stress field method
*  Modified Vierendeel method
¢ Checkerboard method

+  Doubler plate method
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2.5 Stressed skin

The notation “stressed skin” has its origin from metal sheeting on buildings used as
diaphragms to avoid use of bracings. The stressed skin method must not be intermingled
with tension field methods. In Norwegian offshore industry it is common practice to use
the stressed skin: method for design of living quarters and other topside modules.

In stressed skin design the following basic assumptions ate made:

e 'The plate panels of walls and decks are assumed to resist shear stresses only. This
means that all normal stresses from membrane actions, including tension stresses, are
ignored in the panels,

o  Normal stresses are carried by defined axial elements. In living quarters these elements
are cotumns, deck girders and panel edges such as wall to floor connections ete. In the
heavier module stuctures these elements are columns, deck girders and wall trusses.

e Shear forces may be assumed to be redisttibuted to obtain equal shear flow over the
total height or length of a panel.

The stressed skin method is described by Soliand and Frank (1988). A typical panel may
consist of 6 mm plane steel plate of 2 = 3200 mm with several transverse stiffeners on one
side having center to center distances @ = 625 mm. This gives h/t = 104 and a/h = 0,20
for cach sub-panel. The length of the total panel is usually longer than the height.

Although an efficient stressed skin design requires consideration of ultimate strength
and allowance for post-critical behavior of the plate panels, it is not common to utilize pure
tension ficld methods in the design of such panels. But the possible development of
tension fields is & main reason to believe that the stressed skin method leads to a safe
design.

Discussion of the stressed skin design method as such, is not the scope of the present
investigation. However the basic assumptions show much similarity with 2 beam or plate
girdes, if the web is assumed to carry shear force only and the flanges ate assumed to catty
moments. For panels designed by the stressed skin method, Solland and Frank (1988)
describe a method of design of local reinforcement around square and rectangular
openings. Such design will be of interest in the preseat investigation and the method is
therefore described in more detail in Section 3.10.
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Chapter 3

Review and evaluation of load-carrying theories

3.1 Introduction

This chapter describes the most impottant load-carrying theories for beam and girder webs
with openings. The term “bearn™ is used for I-shaped sections where it is presumed that no
buckling of web and flanges occur. The term “girders” is used for all other I-sections.

The swarting point is the statc-of-the-art methods for beams. Section 3.2 and 3.3
deseribe two principles; design based en allowable stresses and design based on strength
criteria, The opportunity is taken to cxplain the basic terms and concepts connected to
webs with openings. Buckling is not described as such, but requirements to ensure that
buckling does not occur, are given. For rectangular openings the design based on strength
criteria can be considered as well established. Only minor developments should be
expected in the future. For cireular openings the current approach is to use a substitute
rectangular opening,

For girders, where global and local buckling can occur, the existing load-carrying
theoties and design methods are described in a sequence that “advance the solution” by
continuation. The idea is to start with the simplest metheds invelving only a few factors
and add more methods and factors in small steps. The main objectives are; 1) a simple
solution should not be overlooked and 2) good solutions should not be hidden in 2 morass
of possible solutions involving a lot of factors. Hence Section 3.4 describes genceral stress
concentration around circular and rectangular openings, assuming no buckling, Both elastic
and plastic theoties are covered. Secdon 3.5 describes simplified shear buckling based on
post-cgitical behavior. This concept is developed for webs without openings. Similar
concepts for webs with openiags are scarcely found in the literature, but a possible
extension to webs with openings is discussed. The rotated stress field method can be
considered as an important step in that direcdon. This method includes plastic theory and
is described in Section 3.6, For large rectangular openings a medified Vierendeel method
may give better results than the rotated swess field method, The modified Vierendeel
method is described in Section 3.7. Moment-shear interaction for both the rotated stress
field method and the modified Vierendeel method is presented in Section 3.8. Tension field
methods are iacluded in Section 3.9. These methods presume web buckling beyond the
critical stage and utilize plastic theory.

The stressed skin method is described in Section 3.10. This methed utilizes simplified
post-czitical strength and plastic theory, It can be used for very thin webs, However it does
not allow buckling beyond the simplified post-critical stage and a system of stiffeners
around an opening is compulsory. A closely related method is the checkerboard method in
Section 3.11.

By using doubler plates, the full shear capacity of a web can be restored. The doubler
plate method is included in Section 3.12.

Section 3.13 covers the method proposed by Lee (June 1990).

A conclusion of all theorics is included in Section 3.14.

To ensute a clear distinction between existing theoties and my contribution to them,
cach section starts with the theoties as described in the literature. My contribution is the
discussions at the end of each section and the conclusion in Section 3.14,
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3.2 Methods based on allowable stresses

3.2.1 General

The principle is: When global shear and moment are given in the center of an opening,
shear and bending stresses in the sections at cach end of the opening are calculated based
on elastic theory, The design is accepted if the shear stresses, the bending stresses or
combinations of those, all are below or equal to some allowable stress values.

Methods of analysis tmay conveniently be described in three categories; 1) analytical or
numerical solutions of differential equations of the theory of elasticity, 2) finite element
analyses and 3) approximate methods based on assumptions permitting vatious parts of the
beams to be dealt with by elementary beam theory. Methods of the first and second
category are referred in Redwoed (1983). Analytical methods will always remain to be of
interest, both from 4 historical point of view and because fundamental issues wsaally come
to knowledge. Methods based on early use of finite element analyses are perhaps more
doubtful. The performance of elements has improved and the numbers of elements that
can be used in an FE-model have increased considerably since those analyses were made,

For the use in the present thesis, only the third category will be explained in some detail.
The description may appear comprehensive for a method that ought to be replaced by
other methods. But it should provide a good background to the subsequent descriptions. It
also corresponds to the design approach that is used for many other and larger structures in
Norwegian offshore industry,

3.2.2 Approximate analysis

When the term “allowable stress” is used, the loads are usually un-factored and all safety
factors appear as reduction in the allowable stresses. But, the principles of the allowable
stress methads are not altered if the term “design stress” is used. Safety factors are then
split between factors that increase the loads and factors that reduce the design stress.
Hence the method slso corresponds o elastic design in the ultimate limit state.

The forces at an opening are depicted in Fig. 3.2.1 a) and b). Fig. a) shows the opening,
and D, and Dy are the length and the height of the opening, tespectively. The global sheat
and moment acting at the vertical centetline through the opening are denoted ¥ and M.
The global moment is also called the primary moment, Fig. b) shows a more detailed
pictare. The part above the opening is denoted the top tee. It is subjected to shear V; and
sccondary moments My and My,. The patt below the opening is denoted the bottom tee. It
is subjected to shear ¥V and secondary bending moments My and My, . The acting forces
on the tees in the center of the opening are shown as filled arrows, The reaction forces at
the tee ends are shown as open arrows. The subscripts ¢ and & stand for top and bottom,
and the subsctipts / and 4 point to the low and high moment end of the opening. The
terms “low moment end” and “high moment end” ate telated to the size of the primary
moment at these positions. The term “tec” is used also for a reinforced section,
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M) and My are equal to the primary moments at the low and high moment ead of the
opening, respectively. Failure modes are shown in Fig, 3.2.2. The behavior depends on the
ratio of primary moment-to-shear. For high primary moment-to-shear ratios the failure is
approaching the pure bending mode. See Fig. 3.2.2. a}. For medium and low moment-to-
shear ratios the shear and secondary bending moments increase, causing increasing
differential, or Vierendeel, deflection to occur through the opening. See Fig. 3.2.2. b).
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Fig. 3.2.2 Failure nodes at web openings [from AISC (1990) Fig.5.2)]

The bending stresses due to primary moments in each end are given by

di',l(z) = at.,l(z) = ""Iﬂiz (3.2.6)

hel

where index “7” points to “ptimaty”. Jny is the second moment of area for the total net
section at center of opening, that is including horizontal reinforcement, if any, and
excluding the opening. z is the distance from the centroid of the net section, with positive
direction upwards.

For the distribution of shear and secondaty moments, the structure is static
indeterminate. It is made static detetrninate by the following approximations; 1) the top
and bottom shear are distributed according to local stiffness of the top and bottom tees
and 2) the secondary moments are equal at each end of the top and bottom tees,
respectively. The latter approximation implies that inflexion points ate located in the
middle of the top and bottom tees. This is often called the Vierendeel approach because of
the analogy with calculation of Vierendeel girders.

The approximations result in the following equations

i, 31
K ]216 Awb P Aw
AT Db oy Tt 3.2.
v, D 31 4 G20
121, 4,
My =M, =K‘-f—“ (3.2.8)
v,D,
My, =M, = bz (3.2.9)

I, and I, are the second moment of areas of the top and bottom tee. A, and Ay ate the
web areas of the top and bottom tees.
‘T'he stresses in the top tee ate

VS,
=Lt 3.2.10
w(z)="r (3.210)

r

wﬂif-iz, (3.2.11)

1

s

o-fJ,Z (zr) =
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M!h

Oz )= z, (3.2.12)

i

Index “2” points to “secondary”. 2z, is the distance from the centroid of the top tee, with
positive direction upwards. S, is the first moment of area for the top tee. The stresses for
the bottom tee are similar.

Moment-shear interaction is handled by adding the bending stresses from the primary
and secondary moments. Fig. 3.2.3 represents a typical result. Often the highest bending
stresses at the opening edge occur in the low moment end, while the highest stresses in the
flanges occur in the high moment ead.

C-n0 -296

|
7

+128

~

-135 )

)

+220 +282 -

Fig. 3.2.3 Resulting bending stresses in both ends of a web apentng.

Bending and sheat stresses atre combined by the von Mises critetion to check yield, The
allowable stresses arc usually given by some natonal or international code.

Local buckling must be checked. Post-critical capacities cannot be utilized, because this
alters the section properties and disturh the assumption that the secondary moments are
cqual in low and high moment end. Hence, the flanges and reinforcement must comply
with class 3 criteriz for normal stresses. For un-stiffencd parts of the web above and below
openings, buclding check can be simplified by limits to the width-to-thickness ratio. Bower
etal. (1971} recommends a kmit of 16 for such parts,

At last, lareral buckling of the compression flange, vertical buckling of the tee in
compression and transverse buckling of the reinforcement should be checked.

The deflections in Fig. 3.2.2 are exaggerated, Methods for caleulating real deflections of
beamns with openings ate proposed in the literarure, but such calculations are usualiy not
required whern design is based on allowable stresses, Exceptions can be beams with very
long openings and low primary moment-to-shear ratios.

Corner tadii should be the greater of 27 and 16 mm to avoid excessive stress
concentrations.

Concentrated loads above or below the opening should be avoided.

Circular openings ate more difficult to analyze because the varying depth of the tees
complicates the behavior under both moment and shear. Some methods commonly used to
analyze stresses in haunched member connections can be used in conjunction with the
assumption of inflexion points at the mid-length of the opening under pure shear,
However, Bower et al. {1971} states that there is adequate information to use the described
method for circular openings too, provided the circular opening is replaced by a rectangular
opening whose height and length are 0,90 and 0,45D, where DD is the diamcter of the
circular opening,
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Vatiations of the method are mainly connected to the following issues:

e Shear stress is taken as average shear stress in stead of the pure elastic stress given by
Figs. (3.2.10). This anticipates some plastic behavior.

s Simplification of the cquations such that the ¢ffect of the opening can be given directly
in terms of, for example, the height and length of opening and web and flange areas.

o To calculate the effect of the opening in terms of a reduced maximum allowable stress
and to compare this stress with the stress in the beam that is computed on the basis of
the gross secton of the beam. Often such approaches are connected to the use of
certain national codes.

3.2.3 Discussion

If openings ate rectangular, the method explained follows strict clementary beam theory.
Except for distribution of shear to the top and bottom tee and the Vierendeel approach,
the calculation of stresses follows the path that is used in most linear finite element
programs. The steess check is similar to the code check that is petformed for the design of
offshore structures by using SESAM, one of the most common finite clement programs in
Norway.

An alternative to the method is to make an FE-model of the opening including & past of
the beam to each side. If a rectangular opening is modeled with 2 fine mesh and lincar
clements, the results are usually quite similar to results calculated by the described method.
Such compatisons have given the method a good reputation amongst design engineers. In
addition the method is casy to follow by hand calculations or to implement in a
spreadsheet.

However the features described for an FE-analysis ate not necessarily a proof of the
quality of the method. Two main reasons ate advanced against it:

1) The calculated stresses are inaccurate. The method can locate the positions where high
stresses occur, but it does not give those stresses with high precision. Stress
concentrations in the comers are not incladed. Round cotners reduce the stress
concentrations, but they do not remove them. To calculate the stress concentrations
with some confidence, for example to be used in fatigue analyses, the method must be
replaced by analytical methods. Alternatively, finite clement analyses can be used, but
very fine meshing is required in the ateas of high stresses.

2) 'The method does not show the full strength of a ductile structure. Yielding in a very
small area is the limiting factor when fatigue and buckling are excluded. The results are
usually conservative. In real structures yielding can take place in large areas before the
maximum strength is reached. To calculate the maximum strength more accurately,
plastic theory must be used. Alternatively, non-linear finite element analysis can be used.

For circular openings and for the approximated variations of the method, the accuracy of
the results may be even more doubtful,

The buckling checks are basically the same as those required for the method based on
strength ceiteria, The discussion of these issues is included in Section 3.3.3.
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3.3 Methods based on strength criteria

3.3.1 General

The principle is: When global shear and moment are given in the center of an opening,
these are compared with shear and moment capacities by means of interaction equations.
The capacities ate based on plastic theory. The design is accepted if the interaction
equations give a value below or equal 1o some design values,

Design methods based on strength criteria have been developed because the design
methods based on zllowable stresses, or elastic sesponse, do not give an accurate prediction
of strength or margin of safety. Using strength criteria, the design of web openings has
historically consisted of the construction of moment-shear interaction diagrams of the type
illustrated by the dotted Ene in Fig. 3.3.1.

My
Mm

{VmsMV)

Simplified moment-shear interaction diagram

Vm

Fig. 3.3.1 Monsent-shear interaction diggrams

The sheat capacity is influenced by the acting secondary moment and the primary moments
in non-linear ways even when buckling is excluded. For a certain web opening in 2 certain
beam, an accurate interaction diagram mmust therefore be constructed point by point.
Basically, the diagram is valid only for that opening and beam and cannot be used for other
openings.

For design it is preferable to generate the interaction diagrams more simply. This has
been done by calculating the maximum moment capacity and the maximum shear capacity
and connecting these points with a curve or series of straight line segments. Various
proposals have been made and some of these requirc a third point that represents the
maximum moment that can be carried at maximum shear, See the solid line in Fig. 3.3.1.
Virtaally all methods agree on the maximoum moment capacity My . This represents the
bending strength at an opening subjected to zero shear. The methods differ in how they
calculate the maximum shear capacity ¥y, and what curve shape is used to complete the
interaction diagram. The maximum shear capacity has been calculated for specific cases,
such as concentric un-reinforced openings, eccentric un-reinforced openings and eccenteic
reinforced openings. The result has been a series of special interaction equations.

AISC(1990) uses a method that is further simplified. A single approach can generate 2
family of equations, which may be used to calculate the shear capacity of openings with and
without reinforcement. The basic procedure is explained below.
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3.3.2 AISC method

General

The forces acting at & web opening are similar to those shown in Fig. 3.2.1 assumning now
that the shear ¥ and moment A are factored forces. As Egs. (3.2.1) to {3.2.5) are based on
equilibrium, they are sl valid for the present methad.

Failure modes are similar to those shown in Fig. 3.2.2.

Moment-shear interaction

Primary bending and shear occur simultancously at most locations within beams. At a web
opening, the two forces iateract to produce lower streagth than are obtained under pure
bending or pure shear alone. Formnately, at web openings in beams, the interaction
between primary bending and shear is weak. Neither the primary bending strength nor the
shear strength drop off rapidly when openings arc subjected to combined bending and
shear, Utilizing this effect, the present method assumnes the following:

s M, and ¥, can be calculated separately, assuming no interaction,

* The interaction hetween the nominal primary bending and shear capacities M), and ¥,
is governed by

3 3
M, Yo
)

Eq. (3.3.1) is represented by the super-ciliptical curve in Fig. 3.3.2,

My
Mm

Vm Vp

Fig. 3.3.2 Desipn interaction cnvae
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Maximum capacity for primary moment

See Figs. 3.3.3 and 3.3.4. W}, is the plastic section modulus of beam without opening,
¢ = |e| is the eccentricity of opening. A, is the cross secdon area of the reinforcement in
cach tec.
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Fig. 3.3.4 Beam with reinforced opening

For beams with un-reinforced openings, the primaty moment capacity in pure bending is
D,
Mm =fy pr“Dhl *‘ZL“F(? (7}?}2)
For reinforced openings, Bq. (3.3.2) is modified, depending on fe < A, or #> A4, .

Maximum capacity for shear and secondary moment

V. is calculated for the pure shear condition, assuming that Ay, = 0. This means that there
are no axial forces in the top and bottom tecs. Eqs. (3.2.1) to (3.2.3) give

V;n = Vnu + Vmb (333)
MM, 2M ) (33.4)
mt - o
Da Dﬂ

V - Mpb.' + Mpbil - 2M;;}1(th)
mh T D - D

o [

(33.5)
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My and My are the plastic capacities for secondary moments. Subscripts 7 and & point to
top and bottom tee and 4 and / point to high and low moment end of opening, The
Vierendeel approach is used, assuming that the moment capacities are equal in each end of
the top and bottom zees.

Unfortunately, there is interaction between the shear and the axdal stresses from the
secondary moments: The available axial stresses firs in the tee webs, contributing to the
plastic moment capacity, are reduced by the von Mises ctiterion

Srvea 72 f7 =37 (3.3.6)

where the shear stresses 7 are functions of Ve and Vs . From this it follows that the
plastic neutral axes of the tees are functions of the sheat, and hence also influence the
contributions from the beam flange and the reinforcement. The overall result is that Egs.
(3.3.4) and (3.3.5) are third order equations, These equations must be solved by iteration,
since 2 closed-form solution cannot be obtained.

Approximated closed-form solutions

For practical design, however, closed-form solutions are desitable. Approximated solutions
require one or more additional assumptions, which may include; 1) a simplified version of
the von Mises vield criterion, 2) limiting plastic neutral axis locations in the tees to specified
locations and 3} ignoting local equilibrium within the tees. The form of solutions for Vo
and ¥, depends on the particudar assumptions selected. AISC {1990) uses all three
assumptions. A brief description of the AISC approach is as follows:

& The von Mises criterion is simplified using a linear approximation
.fy,rc«.’ - .fy'\/i_ - T'\/g (337}

The value /2 is sciected to provide the best fit with data. A maximum shear cutoff is
also applied. For low sheat, the reduced axial stress may be greatly overestimated.

o The flange stresses ate not used to calculate the secondary moment capacities. The
plastic neutral axis usually lies in the flange and the flange thickness is small relative to
the depth of the tee. Thus, the contribution of the flanges to the secondary moment
capacity is small.

e A major simplification is made in the distribution of stresses. See Fig. 3.3.5, The shear
and axial stresses are assumed to be uniform through the tee web depth, ignoring Jocal
equilibrium.
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The top tec is uvsed to develop an equation for the maximum shear capacity of a1 tee

without reinforcement in general form: Equilibrium for moments taken about the top of

the flange at the low moment end of the opening gives
v.D 57

mi e .

5 et " (3.3.8)

where §; is the depth of the top tee.

Using Eq. (3.3.7), and inserting 7 = % , ¥ =:%s!t and ¥, = ?" in Eq. (3.3.8) result

Ll

¢ 7

in the following linear equation for the maximum shear capacity:

V6
sz = [m‘ Vp.’ = Vpr (339)

For reinforced openings, Eq, (3.3.9) is modified to:

Vi = {\@ i%’ }Vm v, (3.3.10)
v, +

where 4, and Vv, ate functions of geometry and yield stress, g, includes the positive

contribution of the reinforcement to the secondary moment capacity and Vv, approximates

the negative effect from movement of the plastic neutral axis.
The shear capacity of the bottom tee is given by suitable substitutions in Eqs. (3.3.8) to
{3.3.10).

Design checking
The factored forces M and ¥ at the center of the opening are checked using the design

interaction curve in Fig. 3.3.2 by plotting the point { V/V, , M/M, ). If the point lies
inside the curve, the design is accepted. This is the same as the following requirement:

3 3
[ﬂ} +(_V“J <1 (3.3.11)
M v

m
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Buckling

Plastic section properties are presumed. AISC (1990} gives explicit guidelines for various
buckling modes:

*  Web buckling. There arc limits on the opening parameter py , the web height-to-
thickness ratio, the opening length-to-height ratio, the shear capacity, the height of the
opening and on tee depths and aspect ratios:

p, = D, + 8D, <56 (3.3.12)
L] h
? <67 (3.3.13)
D h
D“ €22 and V, .. =045F, when 7 <67 (3.3.14
A
D h
D“ <30 and ¥, . =067V, when m <54 {3.3.15)
h
B <070 (33.16)
h
s s,
22015 and 22015 (3.3179
h h
D, <12 and D, s12 (3.3.18)
S Sp

The depth of beam has been replaced by 7 for simplification in this presentation and
the yield stress f, = 420 N/mm? has been assumed in Eqs. (3.3.13) to (3.3.15). The limit
on pg also serves to ensure that the linearisation of the von Mises stress provides
conservative predictions for the beam shear strength, even if web buckling is not 2

factor. ¥, :%ht is the plastic shear capacity of the web without opening. The

minimum depths of tees ate based on the need to transfer some load over the opening
and lack of test data for shallower tees. The limit on the aspect ratio of the tees is based
on lack of test data for beams with greater aspect ratios.

e Local buckling of compression zone in tee webs when reinforcement is used. No
guidelines given.

s Local buckling of compression flange.

b
21 <84 (3.3.19)
2,

where by and # ate the breadth and thickness of the flange.

¢ Lateral buckling of compression flange. In beams with un-reinforced openings or
reinforced openings with the reinforcement placed on both sides of the web, the
torsional constant of the beam should be muitiplied by
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2
D D24
-] == | £ =1 3.3.20
{ [L,,]tiH+2bfji| ¢ )

where Ly is unbraced length of compression flange and H is the depth of beam. 4, = 0
for beams with reinforcement on only one side of the web. Beamns reinforced on one
side of the web should not be used for long laterally unsupported spans, For shorter
spans, the lateral bracing closest to the opening should be designed for an additional
load equal to 2 % of the force in the compression flange.

e Vertical buckling of tee in compression without reinforcement should be investigated
as an axially loaded column, but is not required when the aspect ratio of the tee web is
less or equal to 4.

¢ Vertical buckling check of tee in compression with reinforcement is only required for
large openings in regions of high primary moment.

¢ Local buckling of scinforcement. Similar to the compression flange.

®  Transverse buckling of reinforcement. No guidelines given.

Deflection

Methods for calculating the deflection of a beam caused by openings are given. The
material 5 more vtilized in plastic theory and deflections are generally larger than in the
method based on allowable stresses. In most cases, however, the influence of a single
opening is small,

Other considerations

o Comer radii should be the greater of 2/ and 16 mm to avoid excessive stress
concentrations.

» Concentrated loads above or below the opening are not allowed.

s Circular openings without reinforcement may be designed using the expressions for
rectangular openings, i the following substitutions are made:

D, =D for bending {3.321)
D,=09D  for shear 3.322)
D, =045D  for bending and shear {3.3.23)

e Circular openings with reinforcement may be designed using the expressions for
rectangular openings, if the following substitutions are made:

D =D for bending and shear (3.3.24;
D, =045D  for bending and shear (3.3.25)
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Reinforcement. A limit is placed on the size of the reinforcement that can be included
in the equations, based on the yield shear strength of the web:

Dy
Ay S =5 (3.3.26)
¥, max 2\/:_3_

which also limits the maximurmm shear capacity that can be obtained at the opening.

Reinforcement should preferably be placed on both sides of web, but can be on one
side only, if the following requirements are met:

Af
4,55k (3.3.27)
Dicas (3.3.28)
Dfl
Sf_' <18 and f{-”— <18 (3.3.29)
M a0 (3.3.30)
VH

where Ay is the flange area and f;, = 420 N/mm’ is assumed for Eq. (3.3.29). The
crteria are designed to limit reductions in strength caused by out of plane
displacements from by eccentric loading of the reinforcement. Eq. (3.3.30) limits the
use of unsymmetrical reinforcement if the primary moment is high. In such cases the
out of plane displacernents of the web can be severe. For shear, the lateral displacement
mode caused by the unsymmetrical reinforcement changes, and this aliows a preater
capacity to be developed.

Reinforcement must be sufficiently anchored to develop the full yield strength of the
bars, since this is presumed for the design method. This requires an anchoring length

_AV

min 7]

(3.3.31)

If the anchoring length is at least 50 % of the opening length, a single fillet weld can be
used in the opening part of the reinforcement and doubie fillets in the anchoring patts.

Spacing of openings. To avoid interaction between openings, the following
requirements should be followed for rectanguiar openings:

S, zh and S, 2D —5 (3.3.32)

where §, is the clear space between openings The criteria are meant to ensure that a
plastic mechanism involving interaction between openings will not develop, instability
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of the web posts between openings will not accur, and web posts between openings
will not yield in shear.
For circular openings

%

v
S, 215D and S,2D|—2- (3.3.33)

3.3.3 Discussion
Approximated interaction diagram

Inn AISC(1990) the interaction between primary moment and shear is represented by a
simplified interaction diagram, given by Eq. (3.3.1). An alternative may be to use the basic
plastic theory direcily, including axial forces in the top and bottom tee from the primary
moment. ka the preseat thesis this has been done by means of a spreadsheet. The purpose
is to sce if this procedure is a practical thing to do and if the result is in accordance with
Eq. (3.3.1). A brief description is as follows:

Eqs (3.2.1) to (3.2.3) give

Vo=V tV, (3.3.34)
V.= M (3.3.35)
Dﬂ
2M (VM
= w_fb(’#b.l (3.3.36)

a

which are similar to Egs. (3.3.3) to (3.3.5), but now ¥}, is a function of ¥, , Vi and M, .

T'wo approaches ate possible; 1) to find the shear capacity ¥, when the primary moment
is given and 2) to find the primary moment capacity M, when the shear is given. Both
approaches should give the same interaction diagram. A solution is to start with the first
approach and continue with the second approach.

The approaches are of course the same as finding the interaction diagram point by
point. An example is made for an HE1000A with 2 square opening with sides equal to
0,50A. It is fairly easy to find the shear capacity when M = 0 by using a spreadshect. Also to
find the primary moment capacity when V = 0 is easy. It is mote tedious to find the
primary momnent capacity when ¥ > 0. The diagram is shown in Fig. 3.3.6.

Fig. 3.3.6 also shows the interaction diagram given by Eq. (3.3.1} for comparison with
the approach described above. Here, M, and ¥, is calculated from Eqs. (3.3.2) and (3.3.9).
Even though the value for 7, in itself is slightly conservative, the curve given by AISC,
somewhat surprisingly seems to be non-conascrvative for the smaller shears,
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My

Eq. (3.3.1)

Paint by point moment-shear

/ interaction diagram for HE1000A
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Fig. 3.3.6 Interaction diagram for HHE1000A with a square opening with sides 0,5 Oh

Tt is however felt that in general the moment-shear interaction approach proposed by AISC
is better to use in practical design. The concept that moment and shear capacities are
calculated separately, followed by design check based on combination of the topical
intcraction ratios, is a preferred method to keep the overview of the design intact. Spread
sheet solutions are useful, bur cannot completely compensate for this purpose.

An interaction curve to be used for design purpose must include also precautions
against factors not included in the theoretical models. Hq. (3.3.1) has been proven by many
practical tests. At this point in the present thesis, the findings of the calculated example
should be regarded as an indication that the use of another, more conscrvative, curve
“should be further invesdgated.

Reduced yield stress based on the von Mises criterion and linearisation.

Being an approximation in itseif, the von Mises criterion could be replaced by the Tresca
criterion, which is frequently used in plastic theory. The Tresca criterion assumes that yield
oceur when the maximum shear stress reaches a critical value, which in this case for plane
stress would be 0,5/, .

The von Mises criterion is used in almost all design rules. It is also simple to apply in
computations. Another benefit is that for un-reinforced tees, the reduced yield stress
critetion automatically leads to normal stresses in the outmost fibers that are far less than
the yield stress. Hence class 1 is not required for the tee webs, actually some kind of class 4
is sufficient.

However, considering the von Mises criterion as such as a good solution, the
lineatisaton of the same criterion should not be accepted. The approximation in Eq. (3.3.7)
is rather coarse and can lead the solution asteay. Actually some restrictions have had to be
put on the opening sizes to limit bad results of this approximation. Another result is, for
example, if the maximum reinforcement of Fq. (3.3.26) is used: Then the yield shear
strength of the tee web is expected to be obtained. But Eq. (3.3.10) does not give
Ve = 1,0V, . Today, when spreadsheets are available, lineatisation is perhaps less
important than before, and the von Mises critetion should preferably be used as is.
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Constant shear stress

The real shear stress is approximated as a constant shear stress over the height of the tee
webs. Especially for un-reinforced tees, this is far from the real stress distribution. Also this
solution is not a pure lower bound solution, because the requirement {or equilibrium is not
fulfilled on fibet level,

Another approach could be to assume a “reservation” for the shear force in 2 section of
the web near or around the plastic axis of symmetry, such that this part do not contribute
to the secondary moment capacity. The rest contributes with full yield stress. For openings
without reinforcement this is difficult, because the plastic axis of symmetry usually lays in
the flange. For reinforced sections this approach is applicable and is consistent with a
frequent simplification that the flanges and the reinforcement take the moments and the
web takes the sheat.

However, two arguments point at keeping the assumption as is. Fisstly, for a lower
bound solution it usually sufficient 1o satisfy the vield and equilibrium requirements in the
average sense, Actually this is a basic assumption behind much elastic and plastic theory.
Secondly, together with von Mises yield criterion, it leads to smaller normal stresses in the
outmost fibers. This probably limits the local buckling in the corners. See further below,

Thin flanges

It is presumed that flange thickness is so small that it has minor influence on the
calculation of shear capacities. When spreadsheets are used, the approximation is pethaps
less important, but should stll be allowed. The etror made is usually small and in many
cases the overview of particular solutions and equations is considerably improved.

Web buckling

The AISC (1990) restriction on the web A/! ratio is mainly connected to the contribution
from the web to the primary moment capacity. No restriction is placed on the global shear
buclding capacity of the web without opening and it is assumed that the requirement for
ptimary moment capacity will cover global shear buckling as well. In NS-ENV 1993-1-1
(1993) the h/7 ratio for beams without openings are limited to about 52 for steel with
Jy = 420 N/mm? , if buckling is not considered.

For beams with openings, AISC (1990) states that the combined restrictions of web A/t
ratio, the opening shape, location and sizes, together with 2 reduction in shear capacity, will
avoid both global web buckling and local transverse buckiing of the tee webs. No
restriction is placed on the width-to-thickness ratio of the outstand tee webs for un-
reinforced openings. The result is that rather high width-to-thickness ratios arc allowed.
One explanation could be that small openings give smaller secondary bending stresses
acting in tee webs with high width-to-thickness ratios, while large openings give higher
secondary bending stresses acting in tee webs with low width-to-thickness ratios.

The liberal width-to-thickness ratios can be illustrated by the following example, sce
Fig. 3.3.8. Assuming //1 = 67 for the web, an allowable opening of 0,774 x 0,35/ is placed
entirely in the lower half of the web., The width-to-thickness ratio of the upper tee is 34,
corresponding to class 4 for axial stress. The maximum secondary bending stress in the tee
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in the example is calculated to 0,60/, , far more than the design buckling stress of an
outstand element with width-to-thickness rado 34, The reason could be that the
consideration of the tee web as outstand element is not relevant, because the bending stress
is rapidly reduced outside the end of the tee and towards the midpoint of the tee,
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Tip. 3.3.7 Opening in lower half of web

For small openings, Eqs. (3.3.14) and (3.3.15) give a severe reduction in shear capacity.
Even a very small opening gives minimum 33 % reduction compared to the web without
opening. It should be questioned if this limit is necessary. An improved formulation,
giving no reduction when the opening size goes 10 zeto, is probably better.

Local buckling of the compression zone ia the web above or below the opening when
reinforcement is used is normally not governing for beams, because: Class 1 for axial
stresses requires a width-to-thickness ratio of 25 for steel with f, = 420 N/mm®. The
requirement to avoid global buckling for bending is a height-thickness ratio of maximum
67 for the web without opening. It is therefore only for very eccentric openings that the
web above or below a reinforced opening will not gualify for class 1.

Transverse buckling of reinforcement

Apparently, AISC (1990) has no requirement to check transverse buclkling of
reinforcement. Presumably this is covered by the restrictions on opening sizes and the
requirement to use reinforcement on both sides of web, if ptimary moments are of some
size. The issue is also sparsely described in the literature.

Circular openings

The use of substitution rectangular openings in design of webs with circular openings can
be questioned for the following reasons:

e There is relatively sparse evidence behind the method. Almost all literature points to
Redwood (1969) as the origin. Later, Redwood and Shtiwastawa proposed the criterion
that is adopted in AISC {1990).

o The substitution may be a reasonable approach for un-stiffened openings, as it actually
includes some of the increased width of the tee web where the secondary moments due
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to shear are checked, Flowever, if reinforcement is required, the method will hardly
give an optimum selution as it gives only horizontal reinforcement zbove and below
the opening. As previously explained, the main purposc of the reinforcement is to carry
the secondary moments. The optimum solution should be reinforcement bars that are
tangential to the circular opening and have cestain angles relative to the horizontal
centetline of the opening. A generalization of such reinforcement is the sieeve, ie. a
circutar seinforcement bar that is placed symmetrically on the inside of the opening,

Circular openings with reinforcements have been investigated by Levy, McPerson and
Smith (1948), but only based on allowable stresses and experiments. FE-models were of
course not in use. The conclusion was that sleeves are the optimum solution from a weight
point of view. In recent years, Buckland, Bartlett and Watts (1988) have invesrigated
circular openings with doubler plates, based on zllowable stresses and FEM-analyses.

Eence it seems that one of the most common opening designs in offshore structures,
namely the circular opening with sleeves, need more investigations based on strength
criteria. Many approximations have been made to arrive at design recommendations for
rectangular openings. The accuracy of the tesults may be questioned even for rectangular
openings and are not improved by further approximations for circular openings. Maybe a
better solution would be to develop a separate set of recommendations for circular
openings. One example show this: For rectangular operings the horizontal reinforcement
must be load-carrying in order to increase the shear capacity, as otherwise the shear and
secondary moment ate acting on a section equal to the minimum section where the shear is
acting alone. A buckling stiffener will never be sufficient if the goal is to arrive at maximum
shear capacity. This is different for a circular opening. Here the shear and secondary
moment act in a larger scction than the minimum section where the shear is acting alone.
No reinforcement at all, or only a buckling ring stiffener on one side, can perhaps be 2
relevant solution. If this is true it may have favorable consequences both from an economic
and weight point of view.

3.4 Stress concentration and plastification

3.4.1 General

To study the local buckling phenomencn around the periphery of circular openings, and at
corners of rectangular openings, it is useful to start with stress concentration based on
clastic theory. This is also valuable in order to cstimate the necessaty extent of the plastified
zones that have w be developed when design is based on strength criteria.

Adopting the usual split between primaty moment capacity and shear capacity, the most
imporiant issue is the stress concentration for pure shear, The contribution from the web
to the primary moment capacity of a girder is usually small, and hence the sttess
concentration from primary moment is not investigared here.
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3.4.2 Analytical solutions
Elastic stress in an infinitely large plate

For pure shear in an infinitely large plate without buckling, the shear stress T can be
transformed into the two principal stresses Gungion = O a1d Grompr = 02 . See Fig 3.4.1.

T
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Fig. 3.4.7 Pure shear stress transforsed into two principal stresses
%

It can be shown that

O-rcnsion =T (3.41)
O gy =T (3.4.2)

Elastic stress around small circular openings

Ef 2 small circular opening is introduced, stresses around the opening are given by

4 2
a, =r(i +"§~£E~——DT}00529 (3.4.3)
6 r i
4
Oy = —r(i+%%—] cos 26 (3.4.4)
3D 1D, .
T = —3‘(1 - 1_6—_}-_4— +E?}Sln 28 (34:)>

where # and & are polar coordinates. € is the angle between the radius vector and the
direction of the principal tensile stress in the plate without the opening. @, is the normal
stress in the r-direction and Gy is the normal stress perpendicular to the rdirection. 4 is
the shear stress in the same directions. The solution can be found in Timoshenko and Gere
{1963) and is derived from the uniaxial analytical solution obtained by Kirsch in 1898,
based on a stress function.

The stresses are symmetric relative to the center of the opening. At 45° from the
horizontal section through the opening, the op stress zeach a peak value of + 47 at the
boundary of the opening, but rapidly approaches the principal stress when the distance #
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increases. In these sections the 7 stress is zero. In the horizontal and vertical sections
through the opening, the oy stress is zero. Here, the g stress is also zero, but rapidly
approaches a maximum value of 1,337 when the distance » increases. From the maximum
value, the 74 stress slowly approaches 7 for increasing 7.

Elastic stress around circular openings in a web of finite width

The effect of the opening is of localized character. This justifies the application of
Egs. (3.4.3) to (3.4.5), derived for an infinitely large plate, to a web of finite width.
Timoshenko and Gere (1963} state that for a plate width not less than 4D, the erfor in
g does not exceed 6 Y.

Elastic stress around small squate openings

If 2 small square opening is introduced in an infinitely large plate, stresses will be
concentrated at the corners. The analytical problem is more complicated than around a
circular opening. Solutions similar to Eq. (3.4.3) 1o (3.4.5) are not availsble. Analytical
solations of the bewndary stress of square openings with rounded cormers in plates under
uni-axial tension parallel to the sides have been derived by, among others, Greenspan
(1944). By combining the solution for tension in one direction with the similar solution for
compression in the direction normal 1o the first one, it is possible to find a solution for
square openings ozientated as case “A” in Fig, 34.2,

However, orientation “B” in Fig. 3.4.2 is mose common in practice. For this orientation
and uni-axial tension, Kikukawa (1953) has developed iterative methods to calculate the
extreme fiber stress at the boundary of the opening. Complex stress functions and
conformal mapping are used to find the stress actdng In an arbitrary point along the
boundary of thombic openings including the square. By combining the solution for tension
in one direction with the similar solution for compression in the direction normal to the
first one, it should be possible to find a solution for shear acting on square openings when
the corness are orientated as case “B”. The calculations are laborious and the author does
not know if such solution has been presented in the Hterature.
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Fig. 3.4.2. Orientation of square apesnings
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Flastic stress around square openings in a web of finite width

No analytical solutions are known for case “B” in Fig. 3.4.2.

Plastification arcund circular and square openings

No analytical solutions have been studied.

3.4.3 Discussion
General

In order to study the stress distributions more in detail, finite element analyses were cartied
out for circular openings and for square openings of configuration “B”. Both linear elastic
and elasto-plastic analyses were performed for square plates with openings having diameter
and side dimensions 10 % and 75 % of the plate dimensions. Corner radii were 1/16 of the
opening dimension.

Elastic stress around small openings

Figutes 3.4.3 and 3.4.4 show the square plates with circular and square openings, where the
opening dimensions are 10 % of the plate sides. The applied loads are shear stresses equal
to 0,907, along all plate sides, i.e. the maximum possible loads expected to be caried if full
plastification occurs in the minimum sections through the openings. However, neither
plastification nor buckling are assumed in these models, whete the purpose is to show the
von Mises elastic stress concentrations. Arcas where the stresses exceed f, = 420 N/mm”
are shown in color. The color spectra are approximately the same for both figures and a
direct comparison between circular and square openings is possible.

For the circular opening, the stresses exceed the yield stress by a refative small amount
in the minimum sections through the openings. High stress concenteations occur at the
edge of the opening at 457 with the horizontal sections, but the areas where the steesses
exceed the yield stress are very small. Here, the von Mises stresses consist almost only of
g~ SHICss.

For the squate opening, the stresses also exceed the yield stress with a relative low
amount in the minimum sections through the openings, but the areas are larger, High stress
concentrations oceur at the corners of the opening. The peak values ate very high, but the
arcas where the stresses exceed the yield stress are smaller than for the circular opening,
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Plastification around small openings

Figures 34.5 and 3.4.6 show plastification of the previous plates with approximately the
same load as before, but now assuming an clasto-plastic material. The purpose of the
analysis is to show the amount of plastification at the edge of opening at 45° with the
lorizontal sections for the circular opening, and at the corners for the square opening.

The models can take 100 % and 98,8 % , respectively, of the loads applied on the elastic
models, even though large displacements are then present. Hence, the figures show the
situations when 98 % of the maximum loads are applied, i.e. when the displacements are
stll rclatively small  Areas where plastification occurs are shown in light-grey color.
Otherwise the colors show stresses below the vield stress. The color spectra ate
approximately the same for both figures and a direct comparison between circular and
square openings is possible,

For the circular opening, the areas of phastification are relatively small in the minimum
sections through the opening, They do not extend to the edge of the opening, and they are
separated from the plastified areas at the edge of the opening, which are located at 45°
with the horizontal, These areas arc also small and they do not extend outside a square with
side dimensions 1,2D.

For the square opening, the areas of plastification are larger. In the horizental and
vertical sections near the corners, the plastification extends to the plate edges, reflecting
that the plate is near collapse. However, for only 1 % smalier load, the plastification areas
in the minimum sections through the opening are separated from small plastified arcas at
the corners.
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Plastification around large openings

Figures 3.4.7 and 3.4.8 show square plates with circular and square openings, where the
diameter and sides ate 75 % of the plate sides. The matetals are elasto-plastic. Buckling is
suppressed. The purpose is to show the amount of plastification at the edge of opening at
45° with the horizontal sections for the circular opening, and at the corners for the square
opening.

The loads are uniform shear stresses along all plate sides. The maximum shear expected
to be carried in the minimum sections through the openings corresponds to 0,257, applied
at the plate sides, Taking this load as 100 %, the collapse load is 91 % for the plate with
circular opening and 35 % for the plate with square opening. However, the displacements
are large. Hence the figures show the situations when 86 % and 25 % of the 0,257, are
applied, t.e. when the displacements are still relatively small.  Arcas where plastification
occurs are shown in light-grey colot. Otherwise the colots show stresses below the yield
stress. The color spectrea are approximately the same for both figurcs.

For the circular opening, the arcas of plastification are relatively stall in the minimum
sections through the opening. They do not extend to the edge of the opening, and they are
separated from the plastified areas at the edge of the opening, which are located at 45°
with the horizental. These arcas are larger, but do not extend ouside a square with side
dimensions 1,20,

For the square opening, the areas of plastification are much smaller, which of course
teflects that the total load is less than 1/3 of the plate with circular opening. Plastification
occurs oty 1n small areas neat the edge at the corners.
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3.5 Simplified shear buckling

3.5.1 General

Shear buckling for webs is first presented in line with the latest proposal to the Eurocode
for girders without openings, i.c. prEN 1993-1-5: 20xx. 2003 Eurocode 3: Design of sicel
structiives — Part 1-5: Plated structural elements. Stage 34 draft. In the present investigation this
document is referred to as EC3 or FC3 Part 1-5. Similar concepts for web with openings
ate not found in the literature, but a possible extension of the method to webs with
openings is discussed in Section 3.5.3.

3.5.2 Shear capacity for webs without openings

The shear capacity of a web loaded in shear is given by

v, = ;5“.;{—-“—!7: (5.1

3

whete 7. is a reduction factor that accounts for plastification, varying vield stress, initial

imperfections and post-critical behavior of the web. . is based on experimental results and
is a function of the relative slenderness

A= ] (3.5.2)

[ete, 7y is the critical shear stress given by

ek TE (LT (3.5.3)
L ST Y

£ is the modulus of clasticity and » is the Poisson’s ratio. The shear buckling coefficient
k. is a function of boundary conditions and the web aspect ratio. For the case with four
siply suppotted edges and a/h 2 1,

4,00

k, =534+
(alh)

T

(3.5.4)

The factor %, depends also on the stiffness of the end posts of the web. Table 3.5.1 shows
the values as given in EC3 Part 1-5 when 77 is taken as 1,00. 1f presented as a diagram, the
function % is called a buckling curve.
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Table 3.5.1 The buckling reduction function ,

%, for rigid end post ¥, for non-rigid end post
A.<083 1,00 1,60
0,83< 2 <1,08 0,83 /4, 0,83 /7.
2, 21,08 1,37 £0,7 + 4,) 0,83 /A

3.5.3 Discussion
Genetral

Critical shear loads/stresses are difficult to verify experimentally. A true bifurcation seldom
if ever occurs, and instead non-linear material behavior, initial imperfections, boundagy
conditions and post-critical strength dominate the result. Basically, the critical shear stress

is an auxiliary figure, which is used to define the reduced slenderness A, . 1t is only in

combination with the curves for %, , based on experiments, that the resulting shear
capacity is reliable.
From Eq.(3.5.1) it can be seen that

Vo= ;(W%ht =7, (3.5.5)
2=t (3.5.6)
T

»

where % is the reduced shear stress, as often presented in older codes and in the literature.

No buckling

For some purpose, for instance where fatiguc is 2 problem, the design requirement can be
that no buckling must occur. It is possible to use curves where the post-critical action is
excluded. In NS-ENV 1993-1-1 (1993) a such curve was given as follows:

when A, <08 1=, (3.5.7)
when 08< A, <125 — 7, =[1-0,8(1, ~08))r, (3.5.8)
when 4. 21,25 N x %51'), =1, (3.5.9)

For slender plates, this curve asswmnes that 7 is neither reduced nor increased from the
critical stress,
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Buckling of webs with openings

Use of the simple shear buckling method, a3 described in the previous section, also for
webs with openings is an interesting idca. A possible procedure could be:

e A modified critical stress, Le. determined by a modified shear buckling coefficient
Komod, is calculated by means of paramettic equations, based on FEM-analyses.

e A, iscalculated according to Eq. (3.5.2)

e The reduction function 7, for webs without openings is used to find the shear capacity
by means of Eq. (3.5.1).

Some negative aspects of this procedure may be as follows:

The modified critical shear stress would be

xE Y
oed =K e = 3540
Tm,nmd z,mnd{lz(l - V’z,) h ( 2 }

where kzmod 15 the only parameter available to include the influence of the opening. Shear
and secondary moments as well as global and local critical loads must be reflected in this
cocfficient. Hence it must be expected that many sub-parameters are required in £zmod -

In the literature some proposals for Agmes are found, for example from Narayanan
(1983a), based on a linear reduction with the size of the opening:

k;’.mﬂd = (i - ?)kr (351 ])
{

However, this coefficient is used only when the modified shear stress is used to give the
modified critical shear force for a web with opening

Vt.‘r,mod = Tcr,lnodht = tcr (1 —%)hf = Tcr (h - D)t (3512)

"The modified critical shear stzess is applied over the full web height, ot alternatively the full
critical shear stress is applied over the minimum section at the opening, The term modified
critical shear load is only used in the tension field methods, whete the modified eritical
shear stress is applied over the full web height. The critical shear load is only a small part of
the total shear capacity for tension field methods. The influence of the opening size is also
covered by means of the other contributions to the total shear capacity.

A problem occurs if the modified critical shear stress is to be used in the simplified
shear buckling method. Here, the modified critical shear stress has to go through the
relative slenderness and the function %, , in otder to give the shear buckling strength. If
there is only ane functon ¥, , the effect of the minimum section at the opening will not be
covered for most plates, upless there is a non-lincar modification to the critical stress, An
example shows this: A plate without opening with relative slenderness 0,59 has g = 1
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according to Table 3.5.1. If this plate gets an opening with diameter 12 = 0,50/ and kgmog
according to0 Eq. (3.5.11) is used, the modificd slenderness increases to 0,83 . Table 3.5.1
still gives x = 1. Clearly this will be wrong, as the reduction in shear strength for this
stocky plate is at least 50 %, corresponding to the reduction of the minimum sectien. For
slender plates the difference may be less, but it should be obvious that the function for
Fymea have to be rather comprehensive. In principle, there will be one function for each
D/l ratio.

Alternatively, Eq. (3.5.1) could be modified to include directly the minimum section
through the opening:

Vc‘mozl =X ‘_fﬁ(h - D)I (35] 3)

However, the cffect of secondary bending and locat buckling would still require 2 nonlinear
K moa for each D/ h ratio.

Modified functions 3,

This is probably 2 better solution. All effects of openings are to be included in modified
functions of % , now called ¥, mad - For circular openings, there will be one curve for each
D/h ratio. Square openings will have similar curves. For rectangular openings the curves
must reflect both the ratios of the length and height of the opening to the height of the
web. Eq. (3.5.1) is modified to

%hz (3.5.14)

I/::,mml = }:w,nmd J_

Egs. {3.5.2) to (3.5.4) arc not modified. The cffect of the opening shail not be included in
the shear buckling coefficient and the tetrn &y mod is not requited. &, shall reflect the
boundary conditions and aspect ratio of the web. But, as the edges are notmally assumed
simply supported, k. is finally including only the aspect ratio of the web.

The functions Ywmes may be found analytically, by experiments or by FEM-analyses.
Actually, the methods of Sections 3.6 and 3.7 are to a large extent anzlytically solutions of

Eq. (3.5.14), but for one particular k- only.
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3.6 Rotated stress field method

3.6.1 General

The rotated stress field method for webs without openings is based on Héglund (1972).
Originally it was developed for girders with web stffeners at the ends only, a structure for
which other tension field methods ate very conservative. In Héoglund (1997) the influences
of transversal and longitudinal webs stiffeners, rigid flanges and bending moment are
studied. The method is primarily aimed at shear capacities, but combinations of primary
moment and shear can be handled by interaction equations. It is wvalid for all web
slenderness ratios, but the rotation of the stress field disappears for low slenderness ratios.
The method results in a buckling curve similar o the curve in Table 3.5.1 and hence it can
be seen as an analytical vatiant of the proposal in EC3 Part 1-5.

In the following section the rotated stress field method is presented for webs with
openings. Appatently that was also the first use of the method, as webs with circular and
rectangular openings are described in Hoghund (1970).

3.6.2 Circular openings
General

The following presentation is based on Héglund (1970). Transverse stiffencrs are provided
at the ends only, and flange bending capacities are disregarded. In the present section the
method is explained for shear acting alone. The cases of primary moments acting alone and
the moment-sheat interaction are described in Section 3.8.

Behavior

For small shear forces the stress distribution 2round the opening is nearly symmetric
relative to the center of the opening. The compression stresses and the tension stresses age
of equal magnitude. The largest stresses occur at the edge of the opening at inclinations
located 45° from the hotizontal section through the opening. The web, having some initial
displacements before the force is applied, gets only small additional transverse
displacements.  With increasing force the avetage compression stresses at the
45°inclinations reach 2 maximum before they decrease. The tension stresses, acting at the
45%inclinations perpendicular to the former, increase more than the increase in the shear
force. At the same time a change in stress distribution takes place around the opening. The
maximum tension stress moves towards the vertical section through the center of opening.
This oecur both on the upper and lower side of the girder. A small change of the maximum
compression stresses towards the vertical section can also be seen. The tredistribution of
stresses follow from buckling of the web due to the compression stresses.
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Theory

When the shear force is just below its ultmate value, the web has out-of-plane
displacements and the stresses have reached yield in some areas. This complicated state is
described by means of the model shown in Fig. 3.6.1.

0
B

Fig. 3.6.7 Calculation model for girder with cirenlar opening and shear | Highund (1970) Fig. 2.18 )

The shear is carried by two tension fields of width @; and two compression fields of width
b. . The stress in the tension fields is Giension 2nid the stress in the compression fields is
Ceompr - Positive signs for Giengion and Gpompr are to be applied in ali equadons. The
inclinations of the tension and compression fields are described by angles ¢ and ¥
respectively. Hence six variables must be determined. To achieve this, the variables a,, b,
Trension and Gpoppy ate expressed in terms of A, ¢, DD, Jy» @ and g The last two variables,

gand ¥, are found by one equilibrium equation and the maximization of the shear
capacity. A detailed description is as follows:

Geometrical considerations give

= heosg h 2

t T (3.6.1)
2 I-—-tangcot(g+y)

b =a, 2 (3.6.2)
sin ¢
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The stress Guension 15 determined from two alternative yield criteria:

1y Yield in area A.
O-rcnsion = ‘fy (363)

2} Yicld in arca B is based on the von Mises criteria applied to stresses in directions
having angles ¢ and #/2—¢ to the horizontal

2 2
Je = \{Grension + G{em@farracamjlr (1’5 cos 2(¢ + W) + 095)+ c,

compr (3 b 6' 4)
In Fig. 3.6.3 there is a smali triangle above the opening that has no stress. It is
assurned that some redistribution of stress can take place here and hence the
equivalent stress is reduced in proportion to the height of wiangle and the
remaining part of the web above the opening, Hence, the final requirement for yield
inarea B is

asiny 2
o =g SO < 3.6.5
i <O TV =D (6:6.3)

The stress Geompr is calculated as the elastic critical stress for a plate strip with unit width,
thickness 1 and a buckling length /.

o, =0 7E ¢ (3.6.6)
=0, = ———— 6.

campr or 12(1 - VIZ) 12

“The strip s assumed to be located b, /6 from the edge of the opening, and parallel with the
direction of the compression stress. The length 7 is one half of the line CEF in Fig. 3.6.1,
where the midpoint E is determined by a perpendicular from the center of opening. The
strip is assumed to have a fixed support at C and to be symmetric around E. Hence, the
buckling length is

=L gn@t¥y, _a _acosy
2 2 sin(¢+w) 6sing

(3.6.7)

The fianges are assumed to have no bending stiffness in the web plane and hence cannot
take vestical stresses from the web. Equilibtium in vertical direction for the stresses
between web and flange gives

Cmsion @ S G =0, b ISINY (3.6.8)

ompr - ¢
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The ratio between the angles is

P

= (3.6.9)
W
The shear capacity is
I/m = 2o—lansimratt Sin ¢ (36 1 O)

Eqs. (3.0.1) and {3.6.9) arc inserted in Bq. (3.6.10) and ¥, is derived with respect to 4.
The result is set equal to zero. This gives

(cotg +cot{l+ A)¢)%(sin¢+ cosqﬁtan%é;ﬁ +sing(l+tan’ Mgﬁjﬂ

2
D . 1+ 4 1 1+ 4 _
_[1 —mri;(cosgaﬁ-ksmgétan 5 ¢)J[sin2 y - (s A)QJ =0

(3.6.11)

For a certain D/k and h/! ratic, a value is chosen for 4, whereby ¢ can be found from Eq,
(3.6.11). Then Eq. (3.6.1) gives @, , Eq. (3.6.7) gives [ and Eq. (3.6.6) gives Geomp-. Further,
Eqgs. (3.6.2) and (3.6.8) give Oiension , but Eqs. (3.0.3) 10 (3.6.5) put limits to Siesien. For the
valid Giension » the shear capacity is calculated from Eq. (3.6.10). The procedure must be
tepeated for new values of 4 until a memdmnn shear capacity V), is reached.

Results

Yield criteria B implies yielding in the minimum section, and is governing for small
openings with small 71/7 ratios. Yield criteria A corresponds to a sort of Vierendeel action,
and is governing for small openings and large h/7 ratios, and for large openings and all 2/¢
ratios. Large openings is here taken as D > 0,70/

General diagrams give the shear capacities as rados Vy,/Vp , based on ratios of D/hand
h/t. Here, V), is the yield shear capacity of the web, assuming no opening and no buckding,
One diagram covers all webs having a certain yield stress. The design for various values of
Dy hoand ¢ is then very simple. Fig. 3.6.2 shows a diagram for f, = 260 N/mm*. The
diagram is taken from Héglund {1970) and shows T/7T; = V,./ ¥, . Further, the diagram
includes an alternative ordinate axis @, which represents the relative slenderness axis..
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Fig. 3.6.2 Caleulnted ratios of T/Ts = Vo/Vy as functions of D b and hit ratios.
Circular openings and fy = 260 N/ mwr'. [Higland (1970) Fig. 2.19]

Fig. 3.6.3 shows a general view of the rotated stress field method for various opening sizes
and values of relative slenderness. The density of the lines is proportional to the stresses:

High density implies high stress. The figute is taken from Héglund (1970), whete T
cotresponds to % and @is similar to A, .

The figure also shows three aspects of the normal forces in flanges. These are

e Additional compression force
¢ Concentration of the transfer of forces at opening
e Location of the inflection point.

The stress patterns in flanges are shown as thin and bold inclined lines above and below
the girders. Thin lines show stzess patterns when the webs have pure shear stress without
openings and buckling. Bold lines show the theoretical stress patterns for the same shear
stress when the webs have openings and/or can buckle.
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Fig. 3.6.3 Compression and tension fields, as well as stresses in the flanges, compared with stresses for a
plane web without opening af the same shear force. [re-arranged from Higlund (1970) Fig. 2.20]

3.6.3 Rectangular openings

General

The following presentation is based on Héglund (1970).

Behavior

The behavior for rectangular openings is similar that to for circular openings. Transverse
displacements are concentrated to the two corners of the opening where the web is in
comptression, here called the “compression corners”. In the rwo other corners plastic
hinges are formed. The inflexion points for the secondary moments are not located in the
centerline through the opening, but are moved towards the compression corners.

Theory

The calculation model is shown in Fig. 3.6.4. The inflexion points are given by the
intersections between the centerknes of flanges and the centerlines of compression and
tension fields.
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Vg 3.6.4 Calculation model for givder with rectangular opening and shear. (Héginnd (1970) Fig. 3.11]

The same equations and calculation procedure are used as for a circular opening, with a few

exceptions:

®  The width of t

4,

%‘Q"—cosqﬁ—D« sing+

ension fields, Eq.(3.6.1) is replaced by

h-D, sing
2 tany

® For yield in area B, Eq. {3.6.4) is replaced by

O-.rrd =0

[ ¢

]
1+ D sing
a

1

* For the buckling length, Eq. (3.6.7) is teplaced by

[:(h—D,, _acosp) |

2

* Eq {(3.6.11)is

cosng—[#ﬁww

6 Jsin u
replaced by

2D, 1

sin 2¢ — fur:'gz) =
h—-D, tandg sin” Ag¢

(3.6.12)

(3.6.13)

(3.6.14)

(3.6.15)
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Results

General diagrams similar to Fig. 3.6.2 give the shear capacities as ratios V/ ¥, , based on
tatios of Do/h , Dy/hand B/t One diagram covers all webs having a certain D,/Dy. ratio
and 2 certain yield stress. However, various ratios of D,/Dy  require separate diagrams.
Diagrams for square and rectangular openings and f = 260 N/mm® can be found in
Hogluad (1970).

3.6.4 Discussion
Simplified shear buckling by means of functions %, mod

In Fig. 3.6.2 the ratic T/T; = V,/¥, is by definition equal t0 Yemod and & is identical to
A, . Apparently the diagram then shows the soludon that was proposed in the last part of
Section 3.5.3: The shear capacity is given by Eq. (3.5.14}, all effects of openings are
included in Fiemos by means of separate curves for each D/k ratio, and the shear buckling
coefficient &, includes only the aspect ratio of the web,

A closer study of Hoéghand (1970} shows that the diagram is valid only for k; = 5,34,
ie. for a web with aspect ratic @/h > 5. Transverse stiffeners are assumed oaly at the
ends of girders. If transverse stiffencrs are applied along a girder, it is not necessarily
possible to use higher values of A; and expect that the diagram gives correct shear
capacities. However, this is not an objecton to the method, it is more an indication that the
solution is not influenced by k;. Fig. 3.6.1 and Eq. (3.6.6) show that the solution depends
on local, column type buckling at the edges of opening and bas no cennection with global
buckiing covered by k.. Transverse stiffeners must be very close to the opening to give an
increased shear capacity, i.¢. they have to be within the area covered by the buckling length
/. And even then an increased k., cannot be cxpected to give correct values of the shear
capacity.

A preliminary conclusion is that the shear capacity of webs with openings can be given
by Eq. (3.5.14), where Fwmod is givenr for each D/h rato as function of the relative
sienderness, provided k.= 534, Here, the matetial yield stress is included both directly
through Eq. (3.5.14) and indirectly through the relative slenderness.

In Héglund (1970) the calewlations of Jwmog ate based on f;,= 260 N/mm? Bur, in the
diagram in Fig. 3.6.2, values of fiumos are alternartively given as a function of the relative
sienderness. However, the paper does not prove that other values of yield stress can be
handled by this measure.

The compression stress of Eq. (3.6.6) is not influenced by the yield stress, but the
tension stress given by Eqgs. (3.6.3) to {3.0.5) is influenced. The combined effect is the
result of 2 maximum value governed by Eq. (3.6.11). It can hardly be expected that the
effect is reflected 100 % correcdy in Eq. (3.5.14) and the relative slenderness ratio. It might
be that the approximation is acceptable. Alternatively, the functions Ywmod may be given as
curve sets, with one sct for each yield stress. As the relatve slenderness then will cover
only the modulus of elasticity and the A/ ratio, the best solution will probably be to give
Fwmod 25 functions of the i1/t ratdos only.
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Local buckling

For slender webs, the shear capacity calculated by the rotated stress field method is limited
by local, column type buckling. The success of the method depends on the cotrectness of
the assumption of the buckling lengths, from which Eq. (3.6.6) is established. By varying
this parameter, the shear capacitics can be adapted to experimental results. Hoglund (1970
states that the chosen length, location and boundary conditions are the best choice, based
on available results.

The local, column type buckling is based on elastic critical stress only. Local elasto-
plastic buckling, if any, is not included. Hence, the results might be somewhat non-
conservative. This can be adjusted by modifying goms in Eq. (3.6.6) before further
calculations.

3.7 Modified Vierendeel method
3.7.1 General

Besides the rotated stress field method, Héglund {1970} also presents a modified
Vierendeel method, suitable for larger rectangular openings. According to Hoglund, the
rotated stress feld method gives larger shear capacity for small openings and slender webs
than the modified Virendeel method. For a square opening with side lengths 0,504 both
methods give approximately same result, For larger openings the modified Vierendeel
method gives larger shear capacity and probably is the best method.

3.7.2 Rectangular openings

General

The following presentation is based on Héglund (1970). He describes the method with
primary moment and shear acting together, However, in order to be consistent with the
description in Section 3.6.3, the primary moment is assumed to be zero in the following
presentation,

Theory

The calculation model is shown in Fig. 3.7.1
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Fig. 3.7.7 Caleutation model of modified 1 ierendee! meihod for givder with reclangular opening and shear,

)

The totat shear capacity is denoted V,,r , where the subscript ' is included to show the

similatity with ¥, of Section 3.3.

Vm' = Vm." + Vmb‘ (3‘7])
M, +M .
e (3.7.2)
M+ M,
Vo = ———w’;;’ = (3.7.3)
b + Da

Mo, Mpie . Mper and Mpyy ate the moment capacities of the tees at C, A, D and F,
respectively. Again the subscript * is included to show the similarity with the secondary
moment capacities of Section 3.3. Flowever, here the locations at C and F are not at the tee
ends, as they are in Section 3.3. B;and By are explained below.

The hatched areas in the two compression cotners are assumed to be non-effective for
normal and bending stress, but effective for shear. The effective width for normal and
bending stress is assumed to be

h,=15t<s, (3.7.4)
The plastic moment capacities of the top tee at C and A are

2
1
My =i 2 (315

SZ

M= Fypod = (3.7.6}

—
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The requirement is similar for the bottom tee. These approximations assume that the
plastic neutral axes are located in the flanges. fjreq is the normal stress that contributes to
the plastic moment capacity of the tee webs, when the yield stress is reduced for shear
stress by the von Mises criteria. See Eq. (3.3.6). The shear stress in the top tee is

7, = L (3.7.7)

and similar for the bottom tee.

The vertical reaction force in the two compression corners cannot act at the edge of the
opening, as normal for beams, but is assumed to act at distances B, from the top cotoer
and B; from the bottom corner. These distances depend on the local buckling capacity of
the webh. The dimensions 2B; and 2B, must be sufficiently large to distribute the reaction
force without local, column type buckling. The elastic critical stress of a plate strip with
anit width is given by Eq. (3.6.6), and the buckling length, as depicted in Section c-c of Fig,
3.7.1, is assumed to be

I= 0,9(% i) 3.78)
This gives
¥V |4 vV
B =t =T = 0372 (h— 2h, ) 379
] 2[6 ﬂ-iE 12 EI‘( Tm) ( )

or

1___...,.__.....-——-.._.

12(1-vH) P
Results
Eqs (3.7.1) to (3.7.3) ate functions of the shear force {capacity) both in the nominator and
the denominator, and hence can only be solved by iterations. Unfortunately i, is given as 2
function of ¢ only, instead of &/f, and it is strictly not possibie to calculate generalized

diagrams of the shear capacity as functions of D,/ Di/h and h/f similar to Fig. 3.6.2.
Héglund (1970 has actually presented such diagrams, but the value for ki, is not clear,

3.7.1 Discussion

General

Figs. 372 and 3.7.3 may illustrate the difference between the common Vierendeel
approach and the modified method.
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In the classic Vierendeel girder the upper and lower chord have approximately same
stiffniess. It is also presumed that the chord stiffness and plastic moment capacity M, are
equal in each end of the chords. Secondary moment diagrams are shown in the figure and
the shear capacity is

aM
Vo= L 3.7.10
m¥ d ( )

An exact solution zccording to plastic theory requires that the conditions of equilibrium,
presence of a mechanism and yielding are all satisfied. This is the case for all Vierendeel
girders if

o= (3.7.11)

M, is the plastic moment capacities at the ends n = 1, 2, 3 and 4. The four values are not
necessarily equal, but two of them have to comply with class 1 criteria and the two
remaining with class 2, If the plastic moment capacities for instance are as shown in Fig.
3.7.3, the shear capacity of the girder is

1L5M, +0,5M,+15M +05M, 4M,
mi = d = d

(3.7.12)

and hence the same as for the classic girder. Fig. 3.7.3 shows that the inflexion points have
moved, but this has ne infleence on the shear capacity, as lorg as there is extra moment
capacity at two of the chord ends.

In a girder with opening there is of course no extra capacity in the two tension corners
unless reinforcement is provided. Hence, for girders with un-reinforced openings there
must be a certain reduction in the shear capacity due to buckling. However, even in that
case a great amount of the shear capacity is intact even if local buckling occuts in the
COMPpression coiners.

The modified Vierendeel analogy may violate plastic theory in a strict sense, because the
vertical mermnbers in the model may also buckle. Even though this buckling is not
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completely of the column type, it must lead to increased values of the length  in Fig, 3.7.3,
followed by reduced shear capacity according to Eqs. (3.7.12).  Hence, the shear capacity
of the girder reaches a maximum value, and this value is reduced upon further loading of
the girder.

No local buckling

For slender webs, the shear capacity calculated by the modified Vierendeel method is
primarily determined by local, column type buckling of the web near the vertical sides of
the opening. The success of the method depends on the assumption of the buckling length,
from which Eqs. (3.7.8) is established. By vatying this length, the shear capacities can be
adapted to expetimental results, For rectangular openings in the rotated stress field method
the buckling length decreases with increasing height of the opening and for the modified
Vierendeel method it is independent of the size of the opening,

The value of B; should be expected to go towards zero for A/ ratios below 60 to be
consistent with previous practice for stocky plates.

The choice of 15¢ as the effective width of the tee section in compression seems
reasonable when compated to the allowable tee webs of Section 3.3: The modified
Vierendeel method is to be used only for openings with heights equal to or more than
0,504. The remaining tec web of a bearn/girder with A/¢ = 60 is just 152, when the opening
height is 0,504.

The local, column type buckling is based on clastic critical stress only. Local elasto-
plastic buckling, if any, is not included, Hence the results might be somewhat noo-
conservative. This can be adjusted by modifying Geampr in Eq. (3.0.6) before further
calculations.

Deflections

Local, column type buckling shall not occur. This means that webs with openings, designed
according to the rotated stress method or the modified Vierendel method, have only small
transverse displacements when the shear capacity is reached. Some parts of the rension
areas arc plastified, but not more in slender webs than in stocky webs. Hence the global
deflection of a girder with openings, designed according to the said methods, is expected to
be comparable with the deflection of a beam with openings, designed according to the
method based on strength criteria.
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3.8 Moment-shear interaction in girders

3.8.1 General

The following presentation is based on Héglund (1970). Similar to Section 3.3 the design
approach is based on interaction diagrams, and the maximum moment and shear capacitics
must be calculated. However, Hoglund uses three curves to describe the interaction,
compared to the single curve in Section 3.3.3. The interaction is developed for the rotated
stress method and the modified Vierendeel method. Hence the pure shear capacitics are
already described in Section 3.6 and 3.7, and the presentation below comprises the pure
moment capacity and the interaction curves.

3.8.2 Circular openings
Maximum capacity for primary moment
When a primary moment is acting alone, the moment capacities are;

1) Plastic moment capacity based on effective flanges and full web, but with the opening
subtracted. No restrictions o the web height-to-thickness ratio apply, as buckling of
the web for beading moment is limited by Eq. (3.8.2).

M, =M, (3.8.1)

plomod
where M, 1s given by Eq. (3.3.2)

2y Moment capacity when only the effective flanges and the effectve patts of the web are
considered

MbllL‘H,TnOd,H = A(Af + hm‘txh - J’zq)per - yl'mvcr) (382)

where Ky is the effective width of the compression part. Vupper and Viewer ate the
distances from the centroids of the compression and tension parts of the web in the
vertical section through the center of opening to the centroids of flanges. Hence, the
area of the tension part of the web is taken equal to the compression part, but for Viswer
the real tension pait is considered. For simplification the distance between the centroid
of flanges is taken as A .

B = 30:(1 - Q] <t (38.3)
5)52
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Additional forces in flanges caused by shear

Compared to the uniform transfer of shear for webs without openings, web openings
concentrate the transfer of forces to the flanges. The horizontal force transferred to the
flanges above and below the opening is

F, =0, ol COSP + 0, bECOSY (3.8.4)

whete the variables are defined in Section 3.6.2. The force is typically transferred along the
triangle B in Fig. 3.6.1, where the tension and compression fields meet. In principle this is
the same as explained in Section 3.3 for stocky webs, where the flanges contribute to the
secondary moment capacity and increased shear stress is acting above and below openings.

The additional flange forces cause a reduction in the primary moment capacity. When
the full shear capacity is utilized, the primary moment capacity is taken as

My s = Mf[l - fA} ~ J@A;h{l - ;"AJ (3.8.5)

F. is the additional flange force and 4 is the area of the girder section without opening,

F, =% when [ <D (3.8.6)
F = -‘;:«}Q when [, > D (3.8.7)

S is the horizontal component of the tension stress field and /, is the connection length
between the compression and tension stress fields and the flange. See Fig. 3.6.1.

S = O-len.riunarl CO8 ¢ (3.88)

Moment-sheat interaction

For members with both shear and primary moment zcting together, the modes of stress
tedistribution is different for beams and girders, but the result may be quite similar, For
beams the bending moment can be redistributed to the flanges when the web yields. In
girders the moment redistribution takes place by buckling of the web. Small transverse
displacements of the web from the original plane result in the transfer of bending moment
from the web to the flanges. This does not reduce the shear capacity of the web, because
the sheat is mostly cartied by tension stress in the tension fields.
The following interaction equations are proposed:

VL <1 when M < My mog (3.8.9)
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——-f—[mm——fm'i——] <1 when M 2 My moe {3.8.10)
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M < 3811
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A typical interaction diagram is depicted in Fig. 3.8.1.

M

M MDi.mnd MIE{:‘\@B-I 1)

buekl,mot H \Q (3.8. 1 O)
Mo

Eq. (3.8.9)

\'

Fip. 3.8.1 Lnieraction diagram based on rotated stress field theory

3.8.3 Rectangular openings
Maximum capacity for primary moment

When 2 primary moment is acting alone, Eqgs. (3.8.1) to (3.8.3) can be used with D = Dy,
provided some requitements against buckbing of the tee above the opening are fulfilled.
The buckling modes are shown in Fig. 3.82. If the buckling capacities are reduced
compared to the capacities based on yield stress, the primary moment capacities accotding
10 Bgs. {3.8.1), (3.8.2) or (3.8.5) ate reduced in propottion to these reductions.

y 5%5 @ #ﬁi

Fig. 3.8.2 Possible buckling modes for the tee section in compression. [Tigure from Higlund (1970)]
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Lateral buckling of tee in the flange plane. The risk for this buckling mode is somewhat
increased for girders with openings compared to girders without openings, because of
increased stresses in the flanges. The compression flange should be laterally braced not
far from the opening.

Torsional buckling of flange. For girders with thin webs without openings, the
connection between flange and web provides only a small contribution to the torsional
buckling capacity of the flange. The contribution is further reduced if the web has an
opening. 1t is reasonable to assume hinged connection between flange and web when
torsional buckling of the flange is checked.

Buckling of tee vertically upwards. The thin web can only tzke small compression
stresses near the free edge due to lateral buckling of the edge. See Fig. 3.8.3. The
hatched region is assumed not to transmit stress because of buckling, and the stiffness
for bending of the tee upwards is reduced. The tee is assumed fixed at both ends and
hence the buckling length is { = 0,50, . The tee web is in tension at both ends and the
offective with of the tee web is assumed to be kn = 18t for a simplified, constant
section over the full length. Based on this the tee can be checked as a column with axial
load. Secondary moments are disregarded.

Buckling of tee vertically downwards. The hotizontal stresses are concentrated at the
corners of the opening and the web will probably first buckle there. When the web
buckles in the corners the resultant of the compression forces moves upwards. The tee
section is thereby compressed eccentrically and will bend downwards. See Fig. 3.8.4.
Hatched regions ate assumed not to transmit stress because of buckling. The tee is
hinged in both ends and the buckling length assumed to be I = (D, + Dj). The tee web
compression is reduced at the midpoint and the effective with of the tee web is
assumed to be § for a simplified, constant section over the full length. Based on this,
the tee can be checked as a column with axial load. Secondary moments are
distegarded. Simplified considerations show that buckling downwards can be

disregarded if 5, > 36t .
| 4
7 !
|

ad=02D, + DA

—
=23
b

N

= [l

Fig. 3.8.3 Buckling of tee vertically upwards Fig. 3.84 Buckling of tee vertically downwards
(Figure from Héglund (1970)] [Fignre from Higlund (1970)]
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Additional forces in flanges caused by shear

The normal forces in the flanges follow similar patterns as described for citcnlar openings.
For the rotated stress field method, Eq. {3.8.1) is valid. For the modified Vierendeel
method, no equation is given in Hoglund (1970).

Moment-shear interaction

For sheat and primary moments acting together, it is assumed that Eqgs. (3.8.9) to (3.8.11)
can be used. However, Hoglund {1970) does not state this explicitly, but points to the fact
that his interaction diagrams for rectangular openings using the modified Viereadeel
method resemble his interaction diagrams for circular openings.

3.8.4 Discussion

The presence of additonal forces in flanges makes the use of the rotated stress field
method complicated in practice. The generalized diagram in Fig. 3.6.2 cannot be used
directly, because some information about stress, width and angle of the topical tension
stress field must also be at hand, in order to calculate the additional flange force to be used
in BEq. (3.8.5), A simpler solution would be to include all interaction effects in one single
equation similar to Eq. (3.3.1).

A brief study of Fig. 3.6.3 may point against the use of Eq. (3.3.1): In this figure the sub-
figures a, b, ¢ and d are actually showing a beam with no web buckling and Eq. (3.3.1) is
valid, Additional flange forces due to secondary moments can be seen and these arce
covered by Eq. (3.3.1). Sub-figures ¢), f}, g), and h show a girder with moderate web
slenderness. Here the additional flange forces are caused both by rigid end-post action and
secondaty moments. Apparently, the forces are larger than for a beam, at least for the small
to medium size openings. Sub-figures i), ), k} and 1} show a girder with high web
slenderness, Here, the additional flange forces are even more pronounced.

The importance of the addidonal flange forces should be considered relative to the total
flange force capacity. For rolled beams the ratio of flange arca to web area is high to
moderate. Hence the influence of the additional flange forces is low and Eq. (3.3.1) 15 valid.
For girders, at least in the offshore industry, the ratio of flange area to web area is moderate
to low, and the influence of additional flange forces is relatively higher,

Square and rectangular openings with the long side parallel to the flanges induce higher
additional flange forces compared to circular openings.

Based on the considerations above, it is concluded that the additional flange forces
should be considered for girders with openings. Such forces may also be included for
beams, but are expected to have lirtle influence.
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3,9 Tension field method

3.9.1 General

The use of a tension field method to caleulate the shear capacity of webs with openings is
described by Narayanan (19832). However, it may be more convenient to explain the
method by starting from its basis, which is the Cardiff method and no opening.

3.9.2 Without opening
General solution

The Cardiff method is presented in Porter, Rockey and Evans (1975). The following
presentation is based on this paper, but some rearrangements of the equations are made to
fit in with the subsequent presentation in Section 3.6.3 and 3.6.4 for openings.

The loading of a web can be divided into three stages:

1) Critical shear. With a perfectly flat plate there is 2 uniform shear stress throughout the
web prior to buckling. A priacipal tensile stress of magnitude 7 is acting at 45° to the
fiange and a principal compressive stress of the same magnitude is acting at 135° This
stress system exists until the shear stress ¢ equals the critical shear stress z.

2} Past-critical behavioz, Once the critical shear stress is reached, the web cannot sustain
any increase in compressive stress and it buckles. This causes a change in the load-
carsying system, and any additional load has to be suppotted by a tensile membrane
stress ;. Under the action of this membranc stress, the flanges cleatly bend inwards
and the extent of the tensile membrane stress field s greatly influenced by the rigidity of
the flanges.

3) Determination of the vlimate shear load. On fusther loading, the tensile membrane
stress, plus the critical shear stress, produce yielding in the web. Faituge occurs when
hinges are formed in the flanges, which together with the vield zone form a plastic
mechanism and the web fails.

The critical shear stress 7 is given by Bq. (3.5.3), The membrane stress producing vield is
defined as g,y , sce Fig. 3.9.1a. Since there is a uniform shear stress within the web, gy is
of constant value throughout the yielded region WXYZ. Plastic vielding could extend
beyond boundaries WXYZ, but it is a mimimum requirement that the complete region
WXYZ must vield for a mechanism to develop. It is not necessary to know the nature of
the distribution of the stress field outside this region.
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Fig. 3.9.1 Collapse made for puire shear, showing forces developed in the post -critical stapes

The failure load can be determined from a consideration of the mechanism developed in
stage 3, see Fig, 3.9.1 b). It is important to rccognize that that the stresses shown in Fig,
3.9.1 a) are the metmbrane stresses developed after the plate buckles. Thus, there will be an
inclined membrane field of uniform magnitude acting throughout the region WXYZ, 1t is
therefore possible to consider the region WXYZ as cut out from the web, and its action
upon the flanges and the adjacent web material replaced by the inclined membrane stresses
as shown in Fig. 3.9.1 }. Based on virtual work the load carried by the tension field is

4M
= o-u,hf[cot 68— —;ﬂ sin® @ +—2-+ o, ctsin’ g 391
c

mechanism

& is the inclination of the tension field and Myis the full plasdc moment of the flange.

The internal plastic hinge in the flange will occur at the point of maximum flange
bending moment, where the shear is zero. Hence the position of the hinge may be obtained
by consideting the equilibrium of the beamn section WX.

{ M
e=-2 M g for0 <o <a (3.9.2)
sin@y o, ,

In principle there may be one value ¢; for the top flange and another value ¢ for the
bottom flange. Fig, 3.9.1 b shows a case where the two values are equal. Combining Eq.
(3.9.1) and (3.9.2), the final expression for T echanisnm 18 obtained:

om0, it $in? e(cote—%) +2¢t0, , sin” 8 (39.3)
The total capacity is

Vi =t ht+0, Rt sin” @(cotd mwah») +acto,, sin’ @ {394
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where the first texm is the contribution from the critical shear load. The second term is the
contribution of the true Basler solution, when the flanges are considered incapable of
carrying any transverse loading. The third term is the contribution of the flanges. The
second and third term is illustrated by Fig. 3.9.2. It should be noted that the tension field is
not the same as the region WXYZ in Fig. 3.9.1a.

1-‘
=

X

.

)EL_..

extent of the tension field

Fig. 3.9.3 Tension field of the Cardff-method

The critical shear stress is acting also within the tension field. 'The membrane stress @iy is
therefore calculated from the von Mises criterion:

o,, = =151, 520 + | £+ T2 [(1,5sin 26)* ~3] (3.9.5)

For z given girder, the critical shear stress is fixed, and the only vatiable on the zight hand
side of Eq. (3.9.3) is & Eq. (3.9.3) has been obtained as an upper bound (mechanism)
solution. A cotresponding lowet bound (equilibrium) solution is possible and is identical to
the mechanism solution. Hence the optimum angle of §will produce a maximum value for
V. This angle, &, will nozmally ke in the region between 0,56 and 45" where 0 is the
inclination of the panel diagonal.

Particular solutions

The Cardiff solution given as Eq. (3.9.4) is a continuous solution and embraces many of
the classical solutions as particular cases:

4) When % =17 =f/ v8.  This is the case when the web vields before it buckles. The
web is unable to develop a tension field and there is no lateral loading on the flanges.

4M
V=0 it 4+ —tL (3.9.6)

a
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b} When Myris large. Rigid flanges give a fully developed tension field across the web.

4M
=1, ht + 0,50, it + -t (3.9.7)
a

Vv

pelt

¢) When M)is large and the web is very thin.

4M

Vi =05fht +-—-L (3.9.8)

a

The first term is the Wagner tension field solution for an infinitely thin web having non-
deflecting boundary members. This occurs for M, > SaZ{fy .

d) When My = 0. Thin flanges give the truc Basler solution:
Ve =t ht+o, ht sin® (cotd — %) (3.9.9)

¢} VWhen the aspect ratio a/h increases.

Var =T Ht (3.9.10)

fy When the aspect rato a/h decreases. This is the same as increasing 7, , which is
explained in point a) above. No tension field will develop.

3.9.3 Circular openings
Centrally located openings without reinforcement

Narayanan {1983a) deducts the ultimate shear capacity of webs with one circular opening in
a similar way as explained in Section 3.9.2. He proposes the following equation:

i

ult mod = fcr,mod

ht+o, htsin® Gcotd m%) +2¢t0, , sin* 6§ — o, Disin @ (3.9.11)

This is similar to Eq. (3.9.4), but with a fourth term subtracted, corresponding to the lost
shear capacity from the membrane stress acting in the section of the opening. See Fig.
3.9.3. In addition, To.meals given by Eg. (3.5.10). Indirectly this valae is included aiso in the
second and third term.

A restriction is imposed to the size of openings: An opening must be contained within
the part of the tension field that is anchored to the web, i.e. the true Baster solution:

D, = hicotd - ?)sin o (3.9.12)
7]
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Fig. 3.9.3 Tension fieid far web with contrally located civonlar opening

Centrally located openings with reinforcement

If the remaining shear capacity is too small, the web may be reinforced around the opening.
In Narayanan (19832) the idea is to restore some of the width of the tension field by means
of a citcular reinforcing ring within the opening, see Fig. 3.9.4. The width is restored
inwards, i.e. a reinforcement will not alter the total width of the tension field, The foliowing

equation is proposed:

hi+o, ht sin® @(cot & — ?-) +2clo,, sin’ @ - o, (D=btsingd (3.9.13}
h

I/m‘r,mcd = Trr,mml

Eq. (3.9.13) cosresponds to Eq. (3.9.11}, but the fourth term is reduced with be , Le the
restored width of the tension field. When M), is the plastic moment capacity of the ring,

M
(3.9.14)

effective parts of the tension field

Fig. 3.9.4 Tension field for web with centrally located cirenlar opening with reinforcement
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Eccentrically located openings

The tension field in an un-perforated web is developed predominantly along a diagonal.
When an opening is located in the centerline of the field, it does not matter where it is
located along the diagonal, But if the opening is located eccentrically to the diagonal, the
shear capacity may increase or decrease, depending on the location and size of the opening.

A favorable case is a small opening entirely outside the tension ficld, sce Fig. 3.9.5. In
Narayanan (1983a) the shear capacity is then given by Eq. (3.9.14) without the fourth term.
A small reduction is included only through Zrmes . Some investigations indicate that the
critical shear stress increases, but Narayanan recommends to distegard this effect.

The case is worse when an opening is located as shown in Fig. 3.9.6, i.e. when some part
of a rather large opening is inside the tension field. Narayanan (19832) deals with this
problem and presents an equation for the shear strength of webs with such openings.
However, the problem is very rate in practice and hence it is not further presented here.

Fig. 3.9.5 Eecentrically focated opening Fig. 3.9.6 Eccentrically located opening
outside a tension field partly inside a tension freld

3.9.4 Rectangular openings
Centrally located openings without reinforcement

Following the same principles as explained above for circular openings, Natayanan (19832)
has studred webs with rectangular openings. The equaton for the shear capacity reads

v

vimod = Termea 0+ 0, it sin® O(cot§ — %) +2cto, sin’ @ ~o, Stsind (3.9.15)
where the length & is equivalent to the diameter of an imaginary centrzl circular opening.
2 2 . D]
8 =+lD7 + Dy sin(Are tan—D—’ +8) (3.9.16)
A limit to the size of the openings reads

Dy e = R = ﬁ;D"‘itan d} (3.9.17)

This limit is more testrictive than for the circular opening, but Narayanan states that
openings having larger heights than Dy, ., ate unlikely to be met in practice.
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Centrally located openings with reinforcement

In Narayanan (1983a) the idea is to restore some of the width of the tension field by means
of flat bars above and below the opening, as depicted in Fig 3.9.7. The width is restored
inwards, i.e, a reinforcement widl not alter the total width of the tension field. The following
equation is proposed:

v

wli mod = Trr,mod

hi + o, htsin® G(cotf - %) +2¢ct0, it -0, (8 - 2, sin@)1sin 0

(3.9.18)

Eq. (3.9.18) is similar to Eq. (3.9.5), but the fourth term is reduced with 2ewsing | ie. the
restored width of the tension field.

, M,
2 sind = 4|2 (3.9.19)
O’,'yl

My, is the plastic moment capacity of the reinforcement.
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Fig. 3.9.7 Tension field for web with centrally located reclangniar apening with reinforcement

Eccentrically located openings

Rectangular openings are studied in Narayanan and Darwish (1985). The effect of the
opening is similar to that of circular openings. However, the problem is considered very
rare in practice and hence not further presented here,
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3.9.5 Discussion
General

The tension field theory for webs without openings is old and well known. It is however
not frequently used in Norwegian offshore structures. One reason may be that the method
is thought to give permanent displacements in the Serviceabifity Limit State (SLS). This is
especially the case if the shear capacity is based on contribution from the flanges. If only
the true Basler solution is utilized, the difference between SIS and ULS is less and the
buckling occurs perhaps mostly in the elastic range.

For webs with openings the tension field method has probebly never been used in
Norwegian offshore industry.

Critical shear stress

It is common practice to calculate the critical shear strength as explained in Section 3.5.2
and 3.5.3. No regard is given to the fact that the tension ficld actually alters the static
system of the web. Selberg (1973) studied this issue. For webs without openings, even small
tension stresses in one or both directions will considerably increase the critical shear stress.
For webs without openings, the shear capacity is found for a system completely different
from the plane web without opening, This is the case both before and after local buckling
at the edges of opening.

However, the critical shear stress can also be seen merely as an adjustment factor, that is
not coupled to a specific physical phenomenon. By means of the critical shear stress, the
shear capacities of the tension field method are closer to cxperimental tesults. Also, the
critical shear stress gives 2 continuous transition of the tension field method for slender
plates without openings to the particular solution for stocky plates. Here, the maximum
critical stress is limited to the yield shear stress.

The role of the critical shear stress is more doubtful for webs with openings. Besides the
lack of physical meaning, the transition from slender plates to stocky plates cannot be
handled by a modified critical sheat stress as given in Eqgs. (3.5.10} and (3.5.11). Regardless
of opening £/} ratio, the modified critical shear stress will reach the limit of the yield shear
stress for decreasing web slenderness. Here, Eq. (3.9.11) for circular openings give the
same shear capacity as Eq. (3.9.4) for webs without openings.

The best use of the tension ficld method for webs with openings ate probably for very
slenxder webs. Here, the contribution to the shear capacity from the critical shear stress is
small. Hence, the question of correct critical shear stress may be of minor importance.

Small aspect ratios

In NS-ENV 1993-1-1 (1993) the minimum aspect ratio of 1,0 is recommended. This is
justified by an increasing 7, for lower ratios and the assumption that a tension field will not
develop. However, it was for aspect ratios down to 0,5 that Wagner (1928} developed his
pure tension field theory and it was only then that the flanges could give sufficient strength.
Actually, there is no theoretical lower limit for the aspect ratio as 7, also depends on the
R/t ratio.
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Flanges and the primary moment-shear interaction

When the flanges are used to increase the width of the tension field, the capacity of the
flanges to take normal forces is teduced. Hence, some of the primary moment capacity of
the girder is lost. Both girders with or without openings are influecnced by this effect. In
principle it is not difficult to handle this. A procedure is given in NS-ENV 1993-1-1 (1993)
for webs without openings. For webs with openings the procedure might be extended to
cover also the additional forces caused by shear, as explained in Section 3.8.4. Howeves, in
practice this effect is a major obstacle, as there is no longer a weak interaction between
shear strength and primary moment capacity. By using only the true Basler solution for the
shear capacity and the flanges only fot the primary moment capacity, there is no moment-
shear interaction for girders without openings. NS-ENV 1993-1-1 (1993) allows this
simplification.

Width of the tension band at openings and at anchotage

The shear capacity in Bq. (3.9.11) is based on 2 tension field that is simply reduced with the
width of the opening. The outer width of the tension field is not altered. This seems
conservative for the following reasons:

e In Fig 3.9.4 the tension field is split into two parts. The white areas outside the two
parts have small stresses; theoretically these areas only carry the z. stress, In a section
through the opening normal to the centetline of the tension fields, it can be seen that
the white areas extend into this section. It is likely to believe that these areas will be
stressed to vield, znd make the tension fields wider at the opening.

e To achieve wider tension ficlds at the opening, it should not be required that the
tension bands is wider in their full lengths. A small modification of the direction of
each tension band might be counteracted by some compression in the inactive areas
between the tension fields, even after local column type buckling of these areas.

o A reduced width of the area between the two patts of the tension field is not unlikely at
the anchorage. Compared to the tension fleld without opening, the total force to be
anchored is reduced. The reduction might be considered to take place from the outside
of the tension band and inwards, leaving the patt that is anchored to the web and
omitting the part that is anchored to the flanges. If so, the true Basler solution would
be sufficient at the anchorage, at least for the larger openings.

The idea is illustrated in Fig. 3.9.8.

Fig, 3.9.8 Alternative confignrations of fension flelds at openings.
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Small openings allowed in AISC rules

AISC (1978) allows girder webs without openings to be designed by the tue Basler
solution. It also allows smaller openings, up to D = 0,15k, to be located within tension
fields without reduction in shear capacity. This is consistent with the ideas of the previous
section: A small extension of the tenston fields compensates for the opening, while nothing
kappens at the anchorage, since the tension is as before.

Reinforcing rings

The theory for reinforcement around openings utilizes the bending stiffness of the rings,
The result is quite heavy rings. A better solution may be to apply doubler plates, as depicted
in Section 3.12. The theory remains the same, but the bending capacity of the
reinforcement is improved.

3,10 Stressed skin method

3.10.1 General

A brief description of the stressed skin method and ies application for design of living
guarters is given in Section 2.5. Most design recommendations and theories of structural
effects for openings in beam and girder webs are not applicable for stressed skin design.
Fot stressed skin the capacity of pancls with major openings is governed by buclding of
stiffeners, while for openings in beams the yicld capacity around the opening is governing,
It is therefore developed special formulas for stressed skin stractures.

In the context of this thesis, the question may be reversed, i.e. perhaps the stressed skin
method can be used to design girder webs with openings?

The stressed skin method is in use today also for design of reinforced openings in beam
webs, The method is preferred for its simplicity, and because the buckling strengths of
reinforcement and stiffencrs are addressed in an orderly way. The problem of transverse
buckling of reinforcement is, for example, only briefly described in the method based on
strength criteria referred in Secton 3.3,

A special variant of the stressed skin method is the Checketboard method, which is
presented In Section 3.11.

The following presentation is based on Sclland and Frank (1988).



72 CH. 3 REVIEW AND EVALUATION OF LOAD-CARRYING THEORIES

3.10.2 Without openings
General

A typical plate panel is shown in Fig. 3.10.1. The basic assumptions for the stressed skin
method are presented in Section 2.5. The requirements to a sheat panct necessary to fulfil
these assumptions are summatized a5 follows:

e Stiffeners should provide the shear panel with satisfactory global shear strength and
postcritical capacity.

e Yocal plate panels between stiffences should have satisfactosy shear strength and
postcritical capacity.

e Stiffencrs should have capacity against local and torsional buckling in excess of their
global buckling strength.

o Shear pancls should resist all transverse loads acting in combination with in-plane
sheat.

Buckling of the whole panel including stiffeners is denoted global shear buckling, as
opposed to buckling of the portion of the plane plating between stiffeners, which are
denoted local shear buckling,
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Fig. 3.10.7 Typical plate pane!

The stressed skin theory also allows the use of corrugated plate panels. The corrugations
replace the stiffencrs and provide the required global shear strength, while the local shear
strength requirements apply to the plate panels between the fold lines of the corrugations.
In the following discussion only flat plate with stiffeners is considered.
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Global shear buckling
The critical shear stress for a thin orthotropic plate is given by

D(:".2SD)(?.75

T{:r,G =36 - hzt

(3.10.1)

where A is the height and ¢ is the thickness of the pancl. Dy and D, are the flexural
rigidities per unit length parallel and perpendicular to the stiffeners.

3
D = 1—2% (3.10.2)
-V
EI
D, =2 (3.10.3)

where J, is the second moment of area of the stiffener, including an effective plate flange,
and a is the distance between stiffeners.
The global reduced shear stress T is a funciion of the reduced slenderness

7,
A = |—2 (3.10.4)

Tcr.G

and curves similar to Eqgs. (3.5.7) to (3.5.9).

Local shear buckling

The local reduced shear stress 7y is calculated as explained in Section 3.5.1 and 3.5.2,
assuming local panels of size @ times # and simply supported edges. The amount of local
post-critical shear strength that can be utilized, depends on the code that are used in the
design. However, as the global shear buckling interacts with the local shear buckling in a
way that is not yet fully understood, care should be shown when taking advantage of the
post-critical capacity.

Interaction between global and local shear buckling

The possible interaction between global and local shear buckling is accounted for by using
a cross section for [, in Eq. (3.10.3), based on the effective plate width of 301,

Stiffeners

The reliability of the stressed skin method rests on global post-critical strength, even if such
strength is not explicitly utilized. Also, in an actual structure, there will probably be some
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normal stresses in the shear panel, even if the state of stress is idealized by shear stress
only. To ensure that normal stresses do not force the stiffeners into eatly collapse and
hence damage the required stiffness for global shear buckling, some requirements are
required to avoid web and flange buckling as well as torsional buckling, Sce below for
pancls with openings.

Transverse loads

For panels in offshote structutes such loads are commonly wind and deck loads. Bending
stresses due to these loads are included in separate capacity checks of both plate and
stiffeners. For girder webs this is less important,

3.10.3 With openings
General

"The method is primarily aimed at rectangular openings. The approach for analyzing a panel
with an opening is similar to the apalysis of a panel without opening and hence the same
requirements apply. In addition it is assumed that the effect of the opening on the total
shear panel is limited to the area of the caleulation model.

Calculation model

The calculation or analysis model is shown in Fig. 3.10.2. A plate pancl of thickness / is
subjected to global shear stresses 7 acting along the outer boundaries of the model. At
the top and bottom boundaries there will often be axtal clements in form of decks or
flanges. At the vertical boundaries there may be stiffeners. However, there is no
requirement to the boundaries apart from the assumption that the plate panel is simply
supported along the top and bottom boundary. In Fig. 3.10.2 the opening is approximately
square and is shown somewhere in the middle of the panel, but the calculation model
allows the opening to be of any rectangular shape and to be located anywhere inside the
panel, including in the corners.
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Fig. 3.10.2 Calenlation model for a panel wath an opening.

An extra stiffener system is located around the opening and divides the plate into sub-
pancls. Local shear stresses in the sub-panels are obtained by the following equations:

7 =2 (3.10.5)
Sr +Sb
” _ta+D,+a,) (3.10.6)
[« +a,.,
T, :Mﬁ. (3.10.7)
5, +5,

The local shear stresses introduce axial forces in the stiffeners around the opening. The
axial forces vary along the length of the stiffencrs as shown in Fig. 3.10.2. Maximum
absolute values of the axial forces are

N, =|r, - 1)af| (3.10.8)

Ny =z, ~1))a,] (3.10.9)

N, =\, ~7,)54] (3.10.10)

N, =iz, - 78,4 (3.10.11)
Stiffeners

If stfferers are placed on one side of the plate only, they arc subjected to varying
eccentricity moments, For calculation purposes, these moments can be considered equal to
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the axial force multiplied by the distance from the plate centerline to the centroid of the
stiffener section including an effective plate width of 30z,

The stiffeners must be checked for flexural buckling due to the axial forces and the
eccentricity moments. Special care should be taken in determining the buckling lengths of
the stiffeners duce to the varying axial force, changing from compression to tension, and the
fact that the stiffeners arc not laterally supported at the points where the axial forces are
changing signs. The whole stiffener length should be used as basis when calculating the
buckling length and not only the part subject to compression. A simplification is to use a
buckling length of each stiffener equal to the extension of the opening in the direction of
the stiffener. Once the buckling lengths are found, the stiffeners are checked as ordinary
beam-columns.

To avoid web and flange buckling in stiffeners, they must fulfil certain requirements to
width-to-thickness ratios. Compared to section classes, the requitements ate between Class
2 and 3 for axial stress.

To avoid torsional buckiing of stiffencrs, the following requirement should be satisfied

2 2
!
0,z ”‘“%*%%Tb 2,57, (3.10.12)

o pos

where Iy is the St.Venant torsional constant of the stiffener, Ipo is the polar second
moment of area of the stiffener about the toe and £, is the second moement of area of the
stiffener about its centroid perpendiculat to the plate. Ay is the distance from the shear
center of the stiffener to its toc and Ly is the length of stiffener between transverse
SUppotts.

Local shear buckling

Hach sub-pancl is checked for local shear buclding similar to panels without openings.

3.10.4 Discussion
Interaction between global and local shear buckling

The calculation of shear buckling capacities for plates with stiffeners can be done in vasious
ways. A more conservative approach than stared in Solland and Frank (1988), is to usc Eqs.
(3.10.1) o (3.10.3), but to replace the yield shear stress by % when the reduced
slenderness for global buckling is calculated. Hence

- T,
= 2L (3.10.13)
z‘.r::-.G

wi int

is used in stead of Eq. (3.10.4).
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Recently, the shear capacity of plates with stffeners in Norwegian offshore struetures is
often based on more general methods, that is available in common spreadsheets for plate
buckling. Such methods intend to handle bi-axial stresses, shear and transverse loads in one
batch, and presumably some simplifications have been necessaty to achieve this. Also,
some post-buckling capacity tmay have been anticipated. As the main purpose is to cover
bi-axial stress and transverse loads, it may therefore be questioned whether these methods
always give reasonabile and safe solutions for pure shear.

Redquirement to stiffeners

A simplification is to use class 1 for horizontal stiffeners and class 2 for vertical stiffeners,
the classes refers to axial stress.

Calculation model in general

The stressed skin method for plates with openings is simple and very useful for hand
caleulations and spreadshects. The forces are caleulated from a general concept, which is
connected neither to certain codes nor to buckling,

The caleulation model is twice static indeterminate. This is handled by assuming 1) same
shear stress above and below the opening and 2) same shear stress on cach side of the
opening. These asswmptions result in equal shear stress in all four corner panels. The
absolute values of the axial forces in the horizontal stiffeners arc equal, but with opposite
sign in the top and bottom stiffencr. The values of the axial forces in the vertical stiffeners
are also cqual, but with opposite sign in the left and right stffencr. The inflexion points are
located on wverical and horizontal lines, not necessarily going through the center of the
opening,

Similar to girder webs, the secondary moments may be considered held by the axial
forces in horizontal stiffeners and flanges. In general, the secondary moments will be of
different magnitude in all four corners of the opening, a result quite different from the
usual Vierendeel approach. The Vierendeel distribution of secondary moments appears
only as a particular solution, L.e. when the model is double symmetrical.

Forces at the boundaries of the calculation model

The global shear stresses 7act along the boundaries of the calculation model, but this does
not imply that there is contnucus transition between the outer and inner shear stresses.
Axial members are required to distzibute and level out the shear stresses. In stiffened shear
panels, the horizontal axial members usually consist of decks or flanges, and the vertical
axial members consist of two of the vertical stiffeners. If stressed skin theory is used for
girder webs, horizontal members at the boundaries are provided by the girder flanges.
However, vertical members at the boundaries may not always be at hand, as it would often
be un-economical to provide four vertical stiffeners for each opening. In that case pasts of
the web plate have to serve as verdcal members and limited axial capacity is expected,
espectally for members in compression.
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Maximum absolute values of the axial forces in the upper and lower flanges in sections
through the opening are

M

N, = 1% + 705D, +a, )~y = E; O (310.14)
M

NG = "-A;:{—T(O,SDa +a,)t + Tyad 1‘—}1""*“ TDH{ -(7 "'73)‘71{ (3'10'1 5

M is the primary moment in the vertical centerline of the opening. The values are the same
in cach flange, but have opposite sign in the top and botiom flange. The second term in
each equation represents the normal increase that will be in any girder flange due to shear
in web. The last term in each equation compeises the real increase in flange forces caused
by the opening these additional flange forces have inflexion points located on the same
vertical Line as the inflexion points of the horizontal stiffeners.

The maximum absolute values of the axial forces in the outer vertical members are

N, =[iz -1 (3.10.16)
Ny =z, =7)8,4| (3.10.17)
These values are the same in each member, but have opposite sign in the left and right

member. The inflexion points are located on the same hotizontal line as the inflexion
points for the inner vertical stiffencrs.

Primary moment-shear interaction
The interaction is given by Egs. (3.10.14), (3.10.15) and the following requirement

Ny <4, f, (3.10.18)
N <4, 1, (3.10.19)

where Ay is the smallest flange area of the top and bottom flanges. Unfortunately the
interaction must be calculated from case to case. In general, it is not possible to establish
simple interaction equations like Eq. (3.3.1).

A typical interaction diagram

Howevet, it may be interesting to establish a diagram for 2 typical girder with 2 rectangular
opening designed by the stressed skin method:

A girder with an opening of length D, and height D is reinforced by horizontal
reinforcement such that full yield shear stress can be developed above and below the
opening, Assuming no buckling, the shear capacity is
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Vo=t (h=D) = Dy (3.10.20)

/y
LL(p-
V3
If a shear force ¥ is acting, the shear stress above and below the opening is

.Y/

P — 3.10.21
o (h - 'Dh)z I/m '\/5 ( )

Assuming 2z single symmetric caleulation meodel, the maximum flange force is given by
Eq.(3.10.14) as

M D M V f Dt
N o=>—=+ LR kT Wi 3.10.22
ST TN TR TV R 2 31022

In this case, single symmetric means that the model is symmetric relative to the vertical
centetline through the opening, Eq. (3.10.18) gives

_’1:_+I/’i_% Dza’ <A, f, (3.10.23)

Primary moment capacity of the girder without opening, counting only the flanges, is

M, = A.fh (3.10.24)

The flange area can be expressed as a tatio & of the web area without opening

A, = aht (3.10.25)

which leads to the interaction equations

¥V

— <1 3.10.26
v, (31026)

M s
M, 2J3an?¥,”

LRV (3.1027)

The shape of the interaction diagram is independent of the height of the opening, but
depends on the ratios Do/ and @ Assume, for example, that the opening has a length
Dz= 0,50 and the ratio

o= 2% (3.10.28)

Eq. (3.10.27) then reads

M omY < (3.1029)

f m
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The interaction is shown in Fig, 3.10.3. It appears to be relatively strong for this partcuiar
girder with rather small flanges. If the opening is twice as long, or if the secondary moment
in the top tee is distributed to one side only, the factor 0,22 in Eq. (3.10.29) must be
replaced by 0,44. The dotted line in Fig. 3.10.3 shows this effect.

Eq. (3.1020)7
for a longer opening |~ Eg. (3.10.26)

Vi v
Fig. 3.10.3 Interaction diggram for a tipical gévder with rectanguiar openings
desipned by the stressed shkin method

Eccentrically located openings

Eccentrically located openings can also be handled by the stressed skin method. The shear
stresses are not altered if an opening is moved, for example, from the center towards the
lower half of a web, The forces and buckling lengths of the horizontal sidffeners are not
altered, cither, but the forces and buckling lengths of the vertical stiffeners increase. This
chservation may be a reason to assume the following:

* If the vertical stiffeners, or the vertical part of the web without stiffeners, have
sufficient strength, the location of the opening has no influence on the shear strength.

o If the vertical stiffeners, or the vertical part of the web without stiffeners, are weak, a
te-location of the opening off the web horizontal centesline reduces the shear strength.

Lower bound solutions

As the plates can buckle from shear and the sidffeners from axial compression, the stressed
skin method rarely gives lower bound solutions in the strict sense, However, if the smallest
value of the critical shear stress or the reduced shear stress of each sub-panet can be
considered as a sort of “guaranteed yield stress”, the sub-panels do not violate the lower
bound condition. Further, it is possible to choose two of the corner plate shear stresses
such that all stiffeners are in tension. Then the stressed skin method provides 2 lower bond
solution.

If a particular set of corner plate shear stresses is assumed, the axial forces in stiffenets
and flanges must be caleulated from case to case. Eqs. (3.10.5) to (3.10.11) and (3.10.14) to
{3.10.17) are not valid, In general the forces increase and there are not necessarily any
inflexion points.
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3.11 Checkerboard method

3.11.1 General

in the stressed skin method, the static indeterminate calculation model with eight panels
can akternatively be solved by assuming that two corner panels have zero shear stress,
These assumptions replace the common assumptions of equal shear stress in the panels
above and below the opening and of equal shear stress in the panels on each side of the
opening. The corner panels with zero shear can be placed on one side of the opening,
above or below the opening ot diagonally on each side of the opening. All configurations
appear as a sort of checkerboard pattern. This s the basis for the checkerboard method
described in Buckland, Bartlete and Watts (1988). However, they use only two panels over
the height of the girders. The following presentation is based on this paper.

3.11.2 Multiple openings

Fig. 3.11.1 shows a part of a Jarge web in an offshore structure with several openings. The
shaded areas are reserved for openings and assumed to have zero shear stress.

SHADED AREAS
" DISCOUNTED

17 AT BAR
REINFORCEMENT
BOTH SIDES OF

WES
LDOUBLERS ' '
EEFECTIVE] 7
£4 Esi ds | &y
A=A

Fip. 3.71.1 Checkerboard solution Jor web panel with large openings
[Buckland et al. (1988) Fig. 20 b

The checkerboard method is based on plastic analysis and the basic assumption is that the
stee} is sufficiently ductile such that oaly equilibrium need be considered and strain
compatibility is ignored. Thus all web panels are assumed to have uniform shear and the
global moments are assumed catried by the top and bottom flanges only.

A set of design equations for the shear forces in panels and axial forces in the vertical
stiffeners is established. The checkerboard can be divided into sub-models for calculation.

Buckling is not considered, but vertical reinforcement/stiffeners made of flatbars on
both side of the web are proposed.

In order to plastify the webs the reinforcement and their welds must not fail
prematurely, They were therefore designed to carry forces 10 to 20 % greater than the
calculated values.
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3.11.3 Discussion

Buckland, Bartlett and Watts (1988) do not mention the term “stressed skin”, and do not
calculate the shear stresses as such. However, the checkerboard method secems to be a
wvariant of the stressed skin method, Hence the discussions in Section 3.10.4 apply.

A true checkerboard pattern is difficult to apply if there is only two panels over the
height of a gitder. A system with three panels plus one opening is static determinate and
cannat have the corner panel without shear stress, unless the horizontal reinforcement is
anchored in an adjacent structure, Similatly, a system with five panels plos one opening is
one time static indetexrminate, and can have only one corner panel without shear stress.
Actually, true checkerboard patterns occur only as particular solutions. Cenfigurations
with alternating panels with zero stress must usuatly rely on additional pancls at each end to
obtain equilibrium. 1t can be difficult to divide the calculation model into sub-models. An
analysis of the full girder including the extra panels may be required. However, the analysis
i still fairly simple. Figs. 3.11.2 2} and b) show incomplete and completed calculation
models.

With only two panels over the height of a web, the axial forces in vertical members may
be large. Also, when a continucus horizontal reinforcement is used, the forces in this may
be solely in tension or compression. In Fig. 3.11.2 b) the force is tension, but in general this
depends on the checkerboard pattern and the direction of the shear force in web.

The checkerboard method establishes a theoredeally static determinate system in large
parts of the structure. If the inactive shear panels are realty missing, the strocture is static
determinate in practice also. There are small possibilities for rediszribution of forces,
especially for the vertical members.

e s
o
1>
|
]

u
- \\/.\Y RN .mm_umssible redistribution of axizl force
] " &1 If horizontal reinforcement is

;kanchorerj outside the calculation model

N SN2

|
A3

Fig. 3.11.2 Checkerboard models.  a) Tncomplele model and b) Completed moded
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3.12 Doubler plate method
3121 General

The methods described in previous sections have not aimed at recovering the full shear
capacity of the web without opening. The upper limit is the shear capacity of the minimum
section above and below the opening. By using doubler plares the possibility exists to
increase the shear capacity up the full shear capacity of the web without opening. Fig,
3.12.1 shows this principle for a circular opening. Two alternatives are shown, one with a
doubler plate on one side only and the other with doubler plates on both sides. The latter
solution is frequently termed “tripler plates”.

[ il —_— i
= St == st
s J.E
2D+ 30 ’
%—-I 1,50 + 30,
(a) (b}

Fig. 3.12.1 Doubler plates on one or both sides of wel [Buckiand of al. (1988) Fig. 5 ]

The use of doubler plates in girder webs is described in Buckland, Bartlett and Watts
(1988). Circular and rectangular openings in webs of deck girders in an offshore strucrare
are covered. Elastic and plastic theory is considered, of which only the findings based on
plastic theoty is referred below.

3.12.2 Circular openings
Doubler plate geometry

The basic idea is as follows: If an opening can be reinforced, by doubler or otherwise, so
that the remainder of the web can attain yield before the reinforced opening fails, a major
simplification ensues: the stress field outside the reinforcement is uniform, namely at yield.
In othet words, the web stresses outside the reinforcement are not affected by the presence
of the opening or its reinforcement. This means that one opening is unaffected by the
presence of a second opening, provided their reinforcements do not overlap. Similardy, a
reinforced opening may be close to the edge of a plate without this affecting the web.

The analysis is based on eatlier work by Weiss, Prager and Hodge (1952), who derived
the tequited thickness of teinforcement plates that will not fail before the web is fully
yielded. Buckland et al. develop the theory somewhat further and present the required
doubler plate thickness as a function of the web thickness, the diameter of the opening and
the diameter of the doubler plate.
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If the diameter of the doubler plate is twice the diameter of the opening, the thickness of
one doubler plate has to be 1,791 according to Buckland et al. This is approximately the
same as 1,73 proposed by Weiss et al.

The total thickness, including the web, amounts to 2,79 = 3. It is proposed to use two
doubler plates of thickness f, one on each side of the web. This solution is shown in Fig.
3,12.2. The main reason for using two plates is that the required volume of fillet welds
atound the plates for two plates amounts to only 30 % of the volume required for one
plate alone.

Hfe

SRR

A

Fig. 3.12.2 Doubler plate selution restoring the full shear strength of web

Sheat capacities

The aim is to present a simple design procedure. Hence the shear capacity of a web with
opening is taken as

vV o=kV (3.12.1)
L] d" g

V, is the plastic shear capacity of the web without opening and kg is a reduction factor;
k; = 0,33 without doubler plates, ky = 0,67 for one doubler plate, and kg = 1 for two
doubler plates. The reduction is assumed to tzke place over the full height of the web,
independently of the size of the opening.

Eq. (3.12.1) is cleatly conservative for small openings, as one diminutive opening
without doubler plates reduces the capacity to only 33 % of the full capacity. Hence a
modification is proposed for opening diameters smaller thaa 0,25h. It is assumed that the
effect of the reduction does not work outside a diameter of 4. The shear capacity for
smaller openings is

V, = (1 - ﬂ%f—dﬁ)vp (3.12.2)

For example, an opening of 0,200 without doubler plates gives a shear capacity that 1s
46 % of full shear capacity.
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Moment-shear interaction

No primary moment-sheat interacton is considered.

Welds

The doubler plates are usually filet welded along both its inside and outside perimeters, To
be consistent with the method of analysis, all force wansfer must occur at the outside
perimeter. The weld around the inside perimeter is only a seal weld. The part of the force
transfetred to each plate must be directly proportional to the ratio of the thicknesses.
Hence, in the case of one standard doubler plate of thickness equal to the web, one half of
the applied force must be transferred 1o the doubler plate.

Both shear, comptessive ot tensile stresses in the web impart shear into the weld. The
stresses in the web are summed vectotially 1o Garincipar 804 the weld sized by the maximum
value found round the perimeter. The capacity of the weld is taken as the yield shear stress
on the throat of the weld.

2t W
O-prmcipuit-é_; = Ty :/_—5 (3123)
where w is the leg length of the weld. This gives
2
Jpn‘ncnpnf - r_y %E = 1,061 ME (3124)

! Yy

Buckling

According to Buckland et al the stability of web openings reinforced by doubler plates is
not a problem. No evidence of buckling was found for the case of a reinforced plate in
shear, but a Japanese investigation of the case of uni-axial compression showed a marked
increase in buckling capacity.

In the case of un-reinforced openings, it is referred to Héglund’s investigations.
Buckland et al state that buckling capacity is reduced, but, as they use only 1/3 of the full
capacity, it is unlikely that buckling will be the governing criterion in practical design.

3.12.3 Rectangular openings

For rectangular openings Buckland et al propose doubler plates ro be designed as frames
that carry the shear force of the opening with no help from the surrounding parts of the
web. The frames are designed by plastic theory and the secondary moments have ro be
carried without stiffencrs,
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3.12.4 Discussion

In design of tanks and pressure vessels with openings, 2 rule of thumb for doubler plates is
to maintain the cross section through the opening. Both solutions in Fig. 3.12.1 recover the
cross section if the thickness of each doubler plate is the same as the main plate. But it
turns out that this is not sufficient to restore the shear strength of a web with opening to
the full shear strength of the web without opening, The rather heavy thickness required
roay in the first hand be astonishing. However, after a second thought, it may explained as
follows:

Consider a shear force approximately equal to the shear capacity of the minimum
section above and below the opening. One component of the force couple from the
secondary moments can be taken by compression/tension not far in from the edge of the
opening, The other component of the force couple can be taken somewhere else in the
web, because this patt of the web is rot in yield from shear. Now, assume that one doubler
plate of twice the diameter of the opening, and of the same thickness as the web, is
introduced. This plate will restore the section above and below the opening ro the full web
scction. Consider that the shear is increased to the full shear foree of the web. The shear
stress s at yield both in the minimum section and in the rest of the web. One component
of the force couple from the secondary moment can be taken by compression/tension in
the doubler plate. But the other component cannot be taken outside the doubler plate, as
the rest of the web already is in yield, Hence @ the extra secondary moments have to be
taken in the doubler plate. The thickness of the doubler plate has to be more than the
thickness of the web.

Considering this explanation, the thickness required to restore the full shear capacity
should be accepted. However a reduction of the shear capacity to 1/3 of the full capacity if
no doubler plate is used, seems very conservative,

Full restored shear capacity, i.c. by means of two doubler plates, gives a weight increase
of five times the weight of the material removed from the opening.

Primary moment-shear interaction is expected to occur for the part of shear, which is
not taken by the doubler plates. When doubler plates are used and D < 0,50k , no more
interaction due to the opening should be expected. The doubler plates are themselves
supporting the extra shear and the flanges are not influenced.

The largest possible leg length of a fillet weld between web and a doubler plate is w = £
Eq. (3.12.4) gives

oo
w prmc‘l_r)m’l (3,12.5)
1,067,

For a web in pure yield shear stress, the principal stress is equal to the yicld shear stress.
Hence, to carry the full shear capacity of the web, the fillet welds of the doubler plates
must be almost as big as the largest possible weld.

For rectangular openings, double plates are usually thicker and less efficient than for
circular openings. This is a consequence of the relatively larger secondary moments of
rectangular openings than for circular openings. Doubler plates may still be a good solution
for smail rectangular openings. However, for rectangular openings of some size, doubler
plates are rarely efficient compared to replacement of the web with a thicker plate in the
minimum section and to use vertical stiffeners and horizontal reinforcement.
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313 Other methods

3.13.1 General

An alternative method to the tension field methods is presented in Lee (Feb. 1990}, based
on a aumerical stady in Lee (June 1990). The following presentadon is based on these

papers.

3.13.2 Circular and elongated openings
Numerical study

The numerical study comprises 22 transversely stiffened webs. ABAQUS with the four-
node quadrilateral shell element S4R 1s used for the simulations. The material was assumed
to be elastic-perfectly plastic. An initial imperfection in agreement with the buckling mode
due to shear is specified in the compression quadrants of the openings. Typical computed
stress fields for D/h = 0,50 and A/t = 180 are shown in Fig. 3.13.1. The solid line shows
the direction of tension field according to Narayanan {(1983a).

0 200 460 pma!
130 %

—— Padncipalcompressive stress
----- Principai lensile stress
©  Yieldedintagration point

Fig. 3.13.1 Typical stress fields obtained from finite elowient analyses. | Lee (June 1990) Figs.5a and b

Typical load-deflecion curves are shown in Fig 3.13.2. The curve for tramsverse
deflections at the edge of the circular opening in Fig. 3.13.1 is plotted for a point along the
tension diagonal, 1.e. for a point that has compression tangentially to the opening edge.
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Fig. 3.13.2 Typical had-deflection enrves [ Lee (June 1990) Fig. - |
The stress fields obtained at collapse generally display the following features:

¢  Vielding in the web is independent of the web buckling stress

* High compressive stresses occur along the tension diagonal of the web, even in very
slendet webs and webs with very latge openings.

* Two regions of pure tension, the “tension bands™, occur in the web at yield, one above
the opening and the other below it. The tension bands do not extend fully to the
flange-web junctions and they carry most of the shear in the web.

¢ Evidence of beam action, Le. a two-directional stress system, exists immediately above
and below the opening near the flange-web junction, indicanng that locally the
tansverse forces on the flanges are likely to be small.

The results also provide evidence that the stress fields are more affected by the size of the
opening than by the exact opening shape, and that the flexural strength of flanges has no
significant influence on stress fields. A flange with no flexural strength can still develop
post-critical strength in the web.

Theoty

A web with 2 medium size circular opening is considered, see Fig. 3.13.3. The two yielded
tension bands, ABCD and EFGH, are each inclined at angle 8 to the flanges. A and E are
located on the same vertical section and so are B and F. Hence the positions A and B, and
also E and F, are symmetrical about the centerline of the panel. C and H are at the mid-
depth of the panel, and both BC and EH ate tangents to the circular opening, allowing the
maximum widths of the tension bands to be obtained.

At the flange-web junctions along AB and EF, it is assumed that the principal stresses
ate of equal magnitudes, but of opposite sign, and are inclined at + 45° to the flanges,
resulting in no transverse forces on the flanges. Away from the boundaries AB and EF, and
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within the tension bands, the stresses have the value of the vield stress in tension. At the
corners of the web, high tensile and compressive stresses are present. Qutside the tension
bands and away from the corners, the web has buckled and is assumed to make no
contzibution in resisting the external shear.

|
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Fig.3.13.3 Simplified stress acsumed Fig. 3.13.4 Lguilibrinm of the top flange

i the theoretical mode!

The geometry of the model is such that the overall depth of the tension bands is constant
over the panel length, The flanges are assumed to temain elastic between AB and EF) and
have yielded elsewhere so as to satisfy the vield condition to the left of A and tw the right
of B, since between AB and EF there are no transverse forces on the flange. This also
implies that the shear in the flanges is constant between AB and EF, ie. the total shear
force on any vertical section is also constant. Thus the hinge positions are at A, B, EE and F.
Considering equilibrivm of the top flange shown in Fig, 3.13.4, one obtains

My (3.13.1)

My is the plastic moment capacity of the flange and ¢ is the distance between hinges A
and B. The shear forces ¥ at A and B are supported by the high tensile and compressive
forces in the corners of the web.

Consider now Fig. 3.13.3 and the vertical scction through AE. Here, according to Lee,
the only iaternal force from the web resistng the external shear, is that from the top
tension band. It has the magnitude

V, = fctsing (3.13.2)

The vertical component of this force is
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V. = fctsin® @ {3.13.3)

The contributions from top and bottom flanges are 2Vy. Hence the total shear capacity is

v

ult.Lee

4M
= f,ctsin® @ 41 (3.13.4)
c

The moment capacity of the flanges is reduced for axial forces in the flanges from primary
moment, and according to Lee, this can be used to construct interaction diagrams.

Tension band pattetns

The distance ¢ and the angle §in Fig. 3.13.3 depend only on the aspect ratio of the web and
of the opening size. Certain geomettical rules are established:

e For small openings the point B is in the upper left corner. A tangent to the opening is
drawn from B to a point C on the opposite side of the web. For the smallest openings,
the point C is below the horizontal centerline through the opening.

» For increasing opening diameters, point B is still in the upper left corner, but point C
moves up to the horizontal centerline through the opening,

e Tor further increased diameters, point C is on the horizontal ceaterline through the
opening and on the side of the web. The tangent is now drawn from point C to point
B, whick moves from the corner towards the verdcal centerline of the opening.

¢ For larger diameters, point B stops at the vertical line from the left side of the opening.
The tangent is how drawn from the fixed point B to the point C, which is allowed to
move above the horizontal centetline through the opening,

Equations can be established, but are not referred here. A few examples of patterns are
shown in Fig. 3.13.5. As the patterns ate independent of the bending capacity of flanges, it
is not possible to maximize the ultimate strength.

For elongated openings, the constructions of tension band patterns are similar to those
of the circular openings.

Fio. 3.13.5 Varions tension bands for eircnlar apenirgs
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3.13.3 Rectangular openings

Lee proposes to use the theory established for circular openings alse for rectangular
openings. The requitement that the borders of the tension bands must be tangents to the
apening is relaxed to go through the corners of the openings.

3.13.4 Discussion
Numetical study

The numerical analyses presented by Lee (June 1990) are intercsting especially because the
principal stresses around many openings arc visvalized both with size and directions. The
stresses are presented for the middle layer of the elements and hence represent mainly
membrane stresses. Briefly stated the stress pictures show the following:

s [naflexion points ate located towards the compression quadrants
¢ Tension bands can easily be seen

* High compression stresses ate also acting, in some cases the stresses are reaching the
yicld stress and occur as “compression bands”.

The simulations indicate that buckling 1s a global phenomenen. Very small aspect satios
increase the shear capacity. When the aspect ratios are increased, the shear capacities
decrease to a certain level, and remain constant for further increased aspect ratios. The
buckling seems to be plate type buckling: The transverse deflection shown in Fig. 3.13.2 is
progressive for increasing load, but has no limit point,

The theory presented by Lee (Feb. 1990)

In the first place the theory appears simple and useful for practical design. Calculated
capacities are noted to give reasonably accurate estimates of shear capacities of webs with
openings. Unfortunately the theory contains some severe errors that in the end makes the
good results appear as mere coincidences. The objections are as foliows:

* The shear capacity given by Eq. {3.13.4) has two terms; the first term shows the
contribution from the web and the second term the contribution from the flanges. The
shear capacity from the web originates from the tension band in the web section AE of
Fig. 3.13.3. Accotding to Lee, this is the only force in the web at this section. But Lee
has cmitted a reaction force from the other tension band that ends at E. Wherte can this
force be? It is impossible that the foree can go through the flanges to the end of the
web, because the flanges cannot take more shear than already given by the second term
of Eq, (3.13.4). In addition, Lec himself has pointed at large comnpression stresses in the
end of the tension bands at the flange-web junction, and he has stated that no forces
ate transferred to the flanges along the distance ¢ . The answer is therefore that a sort
of “compression band” also exist in the section AE. Duc to symmetry, the reaction
foree to the lower tension band must be equal to the tension force in the upper tension
band. Hence Eq. (3.13.4) should be modified to
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4M
Vm‘."l.cc' = nyCt Sin2 g+ LA

(3.13.5)

+ However, the sheat capacity given by Bg. (3.13.5) is most likely overestimated, because
the angte & is too big, The geometric conditions given by Lee, always place the distance
¢ symmetrically above the opening. The numerical simulations often show that the
inflexion area is moved towards the comptession quadrant.

» No yield criteria are established for the ends of the teasion bands at the flange-web
junction. Theoretically, vield tension stress cannot exist together with yield
compression stress in the same point. However, 2 larger arca than given by the
boundaries of the tension bands alone may explain this.

e The primary moment-shear interaction is only influenced by the last term in Eq.
(3.13.4). If this term is omitted, there is no interaction in the theory proposed by Lee.
Cettainly the tension and compression bands have counterparts irt the flanges.
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3.14 Conclusion

3.14.1 General

The review and evaluation of load-catrying methods have shown that many factors are
involved on the determination of the shear capacities, and it is not quite clear how the
resuits are related to the different limit states. The rotated stress field method and the
modified Vierendeel method can handle openings in all webs, but not openings with
reinforcements. ‘The tension ficld methods cover zll openings in slender webs, but the
transverse web displacements may be large. The stressed skin and checkerboard methods
cover all rectangular openings with reinforcement, but not circular openings. Some
amendments to the existng methods might be possible, but an important conclusion
should be that the shear capacities cannot be given neither by means of one universal
method not one equation.

However, it should be possible to give useful and generalized shear capacities based on
diagtams and guidelines. Diagrams similar to Fig. 3.0.2 may be the basis, and some
secondary factors, that arc less important to the result, may be climinated, The diagrams
can be based on theotetical methods, experiments, or numerical simulations. A brief
outine of a proposed design procedure is given in Chapter 6.

3.14.2 Shear capacities in the various limit states

None of the reviewed methods give shear capacities in the Fatigue Limit State - FLS.
Sufficiently accurate clastic stresses around openings in webs can caly be found by FEM-
analyses, and the problem will not be further investigated in the present thesis.

The Serviceability Limit State - SLS is a state that is frequently encountered in the life
span of a structure, and in this limit no accumulation of plastic strains or fatigue damage
shouid take place duc to stress redistibution. For all webs second order etfects will amplify
the initial transverse web displacements, and in the strict sense it is impossible to avoid
some redisttibution of stresses. But, the plastic strains and transverse web displacements
can be curbed by means of restrictions to the shear stress level, for instance by using only
the critical shear stress in the design. None of the reviewed methods give the shear
capacities in SLS. 'The allowable stress method and the doubler plate method may in
practice be suck methods, but the results are not very accurate.

However, if the limitations to plastic strain or fatigue are disregarded, the remaining SLS
requirement is the transverse web displacements. In the allowable stress method, the
method based on strength criteria, the rotated stress field method, the stressed skin method
and the doubler plate methed it is stated that buckling shall not occut. Even though some
buckling is ievitable, these methods utilize only 2 fimited part of the post-buckling capacity,
and the transverse web displacements ate expected to be relatively small.

In the Ultimate Limit State — ULS the aim s to find the maximum shear capacity, Only
the method based on strength criteria and the Cardiff tension ficld method are such
methods in the strict sense. However, the rotated stress ficld method, the modified
Vierendeel method, the stressed skin methad, the checkerboard method and the doubler
plate method may in practice be ULS-methods.

In the Accidental Limit State - ALS the aim is to find the shear capacity for large vertical
deflections of a beam or girder. None of the methods are ALS-methods.
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Chapter 4

Prior experiments
41 Introduction

In 1978 rather sparse information of the performance of slender plate girders with
openings was available, Therefore Division of Steel Structures at Norwegian Instinate of
Technology (NTH) started an expetiment program in order to map the parameters that
influence the shear capacity of slender plate girders with large web openings. During six
years up to 1985 a total of 15 plate girders were tested. The web slendernesses were chosen
to ensure that web buckling should be a governing factor. The most important parameters
were the size and location of the web opening and the design of various types of stiffening,

The experiment program was cazried out by Ijell Sollid. The first eight experiments are
desctibed in an unpublished, preliminaty report by Sollid (1983). The remaining seven
experiments are described in a later unpublished report by Sollid (1985). In addition several
students have participazed in the experiments and wrote their M. Sc. reports based on some
particular girders. No summary or conclusion from the complete experiments has been
published.

Today, more information and design models are of coutse available also for slender
plate girders. However much of this is based on rather small scale models. A main feature
of the experiments at N'TH is the size of the plate girders: With web height up to 1,0 m,
these are almost in a scale 1:1 of girders in practical use. Hence the experiment girdess can
be assumed to have realistic weld stresses and fabtication tolerances.

For the purpose of this investigation, the details of the experiment set-ups are explained
in Secton 4.2 with a summary of the results in Section 4.3. These sections ate based on
Sollid {1983) and Sollid (1985). The authot’s contribution is the discussion in Section 4.4
and the conclusion in Section 4.5,

4.2 Details of the experiment set-ups

4.2.1 General

All experiments were performed on welded plate girders that acted statically as short
cantilevered girders fixed in all degrees of freedom at one end and toaded with a point load
in the other end, Fig, 4.2.1 shows the test arrangement in principle.

All girders were loaded in load increments until their maximum loads were reached.
After this, displacernent control was used in order to determine the remaining load catrying
capacities and the governing collapse mechanisms. The load/displacements results and
strain measutements were recorded.
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Fig, 4.2.1 Test arvangoment in Drinciple

4.2.2 Girders

The expetiments were performed as two groups:

The first group consisted of cight girders, which were numbered S1 to S8, All girders
had length 2,0 m, web height 1,0 m and web thickness 3 mm. Hence, the web slenderness
ratio A/t = 333 and the aspect ratio a/h = 2,0 were the same for all girders in the group.
All flanges were 200 x 10 mm.

The second group consisted of seven girders, which were numbered S9 to S15. All
girders had length 1,5 m, web height 0,75 m and web thickness 3 mm. The web slenderness
zatio h/1 = 250 and aspect ratio a/h = 20 werc again the same for all girders in the group.
All flanges were 200 x 10 mm.

Overviews of the girders, openings and their locations are given in Tables 4.2.1 and
4.2.2. The first girder in cach group had no opening and is used as a reference girder.

For all girders, the vertical load was transferred by two UNP 140 sdfferers that were
welded to the web and flanges. These vertical stiffeners were given large bending stiffness
in order to ensure that the tension field diagonal could be sufficiently anchored. At the
other ead a 50 x 250 mm end plate with 24 predrilled holes @25 was welded to web and
flanges.

The web plates were made of hot rolled plates in material $¢ 37-2 DIN 17100 with
nominat £, = 235 N/mm® and the tlanges from hot rolled flat bars in ship quality grade
DV A with nominal f, = 255 N/mm? Stiffeners were made of hot rolled plates or
sections in St 37-2. No material data is provided for the 50 mm end piates.

In order to document the real yield and tensile strengths, tension specimens were taken
from both the web and flange plates. The strength values for each girder web were based
on six specimens, while both flanges together had strength values based on three
specimens. The tensile specimens were tested according to DIN 50125/17100 by means of
an Instron testing machine. Mean values for the vield stress ate included in Table 4.4.1

Specimens were 2lso taken from the material that was used for stffeners around the
openings. Mean value for the yield stress was 290 N/mm?

The plate and stiffener dimensions were measured.
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Table 4.2.1 Test girders 51 to S8 Table 4.2.2 Test girders 59 to §15
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In order to reduce the initial displacements of the webs, each web plate was cut to correct
size in one piece in a shearing machine. Also each flange was cut in one piece from 2 flar
bar that already had the cosrect width as roled. A longitudinal shallow groove was
machined in each flange and the web plate was piaced in these grooves before it was
welded to the flanges. Weld sizes were not recorded. All openings were made by flame
cutting with minimum heat supply in order to Hmit deformations from residual stresses.
Corner radii were always » = 10f = 30 mm. In spite of the precautions, initial deformations
of the web were measured prior to testing. For the two girders 81 and 59 without openings,
maximum initial displacements of 12 and 1,6 mm respectively were reported. For the other
girders the maximum displacements varied between 13 mm for 56 and 1,2 mm: for S14.

4.2.3 Test rig

The test rig is shown in Fig. 4.2.2. It consisted of a large steel restraining structure that was
bolted to steel rails in the strong floor of the test laboratories, and a hydraulic loading
systemn. Bach test girder was bolted to the restzaining structure by means of 20 M22 8.8
holts. The bolts were pre-tensioned, but the procedure used is not documented.

In spite of the large stiffness of the reaction structure, some deflection of the rig
occurred during testing. However, these deflecions were measured and subsequently
accounted for in the data reductions.

The load was applied by means of a hydraulic jack of type Amsler having 400 kN
capacity. The jack was suspended from a portal frame that was bolted to the strong floor.
Each end of the jack had spherical hinges. By means of a load cell and a displacement
meter, both load and displacement control were possible.

In order to prevent lateral buckling, all girders were equipped with two special guides at
the loaded end. The guides aliowed vertical displacement only, without taking up any
vertical loads. At the same time the guides supported any lateral load coming from, for
instance, skew positioning of the hydraulic jack or non-symmetric configuration of the test
girders, when these were loaded to collapse.

= Test girder .
I un
=] AL
=
L
275 2000 125
1200 2400

Fig 4.2.2 Test rig
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4.2.4 Instrumentation
The instrumentation was divided in the following four measurement groups:

1) Load/vertical displacement of the hydraulic jack: An XY-plotter gave a continuos plot
of the load/displacement diagram for the jack, The diagram was used to monitor the
behavior of the test girders, for instance to alter the load steps when the oad of a test
girder approached its maximal level, The accuracy of measurement was = 1 %.

2) Vertical displacement of bottom flange: Six mechanical meters were used to record the
vertical displacement of the test girders, and the measured values were recorded
manually. A typical atrangement is shown in Fig. 4.2.3. Meter no. 1 measured vertical
displacement of the stiffener in the loaded end, and meters nos. 2 and 3 measured the
vertical displacement of the bottom flange at the opening. Meters nos. 4, 5 and 6
measured the displacements of the restraining block. The accuracy of measurements was
+ 0,01 mm,.

-{%}5 .
¢P

- 5

; ; 1
D &3 O @1
Fip. 4.2.3 Mechanical displacenient mefers

3 Transverse displacement of the web: An aluminum beam equipped with mechanical
meters was used to measure transverse displacements of the webs. Seven meters with
center distance 125 mm were used for Girders S1 to S8, and five meters with center
distance 125 mm were used for Girders S9 to Si5. Fig. 42.4 shows the measuring
bridge in principte. In each end the bridge had prongs that were placed against the web
plates, and two spring-ioaded magnets held the bridge in position while the values were
recorded. For each load step the measurements were taken at three to five positions
along the girder. Hence, for Girder ST measurements were taken in a grid consisting of
seven points over the web height and four positions along the girder length, te. a
(7 by 4) grid. For the other girders the grid varied from (7 by 5) for Girder S2 to
(5 by 3) for Girder $13. The values were recorded manually. Before and after the tests
the bridge was calibrated against a perfectly plane plate. The accuracy of each meter was
0,01 mm, but, as the bridge was moved and re-applied in various positions, the total
accuracy is less.

"T'he use of the measuring bridge was restricted by the range of the meters, which was
+ 12 mm. Larger disptacements could only be observed qualiratively.
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Fig. 4.2.4 Measuring bridge in principle.

4) Strain in girder flanges and web: Strain gauges were glued on one side of the web and on
the upper surface of the upper flange and on the lower sutface of the lower flange. The
objective of the strain gauge measurements was to calculate the stresses in the girders in
order to compare with the various tension field theoties. Both vniaxial and rosette gype
gauges were used, with gauge lengths were 3 mm and 2 mm, respectively. A “Solartron
3530 Orion Data Logging System™ was used to record the measurements.

The reasons for using strain gauges on one side only were: 1) One side had to be free
in order o allow the measurements of the transverse displacements of the webs, 2) It
was chosen to have strain gauges in as many positions as possible in order to get a better
pictare of the stress vatiations around openings and stiffeners, and 3) It was planned to
make measurements by photogrammetry of the large displacements, whereby pictures
undisturbed by strain gauges would be needed.

4.2.5 Photogrammetry

A ruled net was painted in black on a white background on one side of the web, in order to
make measurements of transverse displacements by photogrammetry. Such measurements
were for various reasons not performed. However, by these nets, the large displacements
are cleatly visible on photographs.

4.2.6 Testing procedure

After installation of the test girder and the hook-up of the instrumentation, the girder was
given an initial load cycle up to about 20 % of the expected ultimate load. This was done in
order to overcome initial friction and possible eccentricities in the loading and restraining
system.

The test itself was initially carried out under load control, and the load was applied in
increments of about 20 kN. After cach increment the actuator was locked in position, ie.
the displacement was kept constant for some minutes. During this period a relaxation took
place until an equilibrium situation was obtained at a load 2 to 4 % lower than the initially
applied ioad. As soon as the proportionality point between load and displacement was
exceeded, the test was switched to displacement control. Here, displacement increments of
5 to 10 mm were used to record the entire response curve. The test was normally
terminated when the vertical displacement of the actuator reached 40 to 50 mm.
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4.3 Summary of test results

A brief summaty of Sollid’s (1985) test results is given in Table 4.3.1, Column 4 shows the
measured maximum equilibtium load, V.., and Column 5 shows the measured maximum
load not in equilibtiom, ¥, e, . Column 6 gives the calculated shear capacity based on yield
in the minimum section through the opening, as

Vp,mod = %(h - Dh)t (431)

whete Dy is the height of the opening. The vield stress f; is based on the measured values,
and nominal values of the web dimensions are used, Column 7 gives the ratio between the
values in columns 5 and 6. Further, in Column 8, the measured “ % relaxation” is shown.
The term relaxation is difficult to interpret from Sollid’s reports, but from Minsaas (1983) ir
is assumed to be the strain value that is measured when the girder had reached its
maximum equilibrium load.

Table 4.3.1 Test results

1 2 3 4 5 6 7 8
Girder| Opening {Stiffeners| V., Vien Vpmad Vien’Vpmod Relax.
[mm) BN | BNy | N [N 2
$1 None No 218 226 566 0,40 3,5
S2 | 500x 250 No 153 159 431 037 4
S3 § 500 x 500 No 93,1 96,3 286 0,34 32
S4 ] 500x 250 No 136 143 429 0,33 4
S5 | 500 x 500 Yes 130 134 290 0,46 2,8
86 | 500x 500 Yes 130 136 287 0,47 4
S§7 | 500x 250 Yes 170 173 394 0,44 -
S8 | 500 500 Yes 203 209 249 0,84 2,9
S9 None No 165 167 349 0,48 ..
810 | 375 x 375 No 69,2 74,1 171 0,43 6,5
S1t | 375x 188 No 105 11 251 0,44 5,4
S12 | 375x 375 Yes 112 t15 181 0,64 3
S13 | 375x 188 Yes 153 159 277 0,57 37
S14 | 375x 375 Yes 164 170 183 0,93 3.7
S15 | 375x 375 Yes 199 207 207 1,00 36

Fig. 4.3.1 gives the response curves, L.e. tip load P versus tip displacement & for girders 51
0 $8. The loads are taken as the equilibrium loads, and the displacements are adjusted for
the flexibility of the test rig. The similar response curves for girders 8¢ to 515 are given in
Fig. 4.5.2.
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Fip 4.3.2 Response crrves for girders 59 to S15 [revived from Sollid (1985) ]

As seen from Fig. 4.3.1, girders $1 to 88 all display a ductile behavior well into the inelastic
range. For practical reasons the tests were terminated for a tip displacement of about
5(t mm, angd at this stage the transverse displacements of the webs reached about 100 mm.
The tension field was well established, which accounts for the high shear capacity beyond
the ultimate load. For girders 82, $3 and S4, which had openings but no stiffeners, only a
few percent reduction in the shear capacity was observed at 50 mm vertical displacement.
Girder 87, which was equipped with a horizontal stiffener at mid height, was the only one
that displayed a buckling tendency as indicated by the drop in load carrying capacity.
Howevet, even this girder retained more than 75 % of its shear capacity at 50 mm vertical
displacement.

Soflid states that the transverse web displacements were considerable cven before the
maximum shear capacities were attained. Such displacements will probably not he accepred
in a Serviceability Limit State condition. However, if such girders are part of 2 static
indeterminate structure, that have a possibility for redistribution of forces, the girders wil
contribute to a structure with large rest shear capacity after the maximum shear capacity
has been attained. Consequently, the structure will show a larger safety margin against total
and sudden failure/coliapse.
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4.4 Discussion

4.4.1 General

Sollid did not make any conclusion for girders S to $15. However, the conclusion would
probably have been quite similar to what is written in Section 4.3. As seen from Fig. 4.3.2
Girder 513 shows behavior similar to 57, which is expected as they have the same type of
stiffening. Also girders 35 and 512, both with “sleeves” in the openings, show tendencies
to buckling. 514 and $i5 are remarkable as these gitders, with 50 % opening and
comprehensive stiffening, have shear force capacities that are bigger than for the similar
Girder 89 without opening and stiffening,

Weld sizes are not recorded, but are assumed to have been continuous fillet welds with
3 to 3,5 mm throat thickness. This is the minimum size that is applicable in pracidce, but
still rather large, relative to the 3 mm webs. The welding may have caused some of the
initial transverse displacement of the web. The maximum allowable built-in web
displacement according to the fabrication standard Norsok Standard M-101 (1997) is
0,75 % of the web height, which means 7,5 mam for girders S1 to 58 and 5,6 mm for girders
89 to 815, Five girders, 51, 53, 86, 57 and S10, did not comply with the Norsok
requitement,

The value of the strain measuzements can be questioned. As the strain gauges were
placed on one side only, it is not possible to separatc membrane strains from bending
strzing. The bending strains in the webs were caused by transverse displacements of the
web plates, which turned out to be of significant magnitude in most part of the tests. The
membrane stresses calculated from the strains hence become more inaccurate as the
transverse displacements increase. For this reason the strain measurements will not be used
in the present investigation,

Only one test was made for each type of specimen. It is therefore impossible to estimate
the statistical variation in the test results due to for instance building tolerances, material
properties, load application or instrumentation errors. However, the tests should give a
gualitative imptession of the efficiency of the various stiffener systems and serve s 2 basis
for comparison with namerical simulations.

4.4.2 ULS shear capacities

In Table 4.4.1 the shear capacities are presented similar to the proposal in Section 6.2, i.c.

/,

V;:.c = ZW,mod ﬁht (4.41)

whete Vi is the maximum equilibrium load. Column 5 shows the measuzed web transverse
displacement when V;,; was reached. The web yield stress is based on the measured values,
and nominal values of the web dimensions are used. In order to see the effect of the
various stiffener systems, the girders are presented in decteasing order of the reduction
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factor Yiymes. The symbol .. means that no value is available, mostly because the transverse
displacements were too large to be measured.

Girder 515 obtained the best result, but also 514 and 58 had efficient stiffener systems. For
the girders with the largest openings, 58 was considerably better than 56, however the
stiffeners were also much larger. The capeacities of 86 and S5 were almost cqual; a
remarkable result considering the usnal requirement for stiffencrs to be anchored, as in
Girder S6. However, in ALS Girder 56 kept most of its capacity, while for Girder 85 the
capacity dropped almost to the value of the unstiffened Girder S3. For the smallet
openings without stiffeners, thete was a relative small difference between Girders 82 and
54.

Table 4.4.1 ULS shear capacities

i 2 3 4 5 6 7
Girder | Opening Stiffeners 5 Maximum Vie Koo
displacement
fom] [N/mm’] [mm] (kN
58 500 % 500 Yes 288 “ 203 0,41
St None No 327 . 218 0,38
S7 500 x 250 Yes 303 13 170 0,32
52 500 x 250 No 332 " 153 0,27
S4 500 x 250 No 330 . 136 0,24
56 500 x 500 Yes 33 . 130 0,23
S5 500 x 500 Yes 335 . 130 0,22
S3 500 x 500 No 330 . 93 0,16
515 375x 375 Yes 319 <1,0 199 0,48
59 None No 269 - 165 0,47
S14 375 x 375 Yes 281 11 164 0,45
§13 375x 188 Yes 285 6,5 153 0,41
S11 375 % 188 No 258 " 105 0,31
512 375x 375 Yes 279 12 112 0,31
$10 375x 375 No 264 . 69 0,20

4.4.3 SLS and transverse displacement of webs

The expetiments gave a large number of measured transverse displacements for given load
levels. Pronounced increases in the transverse displacements for loads near the eritical load
were only observed for girders St and 53, in both cases for loads higher than the critical
values. Evidence of column type buckling at the edge of openings were not observed, the
transverse displacements showed a progressive, but even, increase similar to the curve in
Fig. 3.13.2,

As previously explained, shear capacities in SLS can in the strict sense hardly be based
on a limit on the transverse displacements. Howevet, it would be of interest to see how
large the shear was, when a certain transverse displacement was reached. Table 4.4.2 shows
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the shear force corresponding to a transverse displacement of %/200, based on
displacements from the loads only and disregarding the inidal displacements.

The presentation is similar to that of the ULS shear capacities in the previous section,
e

5
Vitse = Kumod.sis Tgha‘ (4.4.2)

where Fgrse is the tip equilibrinm load corresponding to a web displacement of #/200
from the loads. No transverse displacement vzlues are known for Girders $5 and S8.
Column 8 shows the ratio between Fgige and the maximum equilibtium lead, ¥, . In
order to sec the effect of the various stiffener systems, the girders in cach group are
presented in decreasing order of Y mod s15 -

Girder 515 obtained approximately the maximum possible shear force; i.e. vieid shear
stress in the minimum secton through the opening. The maximum transverse displacement
was less than 1 mm. However, this girder had an extensive amount of stiffening, not
normally encountered for girders. Not unexpected, Table 4.4.2 shows that high shear
capacitics with small transverse displacements can only be achieved with stiffeners. But
Girder 56 showed that horizontal stiffeners above and helow the opening oaly, are hardly
sufficient. For the smaller openings without stiffeners, the shear force for Girder 54 is
considerably lower than for Girder S2. In the latter case the tension field has hardly
developed yet, but even then an opening within the tension field scems to have a negative
effect. At last, it can be seen that regarding limited transverse displacements, webs with
openings have not necessarily reduced capacity compared to girders without openings; i.c.
Girder S9 showed poot performance.

Table 4.4.2 Shear forces for maximum web transverse displacements equal to £/200

1 2 3 4 5 G 7 8
Girder Opening | Stiffeners S RI200 | Vase | omodses | Vsisel/ Ve
[mm] N/mm? | [mm] | [kN]
S7 500 x 250 Yes 303 5,0 80 0,15 0,47
56 500 x 500 Yes 331 50 45 0,08 0,35
S1 None No 327 5,0 <40 <(,07 <{,18
52 500 » 250 No 332 50 37 0,06 0,24
S3 500 x 500 No 330 5,0 24 0,04 0,26
sS4 500 % 250 No 330 5,0 15 0,03 0,11
S15 375x 378 Yes 319 38 199 0,48 1,00
813 375 x 188 Yes 285 38 125 0,34 0,82
S14 375 x 378 Yes 281 38 117 0,32 0,71
812 375 x 375 Yes 279 38 85 0,23 0,76
810 375 x 375 No 264 3,8 31 0,09 0,45
811 375 % 188 No 258 38 31 0,09 0,30
59 None No 269 38 14 0,04 0,08
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4.4.4 ALS

Displacements are usually not a limiting factor in ALS. However, for the purpose of
compatison between girders with various epening and stiffeners systems, it wouid be of
interest to see how large the shear force was when a certain tip displacement was reached.
Table 4.4.3 presents the shear forces when the tip displacement is hmited to 50 mm for the
first group, and 38 mm for the second group. This corgesponds to displacements of L/80,
where L is twice the length of the cantilever girders. For S1 the measurements was
discontinued at 44 mm.
The presentation is similar to the presentations for ULS and SLS, i.e.

7,
VALS.e = X mod ALS —,J_)é—hf (4.4.3)

where Fyrs. s the tip equilibrium load that cortesponds to the given tip displacement,
Column 8 shows the ratio between Parg. and the maximum equilibrium load. The girders
in each group are presented in decreasing order of oo mod, 488 -

Girder S15 obtained the best result, but also $14 and S8 had efficient stiffener systems.
56 was considerably better than 85. For the girders with the sleeve stiffencrs, 85 and 512,
the results are not conclusive: Girder 85 was not much better than 53 without stiffeners,
but 512 was much better than S10 without stiffencrs. For the smaller openings without
stiffeners, there was a relative small difference between 52 and 54.

Table 4.4.3 Shear forces based on maximum tip displacements

1 2 3 4 5 6 7 8
Girder | Opening | Stiffeners S Tip displ Virse Fwruod drs | Varse! Ve
[m] IN/mm?]| [mm] [N
Si None No 327 44 187 1,33 0,86
58 500 x 500 Yes 288 50 164 0,33 0,81
52 500 x 250 No 332 50 144 0,25 0,94
57 500 % 250 Yes 303 50 124 0,24 0,73
54 500 x 250 No 330 50 132 (3,23 0,97
S6 500 x 500 Yes 331 50 120 0,21 0,92
S5 | 500x500 | Yes 335 50 91 0,16 0,70
S3 500 % 500 No 330 50 86 0,15 0,92
515 375x 375 Yes 319 38 191 0,46 0,90
S9 None No 269 38 149 0,42 0,90
514 375 x 375 Yes 281 38 151 0,41 0,92
$13 375x 188 Yes 285 38 115 0,31 0,75
S11 375x 188 No 258 38 99 0,29 0,94
512 375 x 375 Yes 279 38 95 0,26 0,85
S10 375 x 375 No 264 38 59 0,17 0,85
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4.5 Conclusion
The prior experiments showed that

* The girders displayed a ductife behavior well into the inelastic range

¢ Most girders kept the high shear capacity beyond the ultimate load.

e Tension ficlds were well established.

* Transverse web displacements for girders with un-stiffened openings showed a
progressively, bur even, jncrease up to high values when the maximum shear capacity
was reached.

* If limits are placed on transverse web displacements, the shear capacities of girders with

un-stiffencd openings may be rather low, but not necessarily lower than for similar
girders without openings.
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Chapter 5

Simulations of the prior experiments

5.1 Introduction

In order to obtain efficient and reliable FE~-models, the test results for girders 51 and 83 are
used to calibrate the FE-models. The effects of element size, clement type, material
properties, imperfection shape and imperfection size ate studied by means of numerical
simulations and haif-fractional factorial designs at two levels. The half-fractional factorial
design is explained in Section 5.2, the simulations in Section 5.3 and a conclusion s given
in Section 5.4.

5.2 Half-fractional factorial design of simulations

5.21 General

For each girder five factors (ot variables) are investigated, each factor having two levels (or
variations). In a general factorial design this leads to 2 x 2 x 2x 2x 2 = 2= 32
combinations for each girder, However, by assuming that higher order interactions are
nepligible, it is possible to find the main effects and rwo-factor interactions by performing
only haif the number of combinations, i.e. 16 runs for each girder. The combinations are
selected and analyzed according to 2 certain procedure called half-fractional design. The
procedure below is based on Box, Huanter and Hunter (1978).

5.2.2 Design matrix
The factors and the levels ate:

1) Element size: 20 x 20 mm or 40 x 40 mm

2) Element type: S4R5 or S4R

3 Material: Elasto-perfectly plastic or elasto-plastic with strain hardening
4y Imperfection shape: 1. or 2. cigenmode

5 Imperfecdon amplitude: 1,0 or 7,5 mm

A more detailed explanation is given in Section 5.3.

The design mattix for the FE-models is shown in Table 5.2.1. FE-models are generated
only for the runs that are marked with an asterix. These runs are chosen from the criteria
that the product of the individual elements in columns 1, 2, 3 and 4 shall have the same
sign as the elements of Column 5. The result is a 2°' — design with resolution five. A such
design does not confound the main effects and the two-factor interactions with each other,
but does confound the two-factor interactions with three-factor interactions, and so on.

The design is used for both girders $1 and S3, i.e. 16 simulations for each girder.
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Table 5.2.1 Design matrix for FE-models of girders S1 and 83
Tactor - +
1 = clement size 20x20 mm 40540 mm
2 = clernent type S4R5 S4R
3 = material perfectly plastic strain hardening
4 = impetfection shape 1. eigenmode 2. eigenmode
5 = imperfection amplitude 1,0 mm 7,5 mm
Run 1 2 3 4 5 1234 12345
1 - - - - - + -
i - N Z - - +
#3 N + - - - - +
4 + + - - - +
5 R B T B N _
6 + - + - + _
7 - + + B - + -
8 + + + - - - T
*G - - - + - R +
10 + - -+ - + -
11 - + - + - + -
*12 + + - + - - +
13 - - + + - + f
14 + - + + - +
*15 X n + + - - T
16 + + + + - + -
*17 - - - - + + +
18 + - - -+ - - i
19 - + . - + - -
*20) + + - } + o+ +
21 - - -+ - + - -
*22 + - + + + +
*973 - + + - -+ + -+ |
24 + + + _ + - -
24 - - - + + - -
*26 + - - + + + +
37 - + - 7 + n ¥
28 + + - + + - -
*29 - - + + + + +
30 + - + + + - :
3t - + + + + - _
*32 + + + + + + +
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5.3 Simulations of girders S1 and S3

5.3.1 FE-models

The model of Girder 83 is shown in: Fig, 5.3.1 with the mesh of 20 x 20 mm elements, The
madel of Girder S1 is similar. As mentioned, meshes of 40 x 40 mm elements are zlso
used, Web and flanges are modeled with thickness based on the measured values from the
test girders.

The elements are of type S4R or 84R5. Type $4R is a 4-node doubly curved thin sheil
element, having six degrees of freedom per node, reduced integration with hourglass
control and finite membrane strains. The clement type S4R5 is similar to S4R, but has only
five degrees of freedom per node.

The clasto-perfectly plastic matetial is modeled with a curve based on modulus of
elasticity £ = 210 000 N/mm?® up to the yicld stress, a hotizontal curve to 25 % strain, and
is reduced to 1 N/mm” at 25 % strain and above. The clasto-plasdc material with strain
hardening has a similar curve, but from the yield stress the curve is horizontal to 2 % strain,
increasing lincarly to the vitimate tensile stress at 20 % strain, is hotizontal to 25 % strain,
and is reduced to 1 N/mm® at 26 % strain and above. Yield and ultimate tensile stress are
based on the measured values from the test girders.

The imperfection shapes ate based on eigenmodes created by ABAQUS. For girder S1
the shape of the t. mode is two “buckles” actoss the compression diagonal. The shape of
the 2. mode is two buckles across the tension diagonal. For girder 83 the shape of the 1.
mode is a local buckle at the lower compression corner of the opening, The shape of the 2.
mode is a local buckle in the upper tension corner of the opening.

The imperfections are modeled with amplitades 1,0 mm, alternatively 7,5 mm. The latter
amplitude conforms to the maximum builtdn displacement allowed by Norsole N-101
(1997). As known, the test gitders did not comply with this requirement, but it was
expected that an amplitude based on the general Norsok requirement would be sufficient
for the non-linear analyses to work propetly.

Fig. 5.3.1 FE-model of Girder §3
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In the right end the UNP 140 profiles are extended with some piates in a cross shaped
section above the top flanges, that simulate the jack. In the other end the models are fixed
in all degrees of freedom.

The loads are applied under displacement control, by means of an increasing
displacement up to 50 mm of the upper center point in the cross shaped section, i.c. the tip
point. Flence the applied shear loads appear as the values of the reaction forces in this
point.

ABAQUS Standard, version 5.8 is used for the simulations.

5.3.2 Results for shear capacities

The simulations give response cutves of the reaction force versus tip displacement, The
ultimate shear capacities V), moqes for the 16 models of Girder $1 are shown in Table 5.3.1.
The results are presented in increasing order of the shear capacitics. The last columa shows
the ratios of the ultimate shear capacites of the models and the measured result of the test
Girder 81, ie. ¥, .= 218 kN.

Table 5.3.1 Models of Girder 1 and ultimate shear capacities

Ran Model Factors Vu,madef Vu, mariel/ I/u.c
1]2]3]4]s kN
29 S1205H27 - IR 2133 0,98
27 S1206P27 - + | - + |+ 2136 0,98
3 S1206P11 - + - - - 215,1 0,99
5 S1205H11 BN D R N 5155 0,99
17 S1205P17 - - - - + 2158 (,99
23 S1206H17 - + |+ - + 216,2 0,99
32 S1406H27 + |+ 0+ ]+ 2199 1,01
2 S1405P11 + - - - 2204 1,01
8 S1406H11 + |+ |+ - - 2209 1,01
26 51405P27 + - - + |+ 221,1 1,01
22 S1405H17 + - + - + 2222 1,02
20 S1406P17 + [+ - - + 2230 1,02
9 S1205P21 - - - + - 303,7 1,39
12 S$1406P21 + | + - + - 3157 1,45
15 S1206H21 - + |+ |+ - 318,0 1,46
14 S1405H21 + “ + |+ - 350,0 1,61
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The ultimate shear capacities V), moaer for the 16 models of Girder S3 are shown in Table
5.3.2, presented in increasing order of the shear capacities. The last column shows the
ratios of the ultimate shear capacitics of the models and the measured result of the test
Grirder 83, Le. Vi, .= 93,1 kN, All shear capacities from the models are above this value.

Table 5.3.2 Models of Girder 53 and ultimate shear capacities

Run Model Factors Vu, model V;z,mode]/ Vu,e
11213 ]|4]s [kN]
23 S3206H17 - + | + - + 97,1 1,04
3 53206P11 -+ - - - 97,1 1,04
17 S3205pP17 - - - “ + 97,6 1,05
5 S3205H11 - - + - - 97,8 1,05
27 S3206P27 - + - + |+ 98,0 1,05
20 S3406P17 + I+ - - + 100,06 1,08
8 53406111 + ok ] - - 100,8 1,08
22 S3405H17 + - + - + 101,3 1,09
32 S3406H27 n P IR 01,4 1,00
2 S3405P11 + - - - - 101,5 1,09
26 S3405P27 + - - + |+ 102,1 1,10
29 S3205H27 - e 102,8 1,10
15 S3206H21 - + | 4+ |+ - 1443 1,55
9 S$3205P21 - - - + - 145,1 1,56
12 $3406P21 + + - + - 151,7 1,63
14 S53405H21 + - + 1+ - 189,0 2,03
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Table 5.3.3 shows the estimates of the main and two-factor effects, based on the half-
fractional factorial design. Large main effects of factors 4 and 5 can be seen and there is
also a large two-factor effect of the same factors. This means that both the shape and size
of the impesfections are important. The 1, eigenmode and the 7,5 mm amplitude give
much better agreement with the tests than the alternatives. However, Tables 5.3.1 and 5.3.2
indicate that it is sufficient that cither the 1. eigenmode o the 7,5 mm amplitude is used.

The other effects are refatively smaller, but the estimates indicate that 20 x 20 mm
clements, element type $4R, and clasto-perfectly plastic material should be preferred. The
estimates also show that these factors are relatively more important for Girder 83
compazred to Girder §1.

Tabie 5.3.3 Hstimated factorial effects on ultimate shear capacities
from FE-models of girders S1 and §3

Girder Average Main effects Two-factor effects
[kN] [N] [N
S1 2440 = 10,3 12 = -6,1
2= -2,5 13 = 2,3
= 5,9 14 = 43
= 50,8 15 = -3,4
5= -51,8 23 = -4.0
24 = -2,8
25 = 2,5
34 = 58
35= -6,4
45 = -53,1
53 1143 1= 8,6 12 = -4,1
2= -5,8 13 = 4,1
3= 51 14 = 4.9
4= 30,1 15 = -6,3
5= -28,3 23 = -6,0
24 = -5,1
25 = 4,1
34 = 5,0
35= -4.0
45 = -282
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5.3.3 Results for girder stiffness

Table 5.3.4 shows a compatison of girder stiffnesses of models and test girders. The secant
stiffness neder ate based on tip displacements for 2/3 of the vitimate shear capacities. The
results are presented in increasing order of stffnesses for each group of models. The last
column shows the ratios of the stiffnesses of the models and the measured stiffness of the
test girders, ie. ke = 28,1 kKN/mm for Girder 81 and ke = 13,2 kN/mm for Girder S3.
The stiffnesses of the models ate all higher than these values.

Estimates from half-fractional factorial design show large main cffects of cigenmodes
and imperfection amplitude, and also a large two-factor effect of the same factors. Table
5.3.4 indicates that the imperfection amplitude is most important, and that the models had
smaller amplitudes compared to the test girders, Factors 1, 2 and 3 had little effect.

Table 5.3.4 Model girder stiffnesses for 2/3 of the ultimate shear capacities

Group| Run Model Factors kmodel Fomodet/ krest
1 2 3 4 B 1 [kN/mm]

S1 29 §1205H27 - o e 32,39 1,15
27 51206P27 A O 32,41 1,15
26 $1405P27 + - -+l + 32,60 1,16
32 $1406H27 + 0+ |+ ]+ 32,65 1,16
23 S1206H17 N 33,66 1,20
17 $1205P17 - - - -+ 33,69 1,20
22 S$1405H17 R 33,90 1,21
20 S1406P17 + 1+ | - -+ 34,02 1,21

3 51206P11 -+ - - - 36,84 1,31
5 S1205H11 - -+ - 36,80 1,31
2 51405P11 + | - - - - 36,92 1,31
8 S1406H11 + 0+ | - - 36,95 1,31
15 S1206H21 R 46,81 1,67
9 $1205P21 - - - |+ 47,64 1,70
2 S1406P21 + -+ - 47.80 1,70
14 S1405H21 + + 1+ - 51,62 1,84

S3 26 S3405P27 4] - B 17,04 1,29
32 S3406H27 + | + + | 4+ 17,14 1,30
27 §3206P27 e 17,25 1,31
17 $3205P17 - - - - |t 17,37 1,32
22 S3405H17 + | -+ -]+ 17,37 132
23 S3206H17 s+ b -]+ 17,39 1,32
20 83406717 + |+ § - -+ 17,41 1,32

2 33405P11 + | - - - - 17,97 1,36
8 S3406H11 + |+ |+ - - 18,06 1,37
5 $3205H11 - -+ - - 18,10 1,37
3 §3206P11 S - - 13,19 1,38
29 S3205H27 - -+ | F 18,57 1,41
9 53205P21 - . - - 28,14 2,13
15 $3206H21 B 30,58 232
14 53405H21 N 32,74 2,48
12 53406121 O I S e A 33,31 2,52
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5.3.4 Wall clock time to make solutions

Tale 5.3.5 shows a comparison of wall clock times for the models of Girder S3. Wall clock
time is the ime the computer needs to produce a complete response curve. The results are
presented in increasing order of time. The absolute number of seconds depends on the
computer itself, but the relative wall clock times are expected to be a measure of the
effectiveness of the models. Hence the last column shows the ratios of the times from the
models and the model with the fastest solution. Three models did not give complete
1esponse curves,

Not unexpected, the most important factors are the clement size and type. The models
with 40 x 40 mm elements and five degrees of freedom give the fastest solutions. The
fastest model is S3405P11. This model is more than five times faster than the model that
gives the best result for the shear capacity, he. S3206H17. It is interesting to see from
Table 5.3.2 that the fastest model gives only 5 % higher shear capacities than the best
model.

Table 5.3.5 Sclution time for models of Girder 83

Run File Factors Wall clock time Ratio
10213 4]s [}
2 $3405P11 PO R 2484 1,00
22 S3405H17 FA B i N s 2494 1,00
26 $3405P27 e 2955 1,19
20 $3406P17 AN T A I 3242 1,31
8 S3406H11 ¥+ x| T 3347 1,35
32 S3406H27 U A ¥ 3845 1,55
17 $3205P17 N 9403 3,79
5 S3205H11 ST T 9332 3,96
29 $3205H27 I I R R 12368 498
23 S3206H17 FRN R I N 13158 5,30
27 $3206P27 S - n 13801 5,56
3 $3206P11 N 14206 572
15 $3206H21 NN 20653 8,32
14 S3405H21 | ¢ | - T+ | 1 .
12 S3406P21 FR A B
9 S3205P21 I
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5.3.5 Improved modeling technique

The previous models were established as ordinary input-files in ABAQUS Standard version
5.8. In order to utilize the inter-active modeling capabilities of ABAQUS, a new model
E3206H17 is made by means of ABAQUS CAE version 6.3.1, This model is similar to
model $3206H17 for Girder 83, except that the element sizes gradually increase away from
the opening. Mence the minimum element size is about 20 x 20 mm and the maximum size
about 40 x 40 mui. The purpose is: 1} To check that the new ABAQUS version wotked
properly, and 2) to get faster solutions without loosing too much precision. The result is as
follows:

¢ The model can be made in CAE, but in order to include prescribed imperfections by
means of buclding eigenmodes and amplitudes, the solution has to be run in ABAQUS
Standard version 6.3.1.

* The ultimate shear capacity of model E3206H17 is 99,9 kN or about 1,07 times the
measured result for Girder $3. The modet gives about 3 % higher shear capacity
comparted to the best model, i.e. S3206H17.

» The model girder stiffness for 2/3 of the ultimate shear capacity is 17,32 kIN/mm or
about 1,31 times the measured stiffness for Girder 83, or about the same stiffness as
maodel $3206H17.

¢ The wall clock time for solution is 3495 s, compared to 4435 s for S3206H17 on the
same computer, Henee model E3206H17 is about 20 % faster.

o Compared to the measured values of Girder 53, model E3206H17 gives about the
same shear capacity in SLS, based on 4/200 maximum web displacements from the
loads. For ALS, the model gives 2 % higher shear capacity, based on 50 mm maximum
tip displacements.

5.3.6 Transverse web displacements

The transverse web displacements of model E3206H17 at maximum shear is shown in Fig.
5.3.2. Colors show displacements in 5 mm steps and the maximum displacement is about
45 mm. Initial displacements are included in the model, bur are not included in the values
of Fig. 5.3.2.
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5.3.,7 Stresses

Von Mises stresses of model E3206H17 at maximum shear is shown in Fig. 5.3.3. The
valies are based on the stresses in the surface of web. Stresses above £, = 330 N/mm? are
shown in light grey, while the other colors show stresses in steps of 10 % of fi. The areas
of plastification ave relatively small,

5, ilizes
{froztion = ~1.0%

S s LT 5
£ L A T T e
B R R A S

Fig. 5.3.3 VVon Mises stress in Model 3206117 at mascimnn iy load

5.4 Conclusion
The simulations show that

¢ Good estimates of shear capacitics can be achieved by means of simple ABAQUS
models. Imperfections must be applied; the 1. cigenmode and amplitudes based on
0,75 % of the web height are sufficient. The computed results for the best models
should be regarded to be from 0 to 10 % on the non-conservative side.

e The girder stiffness based on 2/3 of the ultimate shear capacity may be overestimated
by 15 to 32 % by the best models.

¢ Figs. 5.3.2 and 5.3.3 depict displacements and stresses for the same applied load. 1f the
areas of large buckles are disregarded, a pattern of tension fields may be seen, as marked
by inclined lines in Fig. 5.3.3. The lines above and below the opening intersect with the
flanges relatively far from the cotners of the web. Some authors explain this with
bending capaciey of the flanges. However, at the actual step time, the flange bending is
still relatively small. Hence the reason is probably mote related to compression fields in
the corners of the web.

* The webs of the test girders must be considered as having fixed supports in the vertical
sides; in the right end by way of the two U-sections and in the left end by the 50 mm
end plate. This pheromenon does not influence the comparison of test results versus
the simulated results, because the models have included the U-profiles and have fixed
left ends of the web. However, for the following simulations, the models should include
an extra web panel in each end, in order to ensure that the stiffness in the web corners is
not overestimated.
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Chapter 6

Proposal for a new design procedure

6.1 Introduction

When designing girders with web openiags it is tempting to use the same design procedure
as given in the latest proposal to the EC3, Part 1-5 for girdess without openings. As
discussed in Section 3.5.3, all effects on the shear capacity from web openings may be
included in one function Yuwmed - In addition a function &, may be needed to account for
the additional flange forces caused by the openings, as discussed in Secton 3.8.2. The
resulting shear and primary moment capacities are used in interaction equations, derived
from the moment-shear interaction equations for girders without openings. Alternatively,
the AISC (1990) moment-shear interaction equation for beams with openings may be a
solution.

It should be emphasized that this is not a new load-carrying model, it is a system of
organizing experimental data, theoretical methods and numerical simulations. The results
can be used directly for design purposes, and various effects and theories can be compared.
The presentation of the shear capacity is similar to that of the rotated stress ficld method
and the modified Vierendeel method. The results of these methods can be included directly
in the design procedure. However, for openings not covered by these methods, numerical
simulations may be sufficient to establish the functions Fymes and §u without the need for
suppotting load-carrying theoties.

Values of Yowed 2nd & may be given in diagrams, tables and equations. The propesed
procedure is also suitable for implementation in spreadsheets,

6.2 The functions ¥, n.qa and &,

The shear capacity is given as

Vr-.mod = Zw,mod %hf (621)

The additional flange force is given as
F,=5V (6.2.2)

In principle, two diagrams are needed for cach opening configuradon; one for the shear
capacity and one for the additional flange force caused by the opening. The term “opening
configuration” means the opening shape with or without reinforcement. Hence, one
configuration comprises circular openings, another configuration is circular openings with
sleeves, a third configuration is squate openings with horizontal reinforcement, etc.

Fach diagram may include curves for several /A ratios. However, the total number of
diagrams would soon be more confusing than informative. To limit the number of



6.2 THE FUNCTIONS Zromod AND &, 19

diagrams, it is necessary to split the functions Jemes and &, into sub-functions, depending
on primary, secondary and tertiary factors. Hence

Zw.mad = Clc2c3 (623}

where ¢, denotes the sub-functions, A similat equation is valid for &, .

The primary factors are

h/1f ratios
D/h ratios
I

£

E

s Transverse web stiffencrs independent of opening

The secondary factors are

¢ Opening shape

* Reinforcement

»  Vertical position of openings
¢ Multiple openings

e Distance between openings

The tertiary factors are

*  Girder flange area, bending and torsional stiffness.

6.3 The simulations and the factors ¢, ¢, and ¢

The objective is to determine the funcdons (or factors) ¢1, ¢z and ¢3, and the simulations
presented are mainly planned fot this purpose. An attempt to use half-fractional factorial
design for the simulations was left in favor of a design based on “advance the solution” by
continuation. A brief outline of the simulations is as follows.

1} The simulations are performed in four girder groups, based on opening shapes. The
shapes are citcular, elongated circular, square and rectangular.

2} Areas of girder flanges ate chosen as a certain ratio of the web arcas. Bending and
torsional stiffness of girder flanges are set to very low values. This is conservative and
the effect on the shear capacity is minor. Hence, the factor ¢3 is set to

¢ =1 (6.3.1)
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for all simulations. The extra shear capacity provided by the flanges will rarely be used in
practice and a major teduction in the number of diagrams is achieved.
3) One set of secondary factors is chosen as basis:

e Circular shape

* No reinforcement

s Vertical position of the center of openings in the horizontal centerline of webs.
One opening

For this set the factor ¢z is defined as ¢ = 1.
4) The ptimary factors comprise three A/! ratios, two D/h or Dp/h ratios, two yicld stress

values, two 4/ f,/ E ratios and four configuzations of transverse web stiffeners.

5) The factors ¢; are defined as

€ = Yo mod basic ™ Lwmod whency=1and 3= 1 (6.3.2)

where Fumed 15 the resuit when simulations are performed with the basic set of
secondary factors. It should be noted that there are many values for ¥ moe, basic , because
there are several variations of the primary factors. The simulations are described in
Section 7.2 and the values for % mod, vesic from the simulations are listed in Table 7.2.3.
6} The adjustment factors ¢; are found from simulations of model pairs of girders with

same primary factors, but with alternative sets of secondary factors. The factors are
defined as

¢, = Hunet (6.3.3)

/1../ w, mod, basic

where Fwmod basic 80d Ywmod are the reduction factors, when the simulations are
performed with the basic and the alternative set of secondary factors, respectively.
Each girder pair gives a value ¢z, and by combining two ot more values it is possibie to
establish ¢ as functions of secondary factors.

6.4 Design in various limit states

A development of the proposed method is presented in Chapter 11, and design guidclines
ate given in Section 12.2. The method considers ULS only. However, the results of the
simulations regarding SLS and ALS are also considered to some extent. Consecutive
discussions ate included in Chapter 7 to 10.
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6.5 Relative compatrisons

The simulations also give opportunities to show directly the loss or gain in shear capacity
for alternatives of the secondary factors. For example, it is possible to sce the effect of
horizontal reinforcement on one or both sides of web, when all other factors are constant.
Such comparisons ate performed consecutively through the report and are presented in the
tables of Chapters 7 to 10 as

¢ = meod.}i‘ (6.51)

rel
Z;s-,mod,/{
Subscript B denotes the girder that is compared, and subscript A denotes the girder that it
is compared to. A vast number of comparisons is possible. The chosen comparisons are
based on the author’s experience from practice. Detailed explanation is given in the
respective tables or sections.

6.6 Overview of simulations

An overview of all simulations is given in Appendixz A.
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Chapter 7

Simulations of girders with circular openings
7.1 Introduction

The basic FE-model represents a girder 1,0 x 4,0 m without opening. The web is maodeled
with 40 x 40 mtn S4R elements and the flanges with 40 mm beam clements of type B31.
Shell element thickness and beam element section propetties are to be varied. All four
edges of the web are simply supported. The flanges ae laterally supporred along the whole
girder.

At the left end of the model all translations ate fixed. At the other end the model is free,
but a special lever armn with large stiffness EI is modeled in order to achieve a static system
that is fixed for global moment, but free for vertical and longitudinal displacement. The
static systemn is shown in Fig, 7.1.1. The tip of the lever arm is located in the center of the
girder, i.e. where also the centers of openings are to be placed. The load is applied in the
form of a vertica! displacement up to 100 mm of the tip of the lever arm. This creates a
pure state of shear with no moment in the vertical ceaterline through the opeaing,

i
| I i .
mmi [ l M-diagram in lever arm

Fig. 7.1.1 Static system of simstlations

The material is modeled as steel with f, = 420 N/ mm’ and almost elasto-perfectly plastic.
A small strain hardening of 10 N/mm? is included in order to monitor the maximum strain
in an easy way by means of the maximurn stress. Above 30 % strain the material is modeled
as perfectly-plastic.

Variations of the basic FE-model consist of one or two circular openings with
D = 0,250k and D = (,50h, as well as models with sleeves, transverse stiffeners and doubler
plates. Smaller elements, approximately 20 x 20 mm, are applied around the openings.
Fig, 7.1.2 shows the model with one circular opening D = 0,50/

Results from the simulations are:

® Response corves for shear force versus tip displacement

*  Maximum shear forces

e Response curves for transverse web displacement versus tip displacement
* Transverse web displacement plots at maximum shear

¢ Stress plots at maximum shear

e Flange forces in vertical sections in the opening at maximum shear
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3

CDE: h63c50.o0db
1

Fig. 7.1.2 FE-wodel of girder with cirentar apening including lever arm

Compared to the models in Chapter 5, the basic FE-model without opening shows most
sitnilarity to Model $S1406P17, This model gave a shear capacity 2 % above the tests result
for Girder S1. The girders with circular openings have no cortesponding model in
Chapter 5. The variations of the basic FE-model with square openings described in
Chapter 9 may be compared to Model E3206H17 in Chapter 5. This model gave a shear
capacity 7 % above the test results for Girder $3. Hence, there is reason to believe that the
shear capacitics presented in Chapters 7 to 10 are slightly on the non-conservative side. No
effort is made to modify the results from the simulations to account for inaccuracy.
However, possible non-conservative results are considered in the development of the
design guidelines based on the simulations, see¢ Chaprer 1.

Runsning two simulations without buciling and three simulatons with buckling further
check the performance of the model without opening. The simulations without buckling
are run to see if the model can simulate full plastic shear. The girders had very small
bending stiffness of flanges in otder to minimize the contribution to shear capacity from
the flanges. However, the axial stiffness of flanges are varied. Girder E63FS has a ratio of
Af/Aw = 6 and achieves a reduction factor Hwwed = 1,00, Girder E63 has a ratio of
A/ A= 2 and achieves Houmod = 0,97. Both girders have sufficient flange area to take the
moment in the ends of the girders by flanges only. However, the models can only obtain
fuli shear capacity for girders with very large flanges. This is due to the interaction effect of
moment and shear in the web near the ends of the model. For models with openings, this
phenomenon is less impoztant, because the shear never reaches the full shear capacity at
the ends.

The simulations with buckling are run to compare the performance of the models with
the proposal to EC3, i.e. the curve given in Table 3.5.1 for girders with rigid end posts,
Girders 163, 1125 and 1250 have webs thickness 16, 8 and 4 mm, giving ratios &1/7 = 43, 125
and 250, respectively. The girders have very small bending stiffness of flanges and a ratio of
A/ A, = 2. According to EC3, the shear capacitics are not reduced by moment-shear
Interaction in this case. Impetfections arc applied as 2. eigenmode with amplitude 7.5 mm.
Preliminary runs with 1. eigenmode  gave unreliable, ie. high shear capacities. The results
are plotted in Fig. 7.1.3, which also shows the buckling curve given in Table 3.5.1,
calculated for k.= 5,59, The results are good for h/7 = 125 and 250. For h/t = 63 the
simulated shear capacity is somewhat lower than given by the BC3 proposal.
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Fig. 7.1.3 Simulated shear buekling capacities for givders nithont openings compared fo EC3

7.2 Single opening without stiffening
7.2.1 Comparison with the rotated stress field method

Nine simulations are performed in order to study the rotated stress ficld method. Three
girders have no openings, three gitders have openings with D = 0,254 and three girders
have openings with L3 = 0,50/ The A/t ratios are 63, 125 and 250. In order to compate
directly to the diagram of Fig. 3.6.2, the material is modeled with /i = 260 N/mm?, but
otherwise the girders are as explained in Section 7.1, In general the girder names are in the
format Hax or HxxCyy, where xx refers to the A/f rato and yy refers to the D/ h ratio in
%. Hence a girder with i/ = 125 and no opening is called H125, while a girder with
i1/t = 250 and opening diameter 0,504 is called F250C50.

The results for Jumea are given in Table 7.2.1 together with values from rotated stress
field theory taken from Fig. 3.6.2. Column 7 shows the ratio of simulated values ro the
values from the rotated stress field method. In Fig. 7.2.1 the simulated results are plotted
together with the relevant curves from the rotated stress ficld method.

The simulated values are geaerally lower than the values from the rotated stress field
method, but the difference is small for the girders with openings. The rotated stress field
method should be regarded as very good for small openings in stocky plates and for small
and large openings in very slender plates. For large openings in stocky plates and small and
large openings in medium slender plates the rotated stress field theory scems to be
somewhat non-conservative, This may be due to the use of the critical buclding stress in
Faq. (3.6.6) with no cozrection for elasto-plastic buckling.

The simulated values are obtained for a 4 m long girder, while the values from the
rotated stress field method relate to an infinitely long girder. The influence of this is small,
and probably not relevant at all for the girders with openings. For the girders without
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openiags the influence is conservative in favor of the simulations, as ail simulated values
are lower than the values from the rotated stress field method,

For the girders without openings, the simulated values are cotisiderably lower than the
values given by the rotated stress field method. However, the impostance of this is minor,
as such cases may be covered by the proposal to EC3. The propased curve for girders
with rigid end supports is included as a dotted line in Fig. 7.2.1. In the same way as shown
in Section 7.1, the simulations agree quite well for medium and siendes plates. For stocky
plates, the simulated results are again lower than the proposal to EC3,

Table 7.2.1 Comparison berween simulations and rotated stress field theory

1 2 3 4 5 6 7
Simulated Rotated stress
field theory
Run Girder hit | D/h Awnod Arw,mod, R Zu;mod/}l’w.nmd,fi
13 Ho63 63 - 0,89 0,99 0,90
14 H125 125 - 0,62 0,75 0,83
15 H250 250 - 0,37 0,43 0,86
T fiesess T 05 0,75 % Faa ],OO
17 FH125C25 125 { 0,25 0,54 0,57 0,95
18 25025 2500 ) 0,25 0,33 ,33 100
20 Hi125C50 | 125 0,50 0,35 0,38 0,92
|_ 21 H250C50 i 250 0,50 0,22 0,22 1,00
Hw,mod
1
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Fig 7.2.1 Simniated resutis conipared 1o catrves from rotated eSS field theory and F.C3 Proposal
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7.2.2 Transverse displacements and stresses in webs

Plots of the transverse web displacement at maximum sheat are shown in Figs. 7.2.2 to
7.2.4 for the mediom sleader webs of girders H125, H125C25 and H125C50, Light grey
color shows positive displacements lasger than 5 mm and black color negative
displacements larger than 5 mm, Positive displacements are away from the viewer. The
maximum transverse displacernents at maximum shear are 20 mm, 23 mm and 24 mm for
H1i25, H125C25 and H125C50, respectively. ‘This indicates that the openings have a
relatively smalt influence on the transverse displacements at maximum shear,

Y
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Fig. 7.2.3 Transverse wel displacentent ai miaximins shear in Girder H125C25
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Plots of von Mises stress at maximum sheas are shown in Figs. 7.2.5 to 7.2.7 for the same
girders. The plots show the quilted (non-averaged) stress on the negative sutface of web
clements, i.c. the susface away from the viewer, The negative surface is most strained in a
buckle with positive displacement. The legend is the same for the thiree figures. Areas of
plastification are shown in light prey color.
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Fig. 7.2.5 Voy Mises stvess at mascimuns shear in Girder H125

Fig. 7.2.6 Von Mises siress at mascimenins shear in Girder FIT125C25
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Fig. 7.2.7 Ton Mises stress at wascinnme shear in Girder H125C50

It might be interesting to also consider the stresses in the middle and positive surfaces of
elements. Figs. 7.2.8 and 7.2.9 show these stresses for Girder H125C50. The legend is the
same as in Fig, 7.2.5. Unfortunately, ABAQUS is unable to show the stress in the middle
surface of the left region around the opening, but the stress is supposed to be point-
symumetric to the stress in the right region around the opening.
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Fig. 7.2.8 Von Mises stress af maximum shear in the siddle surface of Girder H125C50

Fig. 7.2.9 Van Mises stress at madimium shear in the positive surface of Girder H125C50
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The areas of plastification at maximum shear are larger for Girder H125 than for H125¢

and F125C50, but arc small in al! girders. Plastic strains do not exceed 1 %.

Girder H125C50 has a ratio D/f = 63. Figs. 727 to 7.2.9 show that the von Mises
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Fig. 7.2.10 Response crve for Girder F1125C50

The transverse web displacement at maximum sheay, Le. before a possible buckling takes
place, is depicted in Fig. 7.2.4. In order to stucy the buckling phenomenon in more detail,
the response curve for the transverse displacement of edge node 377 is shown in Fig.
7.2.11. This node is situated near the 45° scction to the vertical and is matked with an
atrow in Fig, 7.2.8.
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Fig.7.2.11 Response curve for transverse displacentent of edge nede 377 in Girder H125€50
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As shown, there is a slight nonlinear tendency for the first two increments, but there is no
evidence of local, column type buckling when maximura sheat is teached. Fig. 7.2.12
shows the buckle around the opening at this load level. The colors show positive transverse
displacements in 5 steps up to the maximum displacement of 24,3 mm. Negative buckles
arc omitted in order to simplify the figure. Fig. 7.2.13 shows the buckle at 9,6 mm vertical
tip displacement, i.e. after some decrease in shear capacity. The colors show transverse
displacements as described above. Additional ight-grey color shows the area whete the
transverse displacements have exceeded the previous maximum value of 24,3 mm. ILocal
buckling modes superimposed on the global buckling mode are not seen, The global
buckling mode has increased somewhat, but the surface at the edge s still smooth with no
sign of abrupt changes.

u, vz

n- 12 A30c+01

- 41, 8494a 401
ﬂ.fl?sﬁe‘mi 1

-QCde+90
LQ0ze+01

Fig. 7.2.13 Buckiv around opening i Girder HI125C30 at step fiwe 0,0962

The exact definition of global or local buckling may not bhe particularly impostant.
However, from the previous figures it should be clear that the force resultants of the
compression stiess fields have to be relocated away from the opening as the amplitude of
the buckle increases. The reduction in shear capacity from the maximum value fellows. The
length: of the buckle around the opening increases more slowly. Two adjacent buckles are
located in the black areas of Figs. 7.2.12 and 7.2.13, and can also be seen in Fig. 7.2.4.
These buckles disappear with increasing tip displacement, i.e. when the shear decreases.
Hence, more space is gradually provided for the buckle around the opening. Finally the
buckle has the form and extent as shown in Fig. 7.2.14. The color code is the same a5 in
Fig, 7.2.13.
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Fig. 7.2.14 Buokle aronnd opening in Girder H125C50 at step time 1,0000

7.2.4 Influence of the yield stress f,

1n order to study the influence of varying the yield stress alone, the simulations of the six
girders with openings of Section 7.2.1 are repeated, but now with £ = 420 N/mm’. The
results for Yemea are given in Table 7.2.2. These results and the results from Table 7.2.1
are plotted in Fig. 7.2.15 as a function of the relative slenderness. The relative slenderness
is based on &, = 5,59 for all simulations.

Fig. 7.2.15 also shows the EC3 proposal for webs without openings, together with
scaled curves for 75 % and 50 % of the proposal. It can be scen that the results from the
simulations of webs with openings D/ = 0,25 are above the 75 % curve except for the
lowest slenderness. Similatly, the results from the webs with D/h = 0,50 are above the
50 % curve except for the lowest relative slenderness,  This interesting observation is
investigated further in next section,
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0.4 -
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Fig 7.2.15 Yiwod for relative slenderness when k; = 5,59
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Table 7.2.2  fymod for girders with £, = 420 N/mm’

1 2 3 4 5
Simulated
Run Girder h/t | D/R Hemed
25 163C25 63 ] 0,25 0,71
26 [125C25 | 125 | 0,25 0,46
27 1250C25% | 250 | 0,25 0,29
28 163C50 63 | 0,50 0,45
29 1125C50 | 125 | 0,50 0,30
30 1250C50 | 250 | 0,50 0,18

Figs. 7.2.16 and 7.2.17 depict the influence of the vicld stress on the form of the buckles
for the medium slender webs of H125C25 and 11258C25. Transverse web displacements at
maximum shear are shown. Light grey color shows positive displacements larger than
5 mm and black color negative displacements larger than 5 mm. Bven though the yield
stress is incteased by 62 % from H125C25 to 1125C25, maximum shear capacity is
increased by 37 %, maximum transverse displacement by 78 % and maximum length of the
buckle by 12 %. The widths and inclinations of the buckles are almost the same. The
relative slenderness inereases from 1,49 for H125C25 o 1,89 for H25C25. According to
EC3 the shear capacity increases 36 % for corresponding girders without openings. This
leads to the conclusion that the shear capacity in girders with openings is governed by a
combination of yicld stress and buckling, and the rcladve slenderness and buckling
reduction factor for girders without openings may be relevant parameters for determination
of shear capacities for girders with openings.

INHA)

T
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7.2.5 Additional flange forces

In order to study additional flange forces in girders with openings, normalized flange force
ratios are plotted in Fig. 7.2.18. Girder I125 without opening is chosen as a reference
gitder, ie. the girdet that the other girders are compared to. The flange force at maximum
shear in 1125 is denoted Fy 4, and the maximum shear in 1125 is denoted Vipaes . Hence,
subscript “A” points at the reference girder. The notmalized flange force ratio for Girder
1125 s

&=5 (7.2.1)

max, A

The girders that are compared are 1125C25 and I125C50. These girders have the same
slenderness as 1125, but with circular openings D/h = 0,25 and D/k = 0,50, respectively.
The flange force at maximum shear in these girders is denoted Fiz , and the maximum
shear is denoted Fyuyp . The subscript “B” points at the girders that are compared. The
normalized flange force ratios for girders 1125C25 and 1125C50 are taken as

Fop

&= (7.22)

mac, B

The values of &4 and &3 vary along the girders, and the particular values at distances D/2
from the vertical centerline are denoted £4.005, 1050 , Spcas and Epesg . The subscripts
“C25” and “C50” refer to the positions given by the vertical tangents for the openings with
D/h = 0,25 and D/h = 0,50, respectively. See Fig. 7.2.18.

For Girder 1125 a flange force ratic &4 elusic may be determined based on geometrical
and material linear analysis, i.c. with buckling disregarded. Fig, 7.2.18 shows that the curves

&s and &y yasnie are almost parallel, which confirms the theory shown in Fig. 3.6.3 ¢). The
tension band gives a constant additional flange force.

The &, curves show that the openings give further additional flange forces, which in
normalized values are most pronounced for the largest opening, However, in absolute
values the largest additional flange forces occur for the smallest opening, thus confirming
the curves shown in Fig. 3.6.3 £} and g).

The factor & represents the part of the additional flange force that is due to the
opening, and is determined as

Gw=Sncas ~bacas forD/R =025 (7.2.3)
£, = G550 _é:A,Cso for D/h =050 (7.2.4)

& is depicted in Fig. 7.2.18 as the vertical distance between the dots on the curves.
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Fig. 7.2.18 Normalized flange forces of givders 1125, 1125C25 and 11 25C30 platted along top flange

7.2.6 Influence of transverse stiffeners

On Ymod

The influence of transverse web stiffeners on the reduction factor Fumed are studied by
means of 36 simulations. 27 girders with stiffener locations giving aspect ratios 2, 1 and 0,5
are analyzed. Nine of the previous pgirders without stiffeners are also included for
compatison; these girders have an aspect ratio of 4, This means that three A2/ ratios, three
D/k ratios and four a/h ratios are considered.

The results are shown in Table 7.2.3. Columns 3 and 4 give the web and opening
dimensions. Columa 6 gives the stiffener dimensions on the form FLyy x zz, with yy being
the width and zz the thickness. All stiffeners comply with the EC3 stiffness requirements
for girders without openings. The stiffness criteria are fulfilled with a margin of 0 to 88 %,
and all stiffeners have Bu/fy = 8. However, in four of the girders with slender webs the
stiffeners buckled priot to the web buckling, These cases are marked with an astetix in
Table 7.2.3. The imperfections used in the analyses are based on the eigenmodes that give
the largest buckle at the opening. The imperfection amplitudes are taken 25 7,5 mm for all
girders, except for those with aspect ratio 0,5, where the amplitude of 4,05 mm is used.
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Table 7.2.3 Humod for various values of h/f, D/h, a/h and stiffeners dimensions

1 2 3 4 5 o 7 8
Run Gitder RV | DR alh Stiffencts Fmod Zv
22 163 63 0 4 - 0,82 0,95
31 16312 63 0 2 FL100x12,5 0,86 0,89
40 I63T1 63 0 1 FL100x12,5 0,93 0,74
49 163TC 63 0 0,5 FL100x12,5 0,98 0,45
23 1125 125 0 - 0,53 1,89
32 112572 125 0 2 FL6O3x8 0,58 1,78
41 1125T1 125 0 1 FL80x10 0,77 1,46
50 I125TC 125 0 0,5 FL100x12,5 0,90 0,89
24 k250 250 G 4 - 0,32 3,78
112 125072c 250 G 2 FL40x5 ¥ 045 3,55
42 125071 250 ¢ 1 FL50x6 *1 048 2,92
51 125070 250 0 0,5 FLG63x8 0,79 1,78
25 163C25 63 0,25 4 - 0,71 0,95
34 163C25T2 63 0,25 2 FL100x12,5 0,72 0,89
43 163C25T1 63 0,25 1 FL100x12,5 0,74 0,74
52 163C25T0 63 0,25 0,5 F1L100x12,5 0,77 0,45
26 1125C25 125 | 0,25 4 - 0,46 1,89
35 125C2572 125 | 0,25 2 FL63x8 0,50 1,78
44 1125C25T1 125 | 0,25 1 FL80x10 0,63 1,46
53 1125C25T0 125 | 0,25 0,5 FL100x12,5 0,71 0,89
27 1250C25 250 | 0,25 4 - 0,29 3,78
113 I1250C25T2¢ 250 | 0,25 2 FL.40x5 =1 0,35 3,55
45 1250C25T1 250 | 0,25 1 FL50x6 *1 046 2,92
54 1250C25T0 250 | 0,25 0,5 FL63x8 0,55 1,78
28 163C50 63 | 0,50 4 . 0,45 0,95
37 163C50T2 63 | 0,50 2 FL100x12,5 0,45 0,89
46 163C50T1 63 0,50 1 FL100x12,5 0,46 0,74
55 I63C50T0 63 0,50 05 FL100x12,5 0,48 0,45
29 1125C50 125 | 0,50 4 - 0,30 1,89
38 N25C50T2 125 | 0,50 2 FLO3x8 0,32 1,78
47 I125C50T1 125 | 0,50 1 FLBOx10 0,36 1,46
56 1125C507T0 125 | 0,50 0,5 FL100x12,5 0,43 0,89
30 1250C50 256 | 0,50 4 - 0,18 3,78
114 1250C50T2¢ 250 | 9,50 2 FL40x5 0,21 3,55
48 [250C50T1 250 | 0,50 1 FL50x6 0,29 292
57 [250C50T0 250 | 0,50 0,5 FL63x8 0,36 1,78
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The vatues of Fimod for the 24 girders with openings in Table 7.2.3 are plotted against the
h/t ratios, see Fig. 7.2.19. For each D/h ratio there is one curve for eack aspect ratio. The
aspect ratios are denoted T4, T2, T1 and 'T0, the numbers relating to the actual ratia. TO
refers to aspect ratio 0,5,
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Fig 7.2.19 Yumoa for f,= 420 Nfmnf and varions aspect ratios.

Fig. 7.2.20 depicts the reduction factor . for girders with transverse stiffeners in the same
way as in Fig. 7.2.15 for the girders without stiffeners. Values of 2 and fiymeq are plotted
against the relative slenderness. The followiag legend is used in the figure; the cross
represents simulations with D/k = 0 and the small and large circles refer o simulations
with D/A = 0,25 and D/kh = 0,50, respectively. The relative slenderness is based on the
values k.= 5,59 for aspect ratio 4, k.= 6,59 for aspect ratio 2, k.= 9,34 for aspect ratio 1
and k.= 25,36 for aspect ratio 0,5. Fig. 7.2.20 also shows the EC3 proposal for webs
without openings, together with scaled curves for 75 % and 50 % of the proposal.

The results from the simulations of girders with D/h = 0,25 lie above the 75 % curve
except for the lowest relative slenderness. Similarly, the results from the girders with
D/h = 0,50 are above the 50 % curve except for the lowest relative stenderness.

For the girders without openings there are more variation in the results. Not un-
expected, some of the slender webs with transverse stiffenets show shear capacities far
above the BC proposal. The main explanation is tension field action, and there is no
intention in EC3 to fully include this effect. Another reason may be non-conservative
impetfection modes. The girders without openings were analyzed with a large buckie in
the location where the opening was to be placed in the other girders. In the adjacent plate
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panels the buckles where smaller. All possible combinations of eigenmodes giving buckles
in opposite directions in adjacent plate panels are not investigated.

The imperfection modes used for webs with openings are assumed to be conscrvative,
The largest imperfection amplitude occurs in the part of the plate containing the opening,
Adjacent patts will probably not buckle, as the shear capacity here is higher.

An overview of the stiffener configurations and their influence on buckie shapes is
shown in Fig. 7.2.21.
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The diagram in Fig. 7.2.19 gives, to some extent, a picture of the influence of transverse
stiffeners on the shear capacity. However, the scaled curves in Figs. 7.2.15 and 7.2.20
represent a much mose general description of the effect. Referring to Section 6.3 and Eq.
(6.3.2), the scaled buckling curves show the function

D
= X madbasic = (] _?)ZW (725)

A is the function given in Table 3.5.1. This leads to the conclusion, that the shear
capacities of girders with openings may be detived from the global buckling of girders
without openings. Fq. (7.2.3) shows that the main reduction in shear capacity is chosen to
be represented by the factor (1-D/h). This factor constitutes an upper limit for the shear
capacity of girders with openings when g, = 1,0. Simply speaking it gives the relative
remaining shear area of a web with opening.
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Influence of transverse stiffeners on the additional flange forces

The influence of the transverse stiffeners on flange forces is shown in Table 7.2.4 in terms
of the ratio &, Values of &, are calculated for the 24 girders of Table 7.2.3 that have
openings. The similar 12 girders in Table 7.2.3 without openings ate used as reference
girders. The calculadons are performed as described in Section 7.2.5.

Table 7.2.4 £ for various values of k/t, D/l and a/h

1 2 3 4 5 6 7 8 9 10
Run Gitder hit | D/h a/h S | Gaeso | Ehens S50 v
22 163 63 0 4 0,28 0,38 - - -
25 163C25 63 0,25 4 0,28 - 0,34 - 0,06
28 163C30 63 0,50 4 - 0,38 - 0,63 0,25
3 163712 63 0 2 0,22 0,32 - - -
34 | 163C25T2 | 63 0,25 2 0,22 - 0,31 - 0,09
37 | 163C5072 63 0,50 2 - 0,32 - 0,62 0,30
40 63T 63 0 1 0,21 0,32 - - -
43 |1 163C25T1 63 0,25 1 0,21 - 0,27 - 0,06
46 | 163C50T1 63 0,50 1 - 0,32 - 0,59 0,27
49 I63T0 63 0 0,5 0,18 0,28 - - -
52 | 163C25TD | 63 0,25 0,5 0,i8 - 0,20 - 0,02
55 1 I63C50T0 | 63 0,50 0,5 - 0,28 - 0,48 0,20
23 1125 125 0 4 0,58 0,70 - - -
26 I125C25 125 § 0,25 4 0,58 - 0,79 - 0,21
29 | T125C50 125 | 0,50 4 - 0,70 - 1,09 0,39
32 112572 125 0 2 0,56 0,66 - - -
35 | 1125C25T2 ) 125 0,25 2 0,56 - 0,68 - 0,12
38 H25C50T2 ¢ 125 0,50 2 - 0,66 - 1,02 0,36
41 1125T1 125 0 1 0,35 0,45 - - -
44 | 1125€25T1 | 125 0,25 1 0,35 - 0,49 - 0,14
47 [ 1125C50T1 | 125 0,50 1 - 045 - 0,94 0,49
50 112570 125 it 0,5 0,26 0,35 - - -
53 {I125C25TO | 125 | 025 0.5 0,26 - 0,25 - -0,01
56 FTM25C50F0 | 125 | 0,50 0.5 - 0,35 - 0,63 0,28
24 1250 250 0 4 1,13 1,23 - - -
27 | 1250C25 250 ¢ 025 4 1,13 - 1,37 - 0,24
30 | I250C50 | 250 | 0,50 4 - 1,23 - 1,85 0,62
112 | I2507F2¢ 250 0 2 1,12 1,21 - - -
113 |1250C25T2¢ci 250 | 0,25 2 1,12 - 1,25 - 0,13
114 |I250C50T2c| 250 | 0,50 2 - 1,21 - 1,56 0,35
42 1250T1 250 0 1 0,53 0,61 - - -
45 1 1250C25T1 | 250 0,25 1 0,53 - 0,78 - 0,25
48 F 1250C50T1 | 250 0,50 1 - 0,61 - 1,21 0,60
51 1250T0 250 0 0,5 0,42 0,49 - - -
54 | I250C25T0 | 250 0,25 0,5 0,42 - 0,46 - 0,04
57 [ 1250C50T0 | 250 | 0,50 0,5 - 0,49 - 0,77 0,28
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Fig, 7.2.22 presents curves for &, as functions of the /¢ ratio for the girders of Table 7.2.4,
Le. for ;= 420 N/mm’. For each D/ ratio, there is one curve for each aspect ratio. The
aspect ratios ate named T4, T2, T1 and T0, where the numbers are related to the aspect
ratio. TO refers to aspect ratio 0,5.
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Fig 7.2.22 &, forfy, =420 N/mni" and various aspect vatis.

Fig, 7.2.22 gives a congested pictute of the influence of transverse stiffeners on &, and it
might be of interest to present the values of &, in a similar way as for Zmed 1n Fig. 7.2.20,
This is done in Fig. 7.2.23, where &, is plotted against the relative web slenderness.

The results in Fig. 7.2.23 are rather scattered. It is difficult to see a pattern that is similat
both for the small and lasge openings. The flange forces ate certainly not a functon of the

gelative slenderness. Even though, for illustrative reasons, the following curves are included
in Fig. 7.2.23

£ = 0,9%()2:)“-” (1.2.6)

for D/h = 0,25 and D/h = 0,50. Eq. (7.2.6) is cleatly conservative for D/ = 0,25, which
shows that the influence of the opening decreases more than the D/h ratio.

It can be concluded that it is a comprehensive task to derive diagrams or equations for
&, . Other measuzes should be taken to include the effect of flange forces in the proposed
design procedare. This is done in Section 7.2.7.
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Influence of transverse stiffeners on girder stiffness

Table 7.2.5 shows the tip vertical displacement & for maximum shear Ve , and the secant
stiffness

|4

model = T 7.2.7
el 5 ( )

k

for the girders. Kmodet is an cxpression for the average slope of the response curve from
zeto to max shear. Most of the girders have almost jinear response up to maximum shear,
as shown in Fig. 7.2.10. Three girders did not show the typical response curve, and these
are noted with an astetix in the table.

The actual values of kyoae are of minor importance, as they vary with girder sizes.
However, by grouping girders with same web thickness and flange sizes, some uscful
results can be achieved. In Table 7.2.5 three gitder groups are formed. The pirder without
opening and transverse stiffeners is the reference girder in cach group. In the table ¢y is
the ratio of the actual stiffness to the stiffniess of the reference girder. Hence, it is possible
to see the relative influence of opening size, transverse stiffeners and combinations of
these.

Not unexpected, transverse stiffeners increase girder stiffness. For the girders with
thinnest webs the increase is up to 300 %. The influence of openings with D/k = 0,25 is
smail and in some cases increases the stiffness. For D/ = 0,50 the stiffness may be
teduced to 67 % of the stiffness without the opening, Transverse stiffeners can in many
cases compensate for reduced stiffness due to openings.
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Table 7.2.5 Tip displacement and girder stiffness

1 2 3 4 5 13 7 8 9
Run Girder hft D/h alh Voex ) e modet Crel
kN] [mm] |[kN/mm]
22 163 63 0 4 3176 18 176 1,00
25 163C25 63 | 025 | 4 2758 16 172 0,98
28 163C50 63 | 050 | 4 1730 12 144 0,82
31 16312 63 0 2 3353 17 197 1,12
34 163C25T2 63 | 0251 2 2801 16 175 0,99
37 163C50T2 63 | 050 | 2 1736 12 145 0,82
40 16371 63 0 1 3631 20 182 1,03
43 163C25T1 63 | 0251 1 2856 18 150 0,90
46 163C50T1 63 | 050 | 1 1781 13 137 0,78
49 163T0 63 0 0,5 | 3791 % * %
52 163C25T0 63 | 025 ] 05 | 2900 15 193 1,10
55 163C50T0 63 [ 050 | 05 | 1879 16 17 0,67
23 1125 125 | 0 4 1019 17 60 1,00
26 1125C25 125 | 025 | 4 898 16 56 0,94
29 1125C50 125 | 050 | 4 589 13 45 0,76
32 1125T2 125 | © 2 1128 16 71 1,18
35 1125C25T2 | 125 | 025 | 2 979 14 70 1,17
38 1125C50T2 | 125 { 0,50 | 2 625 12 52 0,87
41 1125T1 125 | 0 f 1502 18 83 1,39
44 125C25T1 | o125 | 025 | 1 1214 14 87 1,45
47 1125C50T1 | 125 | 050 | 1 704 12 59 0,98
50 112570 125 | 0O 05 | 1749 18 97 1,62
53 1125C25TC¢ | 125 | 025 | 05 | 1369 14 98 1,63
56 1125C50T0 | 125 | 050 | 05 | 842 12 70 1,17
24 1250 250 | 0 4 310 22 14 1,00
27 1250025 250 | 025 | 4 278 16 17 1,23
30 1250C50 250 | 050 | 4 178 % % *
112 1250T2¢ 250 | 0 2 437 22 20 1,41
113 | 1250C25T2c | 250 | 025 | 2 341 18 19 1,34
114 | 1250C50T2c | 250 | 050 | 2 205 15 14 0,97
42 125071 250 | 0 1 461 * * *
45 1250C25T1 | 250 | 0,25 | 1 450 14 32 2,28
48 1250C5071 | 250 | 0,50 | 1 277 12 23 1,64
51 125070 250 | 0 05 | 762 18 42 3,00
54 1250C25T0 | 250 § 0,25 | 0,5 | 534 12 45 3,16
57 1250C50T0 | 250 | 0,50 | 05 | 345 9 38 2,72
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Influence of transverse stiffeners on shear capacity in ALS

Table 7.2.6 shows the influence of transverse stiffeners on the shear capacity in ALS. The
girders are the same as in Table 7.2.4. The values for %, mod.4Ls are based on 100 mm dp
displacement. By caleulating the ratio between the values of Jmed in ULS and ALS, some
useful conclusions can be made. Column 7 shows that all ratios are below one. Hence, the
shear capacity of ULS can never be sustained in ALS, neither for webs without openings
nor for webs with circular openings. Basically, all response curves have shapes as in Fig.
7.210.  For I250C50T0 only 34 % of the ULS capacity remained for 100 mm tp
displacement.

It should be noted that in these girders the flanges have negligible bending stiffness and
give no significant contribution to the shear capacity. The test girders S1 and 89 in Chapter
4 showed a less tendency to reduced shear capacity in ALS. See Figs. 43.1 and 4.3.2.
Presumably this is because the contributions from flanges and strain hardening counteract
the effect of large buckles.

In the table ¢, shows the influence of the opening refative to the corresponding web
and stiffener configuration without opening, by the ratio of the actual shear capacity to the
shear capacity of the reference case. Girder I125C50 has ¢, = 0,19/0,36 = 0,53. It can be
seen that the shear capacities for openings D/A = 0,25 are more than 71 % of those of the
corresponding configuration without opening. For openings D/h = 0,50 the capacities are
more than 45 % of the corresponding girders without openings. However, the shear
capacitics are probably further reduced for tip displacements larger than 100 mm.

Fig. 7.2.24 shows transverse displacements in ALS of girders 1125C50, I125C25T2,
1125C50T1 and I125C507T0. Note that the color legend is different from the legend used in
Fig. 7.2.17: The colozs in Fig. 7.2.24 show displacements in steps of 25 mm, ie. green
shows smail displacements, red displacements up to 125 mm and light grey displacements
above 125 mm.
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Table 7.2.6 Zmas in ALS for vatious h/t, D/h, a/h tatios and comparison with ULS

1 2 3 4 5 6 7 8
ALS
Run Girder hit | D/h | a/h Kwmad, ALS Hoemod, AL/ Xw,mad Cref
22 Ie3 63 0 4 0,53 0,64
31 163T2 63 0 2 0,56 0,65
40 163TF1 63 0 1 0,69 0,74
49 16370 63 0 0,5 0,73 (3,74
23 {125 125 0 4 0,36 0,68
32 12572 125 ¢ 2 0,34 0,59
41 1125T1 125 0 1
50 1125T0 125 0 0,5 “ .
24 1250 250 0 4 0,25 0,78
112 12507 2¢ 250 0 2
42 125071 250 0 1
51 125070 250 0 0,5 “ - .
25 163C25 63 0,25 4 0,41 0,58 0,78
34 163C25T2 63 0,25 2 0,42 0,58 0,75
43 163C25T1 63 0,25 1 0,49 0,66 0,71
52 163C25T0 63 0,25 0,5 0,57 0,74 0,78
26 1125C25 125 | 0,25 4 0,26 0,57 0,72
35 1125C25T2 1 125 | 0,25 2 0,30 0,59 0,87
44 1125C25T1 | 125 | ¢.25 1 0,23 0,37
53 [125C25T0 | 125 | 0,25 0,5 0,34 0,48 "
27 125025 250 1 0,25 4 0,19 0,66 0,76
113 1250C25T2c| 250 | 0,25 2
45 1250C25T1 | 250 | 0,25 1
54 1250C25T0 | 25¢ | 0,25 0,5 . " .
28 163C50 63 0,50 4 0,32 0,71 0,61
37 163Ch0T2 63 0,50 2 0,29 0,64 0,52
46 163C50T1 63 0,50 1 0,31 0,67 0,45
55 163C50T0 63 0,50 0,5 0,39 0,81 0,53
20 1125C50 125 | 0,50 4 0,19 0,63 0,53
38 13125C50T2 ¢ 125 | 0,50 2 0,19 0,59 0,56
47 1125C50T1 | 125 | 0,50 1 0,23 0,04
50 T125C50T0 | 125 | 0,50 0,5 0,22 0,51 “
30 1250C50 250 § 0,50 4 0,13 0,73 0,54
114 1250C50T2c| 250 | 0,50 2 0,15 0,71
48 1250C50T1 | 250 | 0,50 1 0,10 0,34
57 1250C507TG | 250G | 0,50 0,5 0,16 0,44
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7.2.7 Tension field action

In EC3 some tension field action is included in the curve for g, but not to the full extent
as proposed by the theories in Section 3.9. Neither will a design method for web openings
that uses the % as basis, include the tension field action of, for instance, the Cardiff
method,  Fig. 7.2.20 shows that tension field action occurs also for webs with openings.
However, the relative contribution to shear capacity from a tension field diminishes with
increasing opening size. While some simulations of girders withont openings give shear
capacities far above the EC3 buckling curve, the shear capacities of the similar girders with
openings D/h = 0,50 are about the EC curve scaled with a factor 0,50. This corresponds to
the theory of Narayanan et al, referred in Scction 3.9.3, where the diameter of the opening
was directly subtracted from the width of the tension field.

For reasons of simplification, and consistency when the opening size goes 10 zero in the
limit, the proposed desiga rules should not include more tension field action than given in
EC3. The theories of Narayanan et al are therefote not further investigated here.

7.2.8 Results below the EC3 curve

For some girders with stocky and medium slender webs without openings the results from
the simulations lie below the BC3 curve, see Fig. 7.2.20, Possible explanations for this may
be

e Conservative FE-modelling. In the simulations the contribution to shear capacity from
flanges has deliberatcly been excluded. In EC3 the contribution from the flanges may be
added to the shear capacity of the web proper by an additional factor . However, to
the extent that experimental data forms the basis for the EC3 curve, the flange
conttibution cannot be completely eliminated.

e ‘The non-linear analyses themselves. In non-linear analyses with imperfections the shear
capacity can ncver reach the result without imperfections.

Fig, 7.2.20 depicts a similar pattern for the girders with openings, which lie below the
scaled curves. However, for these girders the reasons may also be that

o Buckling at openings reduces the shear capacity more than the reduction given by Y
¢ Yield sheat stress cannot develop over the full shear area in T-sections

For the reason of consistency when the opening size goes to zero in the limit, it is
preferred to let the scaled curves have the same shape as the BEC curve, Proposals to cover
the low results ave discussed in Chapter 11,
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7.2.9 Shear and primary moment interaction
In girders with large flanges

The combined effects of shear and primary moment are studied by means of six
simulations of one typical girder, The girder is based on the same geometry and initial
imperfections as used for Girder 1125C50 with shear only. However, the flanges are
changed from a general section with very low bending stiffness to a rectangular section
FL 500x32 with corresponding bending stiffness. This is done in order to simulate the non-
linear matetial properties of the flanges, which may be important when large primary
moments are acting. ABAQUS does not accept non-linear material properties for the
general section. The areas of the flanges are not changed. In Model P125C50M0a the load
is shear only, applied as previously by tp displacement. The shear capacity is 3 % higher
than the shear capacity of Girder 1125C50. Hence the influence of the flange bending
stiffness is relatively small, and the results from the previous girders are conservative.

For the four models P125C50M35 to P125C50M6Y the loads are applicd in two steps.
In the first step, a chosen value of primary moment is applied as a force couple to the
flanges near the right end of the girder, giving compression in the upper flange and tension
in the lower flange. The primary moments are constant along the girder and there is no
shear force. In the second step, the applied primary moment is kept constant, and shear
force is applied by tp displacement. Due to the moment caused by the shear force the
esulting moment varies along the girder. Howeves, in a vertical section through the center
of the opening the resulting moment is independent of the shear force and is equal to the
applied primary moment.

For Model P125C50M70 a primary moment somewhat higher than the expected
moment capacity for pure moment was tried. The analysis stopped for a value slightly less,
and this value was taken as the maximum moment capacity of the girder. The moment
found by this method was about 2 % higher than the calculated Mpcrimad , which is defined
below. Hence, the simulations give accurate results for primary moments. There was no
second step, as this model simulated pure moment.

For most models the response curves showed only a very small descending path after
the maximum shear was reached, before the analyses ended due to numerical problems.
Apparently, this type of non-lincar analyses is demanding. However, the author is
convinced that the maximum shear and primary moment values are found with sufficient
ACCUTACY.

The results are shown in Table 7.2.7 and plotted in the interaction disgram of Fig.
7.2.25.

Table 7.2.7 Shear and prirmary moment interaction

1 2 3 4 5
Run Girder/Model Viar M Remarks
[kN] | [kNm]
160 P125C50M0a 609 0

162 P125C50M35 580 3575 2 steps
163 P125C50M55 536 5720 2 steps
164 P125C50MG65 445 6434 2 steps
165 P125C50MGY 133 7006 2 steps
161 P125C50M70 - 7149
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Fig. 7.2.25 Imteraction diagrom for the girder in Table 7.2.7, i.e. with large flanges

In order to compare the simulated results with those from available theories and design
proposals, a straight line and three curves are included in Fig. 7.2.25. The straight line,
marked with Eq. {7.2.16), is explained in the next section. The curves are marked with
“Rotated stress field method”, “Modified EC3” and “Modified AISC”, and are explained
below.

The curve marked “Rotated stress field method” is given by Egs. (3.8.9 to 11), with
additional flange forces based ont &, from Table 7.2.4,

The curve marked “Modified EC3” is based on the proposal in EC3 for girders without
openings, but the acthor has made some medifications in order to include openings and
additional flange forces as follows:

EC 3 gives the interaction equations for girders without openings as

v
<) 7.2.8
v (7.2.8)
2
M

M 2o 1l el when P20y, (7.29)
Mnﬂ Mp! I/::

M < (7.2.10)
Ty
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Here Ve is the shear capacity in pure shear. My is the plastic moment capacity, and M,;
is the clastic moment capacity based on gross section propettics, in both cases with
buckling distegarded, f,Wor = Mpuow is the moment capacity when only the effective
areas arc included, i.c. with buckling considered. My is the moment capacity when only
the cffective flanges are considered. For the purpose of this investigation the partial
factors and the subscript “Rd” are omitted from the equations as given in EC3,

Assuming that Eqs. (7.2.8) to {7.2.10) may be meodified to include webs with
openings, the new equations are

v
<1 (7.2.11)
V;:,mod
M M v Y
S LN )] -1} <1 (7.2.12)
el mod Mp.’ Vc,mod
M < (1.243)
Mbuck."mnd

Vemod is the shear capacity according to Eq, (6.2.1). My is the plastic moment capacity
when opening and buckling are disregarded. Mymaa is the elastic moment capacity of
the modified gross section, obtained when the section of the opening is subtracted and
buckling disregarded. Mpuettmod s the moment capacity when only the modified
effective ateas are included, .e. when buckling is consideted and the opening subtracted.
Mimas 1s the moment capacity when only the effective flanges are considered, and the
areas required for the additional flange forces subtracted. The additional flange forces
may be based on Eq. (62,2} with £, from Eq. (7.2.6).

The capacities for the girder in Table 7.2.7 are calculated, and the curve marked
“Modified EC3” in Fig. 7.2.25 is based on the following values:

. Vc,mod = 513 kN

o My  =7560 kNm

o Myma = 7210 KNm

hd Mbuckl,mod = 7023 kNm

*  Mimea = 6720 - 0,39%, where £, = 0,39 from Table 7.2.4.

The curve in Fig. 7.2.25 marked “Modified AISC” is derived from the AISC (1990) design
curve for beams, ie. Eq. (3.3.1), and modified by the author to the form

3 3
M J +[ A (7214
Mbrzck!‘mnd Vc,mod

where ¥emed 18 the shear capacity according to Eq. (6.2.1) and Mietimea is the moment
capacity when only the effectve areas are included, i.e. when buckling is considered and the
opening subtracted,
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The capacities for the girder in Table 7.2.7 are calculated, and the curve for g, (7.2.14) in
Fig. 7.2.25 is based on the following values

b Vc,mcud =513 kN
b M)uckl,mnci = 7023 kNm

In the interaction diagram in Fig. 7.2.25 the design proposals may be deemed conservative
if the plotted results are outside the curves. It can be seen that both the rotated stress field
method and Eqs. (7.2.11) to (7.2.13) are non-conservative in the upper right corner of the
diagrams, while Eq. {7.2.14} is conservative. The latter curve is also simpler to use in
design, as it does not require knowledge about the additional flange forces caused by the
opening,

Interaction in girders with small flanges

In the simulations described in the previous section, the area of the flange was twice the
area of the web., The additional flange force, caused by the maximum shear force at the
opening, is less than 6 % of the axial force capacity of the flange, It should be expected that
the influence of the additional flange force is difficult to observe in the simulations. For
small flanges the additional flange forces may be more important. Hence, a girder with
small flanges is studied by means of six simulations.

The gitder is similar to the girder of the previons section, except that the flanges are
taken as rectangular sections FL 200210. Henee, the flange area is only 25 % of the gross
web area, and equal to the net web area in the opening. The flange bending stiffness is also
reduced. The additional flange force at maximum shear is about 45 % of the axial force
capacity of the flange. In the section that forms a vestical tangent to the opening, the plastic
neutral axis is located in the web. Such girders ate not often seen in practice, but may
occur in offshore deck structures, where the flanges coasist of thin deck plates.

The results are presented in Table 7.2.8 and in the interaction diagram of Fig. 7.2.26.

Table 7.2.8 Shear and primary momeant interaction

1 2 3 4 5
Run | Girder/Model | Viax M | Remarks
[kNj | (kNm]

170 | Q125C50M0a | 540 0
172 | Q125C50M6 | 398 | 638 2 steps
173 | Q125C50M10 | 185 | 1020 | 2 steps
174 | Q125C50M11 | 113 | 1148 | Zsteps
175 | Q125C50M12 | 50 | 1250 | 2steps
171 | Q125C50M13d | - 1276
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Fig. 7.2.26 Inferaction diagram for the girder in Table 7.2.8, 1.e. with small flanges

Cuarves similar to those presented in the previous section are included in Fig, 7.2.26. The
cugve for Bgs. (7.2.11 to 13) is based on

hd Vc,mod =513 kN

¢ My = 1680 kNm

*  Muwed = 7330 kNm

*  Mpiimag = 1156 kNm

* Mg = 840 - 0,39¥, where &, = 0,39 from Table 7.2.4.

The curve for Eq. (7.2.14) is determined for

Vc.nmd =513 kN
. Mbucﬁ'f,mod = 1156 kNm

The scale of the diagram of Fig. 7.2.27 is the same as in Fig, 7.2.26. This is done to
visualize the Jarge reduction in maximum moment capacity. The maximum shear capacity is
the same in both diagrams.

The interaction cutve based on the rotated stress field method and the curve based on Eqs.
(7.2.11) to {7.2.13) do not fit well with the plotted results. For three simulations even the
curve based on Eq. (7.2.14) appears to be non-conservative. FHowever, a closer look at the
simulations reveals that the low shear capacitics are not caused by additional flange forces,
but by web buckling in sections away from the opening. The explanation is as follows:

In a girder with a web opening the primary moment will have its maximum value at the
vertical centetline of the opening only if the shear force is zero, ie. when the primary
moment is constant along the girder. When there is a shear force in the web, the primary
moment must increase at locations away from the opening, as it is presupposed that
significant loads cannot be applied to the girder above the opening, 1f the primary moment
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in the centerline is M and the shear 1s ¥, the primary moment in a sectdon at a distance a.
from the vertical centerline of the opening reads

M, =M+Va, (7.2.15)
in this section, without opening, the design criteria according to Eq. (7.2.10) is

M, =M+Vacg

1 (1.2.16)
Mfmcﬁ'i Mbuckf

whetre My is the moment capacity of the effective cross sectional areas.

For the girder with /fage flanges, Eq. (7.2.16) is plotted in Fig. 7.2.25 for the values
Miier = 7056 kNm and g, = 1,754 The ratio Myer/ Merimee = 1,005, As seen,
Eg, (7.2.16} is governing only for a limited range of large primary moments.

For the girder with swafl flanges, Eq. (7.2.16) is plotted in Fig 7.2.26 for the values
M[jucﬁ = 1218 kNm and qps = 1,75]7. The ratio M[,,;CA-I/M[)"C,"-J’“-,Od = 1,054. I'icrc, Eq. (7.2.?6}
governs for nearly all primary moments, except for very large or small moments.

Fig. 7.2.27 shows the buckled shape for model Q125C50M11 at maximum shear
interacting with a moment equal to 99 % of Miumimed - The maximum transverse
displacement is 16 mm, Le. /#/63.

Iiig. 7.2.27 Buckdes for Model Q125C50MTT af maxcimum shear and M = 0,99Mpyett mod

The phenomenen described by above seems to be overdooked by most authors. It may be
argued that Eq. (7.2.16) is somewhat trivial, because design checks of a real girder must
include the sections away from the openiags, so the smaller shear capacity will be found
anyway. Furthesmore, the results are strongly dependent on the distance g., which. again is
closely related to the girders studied in the present simulations.

However, in the author’s opinion, Eq. (7.2.16) contributes to a major simplification of
the design of openings in girders with latge primary moments, as it illustrates the govemning
case. Also the girders considered in the present simulations are quite similar to real girders,
whete transverse stiffeners are used only at positions where a major change in the shear
force takes place. For many girders the ratios Mpuen/ Mpuctimoa are near 1,0 even for large
openings, and Eq. (7.2.16) may be governing also for positions of the maximum primary
moment closer to the opening. When Eq. (7.2.16) is governing, the effect of the additional
flange forces is not important, and sieeves will not increasc the shear capacity.
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Interaction in gitders with small flanges and transverse stiffeners

Eq. (7.2.16) may be useful, but the possibility of cases where the additional flange forces
are governing, is perhaps not completely climinated, To investigate such cases, six
simulations are made for a girder with transverse web stiffeners,

The girder is similar to the previons Q-girder with small flanges, but it has transverse
stiffeners FI. 80x10 on onc side of the web at spacing i Hence, the aspect ratio a/f = 1
and in this respect the girder cotresponds to Girder 1125C50T1 in Table 7.2.3. The initial
impetfections from [125C50F1 are used. At maximum shear, the additional flange force is
about 41 % of the axial foree capacity of the flange.

Te ensure that Eq. (7.2.16) is not governing, the primary moment is applied as a force
couple to the flanges at the position of the first transvesse stiffencr to the right side of the
opening, indicated by arrows in Fig. 7.2.29. This corresponds to a situation where the
maximum resulting primary moment from the applied moment and from the shear is
acting at this position. QOtherwise, the analyses are performed as described in the previous
section.

‘The results are presented in ‘T'able 7.2.9 and in the interaction diagram of Fig. 7.2.29,

Table 7.2.9 Shear and primary moement interaction
1 2 3 4 5

Run | Girder/Model Vier | M | Remarks
[EN] | [kNm)]
180 | Q125C50T1M0a | 678 0

182 | Q125C50T1MG § 642 | 038 | 2 steps
183 § Q125C50T1IMI10 | 496 | 1020 § 2 steps
184 ¢ Q1I25CS0T1IM1E | 38% | 1148 | 2 steps
185 { Q125C50TIM12 | 203 | 1250 | 2 steps

181 [Q125C50T1M134| - 1271
M {kNm]
4000 5
3000 -
2000
: : ‘ 3 , Eq. (7.2.16)
S S & : % ? /
@
Eq. (7.2.14)/
0 f : ‘ i -1V [KN]
0 100 200 300 400 500 600 700

Fip. 7.2.28 Interaciion diagram for the givder in Table 7.2.9,
de. with swall flanges and fransverse stiffeners
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The interaction curve based on Eq. (7.2.14) is included in Fig. 7.2.28 together with the
straight line representing Eq. (7.2.16). The curve is determined from

s Vc.mnd =615 kN
®  Miuciimog = 1156 kNm

All results in Fig. 7.2.28 lie above the interaction curve.
Fig, 7.2.29 shows the buckled shape in Q125C50TIM11 at maximum shear combined
with 99 % of Mpucitmod - The maximum transverse displacement is 20 mm, i.e. D/25.
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Fig. 7.2.29 Buekiles in Model Q125650T1M 17 af mavcimnn: shear and M = 0,99 Myuctt mod

Conclusion

The results of the three girders with moment-shear interaction confirm that

e ‘The lowest value from Eqs. (7.2.14) and (7.2.16) is governing for moment-shear
interaction

s The effect of the additional flange force is included in Eq. (7.2.14)

*  Only the four values Veomod, Miuckimad » Mbnets, and @, ate required to perform a
design check of moment-shear interaction for girders with circular web openings.

A further simplification may be achieved if M is assumed equal to Mpuetimod -
Eqgs. (7.2.14) and (7.2.16) are also valid for beams, where My ctrmed 1 equal to M, from
Eq. (3.3.2) and M 15 equal to LV, .

7.27 Openings in lower part of webs

Three simulations ate performed to study the effect of having openings in the lower part of
wehs. The opcnmgt‘. of girders 163C50, 1125C50 and 1250C50T2 arc lowered, such that
only 20 mm is left of the web between the opening and the lower flange. The results are
presented in Table 7.2.10.

The new girders M63C50, M125C50 and M250C50T2 have circular openings without
stiffening. In order to be consistent, the simulations are therefore included in the present
section, ie. Section 7.2. However, the girders do not comprise the basic set of secondasy
factors, as defined in Section 6.3. In this case the vertical position of openings is altered.
Like all the remaining simulations in the present thesis, these girders have an alternative sct
of secondary factors. The adjustment factors ¢; can be calculated according to Eq. (0.3.3),




7.2 SINGLE OPENING WITHOUT STIFFENING 155

and show the reduction in shear capacity for girders with lowered opening relative to
girders with the opening at mid-height.

As the ¢z - factors are important parts of the present thesis, the calculation of them is
emphasized by the following example:

o Girders 163C50 and M63C50 comprise a girder pair

o 163C50 is the basic girder, Table 7.2.3 shows mod bavic = 4,45

¢ MG3CH0 is the alternative girder. Column 7 in Table 7.2.10 shows Jmes = 0,38
o ;= 0,38/0,45 =084 as presented in Column 8 in Table 7.2.10

Reduction in shear capacity can be observed for all girders of Table 7.2.10, and the largest
seduction occurs for A/t = 125, The reason appears to be that the buckled web carries a
smaller part of the load in compression compated to the basic girder. The width of the
buckic has increased compared to the basic girder, as there are no restraining effects in the
lower part of the web. The load-carrying capacity of the tension bands is niot reduced in the
same way, as lost material in the lower patt is compensated by increased material in the
upper part. This is reflected for the pirders with A/7 = 250, Here, the buckled weh carries
little load in compression anyway, and the overall reduction in shear capacity is small.

Table 7.2.10 Effect of lowered openings

1 2 3 3 4 6 7 8
Transverse
Run Girder | h/t | D/R | a/h stiffeners Fiemed C2
97 MG63C50 63 0,50 4 - 0,38 0,84
98 M125C50 125 | 0,50 4 - 0,23 0,77
99 M250C5012 | 250 | 0,50 2 FLG63x8 0,21 0,98

Fig, 7.2.30 shows the buckles of 1125C50 and M125C50 at maximurn shear. The maximum
transverse displacement increases from 38 mm in 1125C50 to 61 mm in M3125C50

aeinss -——11-*'"-:.4 SRiE e
r tHE -ﬁ“-n- % £ a REN
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R : i
3E3EIEETEE e R S M125C50

Fig. 7.2.30 Buckles in givders 1125C50 and M125C50 at masimun shear
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7.3 Single opening with sleeve
7.3.1 Sleeve on one side of web

The effects of local stiffening of openings by means of slecves have been investigated and
the resuits presented in this and the next section, In the strict sense a sleeve means a ting-
shaped stiffener that goes through the opening, such that the stiffencr is symmetric with
regard to the web plane. Results for such girders are presented in Section 7.3.2. However,
to achicve simpler fabrication, it may be prefetred to weld ring-shaped stiffeners on one
side of web only. Stiffeners are often placed 10 to 20 mm from the edge of opening to
allow fillet welds all around.

The girders are based on the preceding girders in Table 7.2.3, with the prefix I replaced
by J. For instance, for Girder J125C25T2 ail geometry and load application are the same as
in Girder 1125¢25T2, except for the sleeve and the initial imperfections. The size of
slecve is for all girders chosen such that the weight of the sleeve is equal to the weight of
the removed plate in the opening. Width/thickness ratios of siceves are from 6 to 8. The
sleeves are “welded” to the edge of the opening in order to simplify models. Initial
imperfections are based on cigenmodes from the models with sleeves with maximum
amplitudes 7,5 mm and 4,1 mm, as in the girders without sleeves,

Results for 16 simulations of girders with one-side sleeves are presented in Table 7.3.1.
Column 7 gives the reduction factor Fimad, and Column 8 shows the factor ¢z

The effect of sleeves is considerable, especially for the larger openings, where up to
55 % increased shear capacity is achieved.

Table 7.3.1 also includes some “fictitious” girders, marked with brackets | ]. However,
these girders have not been run because Yimoa would obviously reach the upper limits of
0,75 for openings with D/h = 0,25 and 0,50 for openings with /A = 0,50, determined by
vield shear stress in the minimum section above and below the openings. Some increased
shear capacity duc to extra material in the sleeve may be present, but is conservatively
distegarded in the preseat thesis. The girders are included because they have a
corresponding girder in Table 7.2.3,
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Table 7.3.1 Effect of sleeves on the reduction factor Fimed
1 2 3 4 5 6 7 8
Run Girder hit | D/R | afk Sleeve Hwamod C2
61 Jo3C25 63 0,25 4 FL80x12,5 0,75 1,06
[67) | 363C25T2 | 63 | 025 | 2 | FL8Ox125 | [0,75] [1,04)
[73] 163C25T1 63 0,25 1 FL20x12,5 [0,75) [1,01]
179] J63C25T0 | 63 | 025 | 05 | FL80x125 | [0,77] (1,00]
62 J125C25 125 0,25 4 FL63x8 0,50 1,09
68 J125C2512 125 0,25 2 FLG63x8 0,56 1,12
74 J125C25T1 125 0,25 1 FL&3x8 0,67 1,06
80 J125C25T0 125 0,25 0,5 FL63x8 0,76 1,07
63 J250C25 250 0,25 4 FLA40x6,3 0,31 1,07
69 J250C25712 250 0,25 2 FLA40x06,3 0.41 1,17
75 J250C25T1 250 0,25 1 FE.40x6,3 0,54 1,17
81 J250C25T0 250 0,25 0,5 FLA40x6,3 0,64 1,16
04 J63C50 63 0,50 4 Fli25x16 0,50 1,24
[70] 163C50T2 | 63 | 050 | 2 | Fi2sxie | [0,50) 11,11)
[76] 163CS0T1 | 63 | 050 | 1 | Flizsxié | [0,50] [1,09]
[82] J63C50T0 63 050 | 05 Fli2sx16 [0,50] {1,04]
65 J125C50 125 0,50 4 F1.80x12,5 0,44 1,47
71 F125C50T2 125 0,50 2 FL80x12,5 0,48 1,50
(771 | m2scsort |o12s | 050 | 1 | FL80x125 | [0,50] 1,39
[83) | 125C50T0 | 125 | 050 | 05 | FL80x125 | [0,50] 1,16]
66 J250C50 250 | 0,50 4 FL63x8 0,27 1,50
72 J250C50T2 250 1 0,50 2 F1.63x8 0,34 1,55
78 J250C50T1a 250 | 0,50 1 FL03x8 0,42 1,45
84 J250C50T0 250G | (4,50 0,5 FL63x8 0,49 1,36

ZTwmod are plotted against the relative slenderness in Fig. 7.3.1. A curve for the EC3
proposal for girders without openings are also included, but here limited to maximum
0,75 for D/h = 0,25 and 0,50 for D/h = 0,50. These limits are reached for most of the
girders with relative slenderness below 1,6,
D/h =025 the sleeve increases the shear capacity to the value for webs without opening,
For the girders with D/k = 0,50 more than 75 % of the shear capacity for webs without
opening is achieved.

For most of the other girders with
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Fig. 7.3.1 Ywmod for relative slenderness when f, = 420 N/ mn and sieeves are nsed

7.3.2 Centric sleeve

In order to assess the effect of placing the sleeve centric in the opening, Le. such that the
sleeve is symmetric with regard to the web plane, two simulations are run. As seen from
Fig. 7.3.1, two girders given in Table 7.3.1 have a potential for improved shear capacity.
These are J125C50 and ]250C50, which have been modified to J125C50C and J250C50C.
The only modification is that the sleeves are centric.

The results are shown in Table 7.3.2. Column 9 shows the effect of centric sleeve
relative to the case with eccentric sleeve by means of the factor ¢,y |, i.c. the ratio between
Ywmod and the cotresponding Fmed as given in Table 7.3.1.

The effect of centric sleeves is good, but the relative effect, as compared to sieeves on
one side only, is small.

Table 7.3.2 Effect of centric sleeves on Jvmed

1 2 3 4 5 6 7 8 9
Run Girder hit | D/ | a/k Sleeve Fwmed for) Crol
166 |J125C50C | 125 | 0,50 4 FLBOx12,5 0,47 1,54 1,06
167 |]250C50C | 250 | 050 | 4 | FL63x8 | 0,30 1,61 1,10
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7.3.3 Sleeve for openings in lower part of webs

The three girders of Table 7.2.10 have also been studied with sleeves on one side of the
web. The results are presented in Table 7.3.3. Column 10 shows the effect of one-side
sleeve relative to the case without sleeve as the factor ¢py , Le. the ratic between ¥mod
and the corresponding Ywmoe as given in Table 7.2,10,

The effect is good for N63C50, which recovers the shear capacity to the maximum
possible, fe. #ivmed > 0,50. For N125C50 the reduction factor Ywmea = 0,40 is 91 % of that
of J125C50, which has the opening in the hogzontal centerline of the web. For
N250C50T2 the effect of sleeve is smaller, a5 Fumed = 0,24 is only 71 % of that of
J250C50T2. This means that a sleeve has large effect on the shear capacity of slender
webs when the opening is in the horizontal centerline of the web, but less effect when the
opening is in the lower part of web.

Table 7.3.3 Effect of sleeves on Yi.med for openings in lower part of web
1 2 3 4 5 6 7 8 9 16

Transverse
Run] Girder hi/t |D/hl a/h ! siffeners Sleeve emod C2 Crel
109 NG63C50 63 0,50 - FL.125x16 0,54 1,21 1,42
110§ N125C50 | 125 10,50 - FLB0x12,5 0,40 1,31 1,74
111{N250C50T2; 250 | 0,50 FL63x8 FL63x8 0,24 1,13 1,13

AT N N

7.4 Single opening with doubler plate
7.4.1 Doubler plate on one side of web

Small doubler plates

In stead of sleeves, web openings may be stiffened by doubler plates. In Section 3.12
rather hezvy plates were recommended in order to restore the full shear capacity of a web
with opening. In the present section, the idea is to start with “smail” doubler plates, i,
piates of the same weight as the weight of removed plate in the opening. This also means
that the weight of the doubler plate is equal to the weight of the sleeve in the
corresponding models in Section 7.3.1. It is therefore possible to compare directly the
effect of a doubler plate to that of a sleeve,

The girders are based on the cotresponding girders in Table 7.3.1, with the prefix J
replaced by K and the subscript “b” indicating one small doubler plate, For instance, for
Girder K125C25b the geometry and load application are the same as in Girder J125C25,
except for the doubler plate and the initial imperfectdons. The thickness of doubler plates
is for all girders the same as the thickness of the web. The doubler plate is “welded” to the
web both on the inner and outer edge. The inner edge is located 15 mm from the edge of
the opening. Initial imperfections are based on eigenmodes from the models with doubler
plates with amplitudes 7,5 mm, as in the girders without doubler plates,
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Results for three simulations of girders with one-sided “small” doubler plates are
presented in Table 7.4.1. Column 6 gives the doubler plate dimension as Oouter
diameter - inner diameter) x thickness. Column 9 shows the effect of doubler plate
compared to the case with sleeve by means of the factor ¢,y , i.e, the ratic between Fw.mod
and the cozresponding Y mod as given in Table 7.3.1.

The effect of a small doubler plate on one side of a web is about the same, as that of a
sleeve on one side of a web.

Table 7.4.1 Effect of small doubler plates on Ziy.med

1 2 3 4 5 G 7 8 9
Daubler

Run| Girder | A/t |D/hia/k plate Zwtaod ¢z Crel

91 | K63C25b | 63 (0,25] 4 2(384 - 280)x16 0,76 1,07 1,01

92 1K125C25b1 125 (0,25 4 (384 - 280)x8 0,50 1,09 1,00

93 1IK250C25b( 250 (0,25 4 {384 - 280)x4 0,30 1,03 0,97

Large doubler plates

Results for three runs of girders with one-sided “large” doubler plates are presented in
Table 7.4.2, Large plates means that the weight of the doubler plates is about three times
the weight of the plate removed from the opening.

The girders are based on the corresponding girders given in Table 7.4.1, with the
subscript “a” indicating one large doubler plate. For instance, Girder K125C25a has the
same geometry and load application as Girder K125C25b, except for the doubler plate
and the initial imperfections. The thickness of doubler plates is for all girders the same as
the thickness of the web. The doubler plate is “welded” to the web both at the inner and
outer edge. The inner edge of the doubler plate is located 15 mm from the edge of the
opening. Initial imperfections ate based on cigenmodes from the same models with
amplitede 7,5 mm.

Column 6 in Table 742 gives the doubler plate dimension as
@(outer diameter - inner diameter) x thickness. Column 9 shows the effect of large
doubler plate compared to the case with sleeve by means of the factor ¢y , ie. the ratio
between Yumes and the corresponding Fwmed as given in Table 7.3.1.

The effect of a latge doubler plate on one side of web is moderate for the girders with
the thinnest webs, as compared to the girders with sleeves that were 1/3 of the weight.
Here, the doubler plates cannot increase the shear capacity above that of the web without
opening. For the girder with the thickest web, the effect is better, and the capacity is
increased above the capacity based on the minimum section above and below the opening.
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Table 7.4.2 Effect of large doubler plates on #umwed

1 2 3 4 5 6 7 8 9
Doubler
Run| Girder | A/t |D/R| a/h plate Hemed e Crel

88 | K63C25a | 63 0,25
89 | K125C25a | 125 | 0,25
90 | K250C25a | 250 (0,25

&(530 - 280916 0,81 1,14 1,08
(530 - 280)x8 0,52 1,13 1,04
D530 - 280)x4 0,32 1,10 1,03

ENS N

7.4.2 Doubler plates on both sides of web
Small plates

As the main purpose of using two doubler plates is to increase the shear capacity up to
that of the web without opening, small doubler plates on both sides of a web is assumed
in-efficient. Hence, it is not investigated further.

Large plates

Resuits for three runs of girders with two-sided “large” doubler plates are presented in
Table 7.4.3. The weight of both doubler plates together is about six times the weight of
the plate removed from the opening.

The girders are based on the corresponding girders given in Table 7.4.2, the removed
subscript indicating two large doubler plates. For instance, for Girder K125C25, the
geometry and load application are the same as for Girder K125C25a, except for the
doubler plates and the initial imperfections. The thickness of doubler plates is for all
girders the same as the thickness of the web. The doubler plates are “welded” to the web
both at the inner and outer edge. The inner edge is located 15 mm from the edge of the
opening. Initlal imperfections are based on eigenmodes from the same models with
amplitude 7,5 mm,

Colomn 6 in  Table 743 gives the doubler plate dimension as
2|plates]d(outer diameter - inner diameter) x thickness. Column 9 shows the effect of two
doubler plates compared to the case with only one doubler plate by means of the factor
Crel , 1.€. the ratio between Y, mod and the corresponding ¥, mea 25 given in Table 7.4.2.

The effect of large doubler plates on both sides of 2 web, compared to plate on one
side only, is small for all girders. Even for K63C25 with the thickest web, the capacity is
far less than the full yield shear capacity of the web without opening. Such a result is
perhaps a bit disappointing in view of the theoties of Chapter 3,12, but is due to global
buckling of the web.



162 CH. 7 JSIMULATIONS OF GIRDERS WITH CIRCULAR OPENINGS

Table 7.4.3 Effect of two large doubler plates on Yiumad

1 2 3 4 5 6 7 8 9
Doubler
Run] Girder | b/t |D/Rt a/k plates Ywmod &7 Crei
85| K63C25 | 63 [0,25] 4 | 20{530 - 280)x16 0,83 1,17 1,02
86 | K125C25 [ 125 {025 4 20(530 - 28008 0,54 1,17 1,04
87 { K250C25 | 250 10,25] 4 263(530 - 280)x4 0,33 1,14 1,03

The results from Tables 7.4.1 to 7.4.3 are plotted in Fig, 7.4.1. as a function of the relative
slenderness. The curve for the EC3 proposal for webs without openings is also included.
The figure shows that the shear capacities cannot be increased above those cortesponding
to global buckling of the web.

Xw,mod
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large doubler plates

N

EC3 for D/h=0;

0.4 —
T
0.2 i 1 large doubler plate
\ t small doubler plate
0 —
0 1 2 3 4 M

Fig. 7.4.1 Yumod 25 relative slenderness when doubler plates ave wsed (fy = 420N/ mni’)

Fig. 7.4.2 shows the buckle shapes of girders K125C25b, K125C25a and K125C25 at
maximum shear. The maximum transverse displacements are 34 mm for {the girder with)
small plate on one side, 31 mm for large plate on one side and 27 mm for large plates on
both sides. The maximum transverse displacement for the corresponding girder without
any stiffening, i.c. 1125C50, is 41 ram.
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i K125C252
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Fig. 7.4.2 Buckle shapes at maximmm shear for givders K125C250, K125C254 and K125C25

7.5 Two openings without stiffening

7.5.1 Two openings horizontally spaced

Two or more adjacent openings spaced along the web are commeon in practice design of
girders, but scarcely described in the literature. The results of nine simulations of girders
with two openings of ratio D/h = 0,50 asc shown in Table 7.5.1,

The girders studied are variations of the girders 163C50, 1125C50 and 1125C50T2, see
Table 7.2.3. Prefixes refer to the horizontal center to center distances ¢, between the
openings. The distances are 1,040, 1,50, 2D and 3D for configuration R, §, T and U
respectively.  The configurations are shown in Fig. 7.5.2. All opcaings are placed
symmetric about the midpoint of the girders, These locations give zero primacy moment
in the section halfway between the two openings. Hence, only small primary moments are
present in the vertical sections in the center of both openings, which may influence the
results compared to the results of the girders with single openings. However, based on the
discussions on shear and moment interaction in Section 7.2.7, the influence is considered
very small.

Column 6 and 7 in Table 7.5.1 show the ratios ¢,/D and 8,/D, where S, is the clear
distance between openings. In the R-girders the clear distances between the openings are
20 mm for reasons of modeling,. Initial impetfections are based on the eigenmodes of the
models and amplitude 7,5 mm. Columa 9 gives the reduction factor Yumed and Column
10 shows the factor ¢z .
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Factor ¢; is plotted in Fig. 7.5.1 against the ratios ¢,/D and S./D. For the thickest web
there is no interaction effect of two openings for S,/0 = 2. This is a somewhat higher
value than recommended by AISC for beams, where according to Eq. (3.3.33) the bimit is
S./D = 1,5. For the thinner web, the interaction has not completely disappeared for
S/ = 2, and the reason may be that two openings disturh the buckle patterns far away
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from the web post between the openings.

Table 7.5.1 Effect of increased horizontal distance between two openings

1 2 3 4 5 6 7 8 g 10
Transvetse

Run Girder hit L DIk alh | cof/D | So/D § ostiffener | g0 &
191 [ R63C50 63 1,50 4 1 0 - 0,30 0,67
193 [ S63C50 63 | 0,50 4 1,5 0,5 - 0,38 0,84
198 | T63C50b 63 | 0,50 4 2 1 - 0,41 0,91
199 | U63C50 63 | 0,50 4 3 2 - 0,45 1,00
192 | R125C50 | 125 | 0,50 4 1 0 - 0,22 0,73
194 | S125C50 125 | 0,50 4 1,5 0.5 - 0,26 0,87
196 1 T125C50 | 125 | 0,50 4 2 1 - 0,26 0,87
200 § U125C50 | 125 | 0,50 4 3 2 - 0,28 0,93
201 |R125C50712 | 125 | 0,50 2 1 0 FL63x8 0,24 0,75
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Fig. 7.5.1 Reduction of shear capacity for givders nith fwe openings compared fo girders with a single
apening. Horizontal spacing, D/ = 0,50 and fyy = 420 N/ wnt

For the girders R125C50, S125C50, T125C50 and U125C50, ie. the girders with the
thinnest webs, the buckle shapes at maximum shear are shown in Fig. 7.5.2. Compared to
the reference Girder 1125C50 with 2 single opening, see Fig. 7.2.21, the buckled shapes are
somewhat extended, but the maximum amplitudes are about the same.
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Fig. 7.5.2 Brickles for girders R125C50, S125C50, T125C50 and U125C50 af meimnm shear

The response curves for webs with two openings show a slightly “softer” transition at the
point of maximum shear, but there is no significant difference, compared to the
corresponding curves for single openings.

A frequendy asked question in practical design is what happens to the web post, when
the width of the post goes to zero in the limit. The R-girders show that there is no local
buckling or excessive strain in the natrow web post; the performance corsesponds to that
of an ordinary large buckle, for instance as in 1125C50. However, to see if this really is the
case, a one-sided transverse stiffener is added to R125C50, identified as Girder R125C5072
in Table 7.5.1. The shear capacity of R125C5072 increased about 12 % compared to that
of R125C50. However, most of the increase is due to the reduced aspect ratio for
R125C50T2. The factor ¢p for R125C507T2 is based on the reference girder 1125C50T2,
i.e. a single opening in a web with aspect ratio a/h = 2. The influence of the aspect fatio is
eliminated by caleulating the ratio of the factors ¢ for girders R125C5072 and R125C50.
The ratio is 9,75/0,73 = 1,03 and hence the effect of buckling of the web post itself is not
exceeding 3 Yo Also, R125C5072 is only approsimatcly corresponding to [125C50T2,
because each opening is eccentrically located in the part of plate with aspect ratio a/h = 2.
The 3 % increase may come from the web post or the eccentrically located openings. The
buclde shapes in Gisder R125C50T2 at mazimum shear are shown in Fig, 7.5.3,
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Fig. 7.5.3 Buckle shapes for Givder RI25C50T2, i,e. with @ fransverse stiffener throngh the web post,
at maxinmm shear

7.5.2 Two openings vertically spaced

Two or more adjacent circular openings in the same vertical section of a web are not very
common in practice, but occur from time to time. The author does not know about
descripdons in the literatuge. The results of cight simulations of girders with two openings
of ratio D/h = 0,25 are shown in Table 7.5.2.

The girders are variations of 163025 and [125C25, see Table 7.2.3. Prefixes RH, $H, TH
and UH refer to vertical center to center distances ¢ between the openings, having values
of 1,080, 1,5D, 2D and 3D, respectively. The configurations are shown in Fig. 7.5.5.

Column 6 and 7 in Table 7.5.2 show the ratios ¢ /D and S, /D. Here, Sy is the clear
distance between openings. In the RH-girders the clear distance is 20w for reasons of
modeling. Inital imperfections are based on the cigenmodes of the models with amplitade
7,5 mm. Column 8 shows Yumed and Column 9 shows the factor ¢; , based on the
reference girders 163C25 and 1125C25.  Hence, the diameter of the opening in the
reference girders is only 50 % of the sum of the opening diameters in the girders with two
vertically spaced openings. Column 10 shows alternative comparisons, where the two
openings are compared to an elongated circular opening that has the same horizontal
dimension and twice the height of each of the two openings. Girders with such openings
are simulated in Section 8.2.2. The comparisons are performed by means of the factor ¢,
ie. the ratio between Yuned and  the corresponding ¥ymeg fot the reference girders
163E2550 and T1125E2550 as given in Table 8.2.2.

The factor ¢3 is plotted in Fig. 7.5.4 against the ratios ¢ /D and i /1. All values of ¢z
are much smaller than 1,0. There is only a minor increase in shear capacity when the
openings are more spaced.

The factor ¢, shows that a procedute where two vertically spaced openings of the same
dimensions are treated as one clongated opening with double height, gives conservative
results for B/t = 125. For k/1 = 63 the result is 2 % on the non-conservative side when the
openings are located near the flanges. This leads to the conclusion that the proposed design
procedure should inchude the minimum shear area based on both openings, in order to give
reliable resalts.
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Table 7.5.2 Effect of increased vertical distance between two openings
1 2 3 4 5 6 7 8 9 10

Run Girder hit | DiR | alh | a/D | Si/D] #emed <o Crel
202 1 RH63C25 63 3,25 1 0 (1,48 0,68 0,99
204 | SH63C25 63 (0,25 1,5 0,5 0,50 0,70 1,02
206 | TH63C25 63 0,25 1 0,50 0,70 1,03

4
4
4
208 | UHG3C25 63 0,25 4 3 2 0,48 0,68 0,98
203 § RH125C25 | 125 | 0,25 4 1 0 0,34 0,74 1,02
205 § SH125C25 | 125 | 0,25 4 1.5 0,5 0,37 0,80 1,11
207 ' TH125C25 | 125 | 0,25 4 2 1 (3,39 0,85 1,17
269 | UH125C25 | 125 | 0,25 4 3 2 0,38 0,83 1,14
G,
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Fig. 7.5.4 Reduced shear capacity for girders with tiee veritcally spaced opentngs of. D/h =025 conmipared
ta givders with a single opening of D/ R = 0,25, (fy = 420 N/ wni’)

For the girders with the thinnest webs, the buckles at maximum shear are shown in Fig.
7.5.5. Compared to the girder with a single opening, see 1125C50 in Fig. 7.2.21, the buckles
are somewhat extended, but the maximum amplitudes are about the same.
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Fig. 7.5.5 Buckies for girders RH125C25, SH125C25, TH125C25 and UH125C25

at manimunt shear

The response cutves for webs with two openings vertically spaced show a slighdy “softer”
transition at the point of maximum shear. However, there is no significant difference
compared to the corresponding curves for single openings. For increased vertical tip
displacement, the reduction in shear capacity for the UH-girders was considerable, as the
lower flanges buckled in the web plane. With openings close to the flanges, the small part
of web below the opening was not able to prevent a major displacement of the flange.

7.6 Two openings with sleeves

7.6.1 Two openings horizontally spaced

The effect of sleeves is investigated by means of four simulations for girders with two
openings of ratio D/h = 0,50, The girders are variations of the girders presented in
Section 7.5.1, Prefixes V, W, X and Y refer to hotizontal center distances ¢, between the
openings, having the values of 1,040, 1,50, 2D and 3D, respectively. For instance, for
Girder V125C50, geometry and load application ate the same as in Girder R125C50, except
for the sleeves and the initial imperfections. The sleeves are placed on one side of webs and
the dimensions of the sleeves are the same as for the corresponding Girder J125C50 with
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one opening only, Two girders are shown in Fig. 7.6.3. Initial imperfections are based on
the cigenmodes of the models and amplitude 7,5 mm.

The resuilts of the simulations are shown in Table 7.6.1. Column 11 shows the effect of
the horizontai distance refative to the cotresponding single opening with sleeve by means
of the factor Cpy , e the ratio between Yumod and  Finmoa for Girder J125C50 as given in
Table 7.3.1,

The factor ¢, is plotted in Fig. 7.6.1 against the ratios ¢, /D and §,/D. As seen, the
effect of two openings almost disappears for $,/0 = 1,5.

Table 7.6.1 Effect of increased horizontal distance between two openings with slecves
1 2 3l 4 5 6 7 8 9 10 11

Run| Girder |A/t|D/h|afh | co/D | 8./D ] Sleeve Fiemod Ca Cret

2121 V125CR011251 0,50 4 1 0 [FE8Ox12,51 0,39 1,28 0,89

214 |W125C50[12510,50( 4 1,5 0,5 [FE80x12,5¢ 0,41 1,35 0,93

216|X125C501125] 0,50 4 2 1 FLa0x12,51 0,43 1,42 0,98
4

2181Y125C50(125( 0,50 3 2 {FL80x12,5] 0,43 1,43 .99

=125
a8 :
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Fig. 7.6.1 Reduction of shear capacity for girders nith fuw openings conpared to givders with a singfe
opening. Horizontal spacing, D/ = 0,50, sieves F1L. 80x12,5 apd [ = 420 NJ s/

Buckled shapes at maximum shear for two girders are shown in Fig. 7.6.3. For comparison,
the shape of Girder J125C50 with a single opening and sleeve js shown in Fig. 7.6.2. The
buckled shape of the girders with two openings ate somewhat extended, but the maximum
transverse web displacements are about the same for J125C30, VI25C50 and W125C50.
For X125C50 and Y125C50 the amplitudes have increased, but are still relatively small,
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Fig. 7.6.2 Buckles for Girder J125C50, i.e. with a sleeve on one-side of the web

Vi25C50

— X125C50
Fig. 7.6.3 Buckies for givders VI25C50 and X125C50 af maxinmm shear

7.6.2 Two openings vertically spaced

The effect of sleeves is investigated by means of four simulations of girders with rwo
openings of ratio /h = 0,25, The girders are variations of the girders presented in Section
7.5.2. Prefixes VH, WH, XH and YH refer to vertical center to center distances oy
between the openings, having values of 1,04D, 15D, 2D and 3D, respeetively.  For
instance, Giirder VH125C25 has the same geometry and load application as Girder
V125C25, except for the sleeves and the initial imperfections. The sleeves are placed on
one side of webs, and the dimensions are the same as in J125C25 with only one opening,
Two girders are shown in Fig. 7.6.5. Initial imperfections are based on the eigenmodes of
the models and amplitude of 7,5 mm.

The results are shown in Table 7.6.2. Columns 6 and 7 give the ratios ¢p/D and S;/D,
respectively. ln the RH-girders the clear distance ) between the openings is 20 mm for
reasons of modeling. Columns 8 gives Fiomoq 2and Column 9 shows the factor ¢ , based on
the reference girder 1125C25. Hence, the diameter of the opening in the reference girder is
30 % of the sum of the opening diameters in the girders with two vertically spaced
openings. Column 10 shows alternative comparisons, where the two openings are
compared to an clongated circular opening with sleeve, that has the same horizontal
dimension and twice the height of each of the two openings. A gizder with such opening is
sitnulated in Section 8.3.2. The comparisons are performed by means of the factor ¢y , i.e.
the ratio between Jumod and Ywmes for the reference girder [12512550a as given in Table
832,

The factor ¢z is plotted in Fig. 7.6.4 against the ratios ¢;/D and S3/D. Al values of ¢
are smaller than 1,0. There is only a minor increase in shear capacity when the openings
are mote spaced.
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The factor ¢y shows that a procedure where two vertically spaced openings of the same
dimensions are treated as one clongated opening with double height, gives good results,
This confirms the conclusion from Section 7.5.2 that the proposed design procedure
should include the minimum shear area based on both openings.

Table 7.6.2 Effect of increased vertical distance between two openings with sleeves FLG3x8

1 2 3 4 5 6 7 ) 9 1G
Run{ Girder it (DI a/h e/ D Si/D | Fmed c2 Crel
228 VH125C25 | 125 [0,25] 4 1 0 0,43 0,86 0,99
2291 WH125C251 125 (025 4 | 1,5 05 0,43 0,86 0,99
230 XH125C25 | 125 | 0,25 4 2 1 0,46 0,92 1,05
231 YH125C25 | 12531025 4 3 2 0,46 092 1,05
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Fio. 7.6.4 Reduetion of shear capacity Jor girders with twa openings of Dih = 0,25 compared to girders
with a siugle opening of D/ R = 0,25, Vertical spacing, steeves F1. 6338 and fy = 420 Nf st

Buckied shapes at maximum sheat for girders VH125C25 and YH125C25 are shown in
Fig. 7.6.5. Compared to the gitder with a single opening, the buckles are somewhat
extended, but the maximum amplitudes are about the same.

The tesponse curves for webs with two vertically spaced openings show a slightly
“softer” transition at the point of maximum shear, but there is no major difference
compared to the corresponding curves for single openings.
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Fig. 7.6.5 Buckied shapes for girders VIT125C25 and YHI25C25 at maimnn shear
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7.7 Conclusion
The simulations of girders with circular openings show that

¢ The response curves for shear force versus dp displacement all have distinct maximum
points, followed by a drop in load-carrying capacity. There is no principal difference
in the shape of the curves for the girders with openings compared to the curves for the
similar girders without openings. For all simulations the maximum shear is taken as the
shear capacity of the girder in the ultimate limit state.

¢ The drop in load-carrying capacity continued for increasing tip displacement. No
distinct minimum points were found. The shear capacity of the girder in the accidental
limét state depends on the value of the tip displacement. This value may vary from case
to case, and general criteria cannot be given.

* The shear buciding is of global character. It is possible, for design purpose, to include
the effect of buckling for girders with cpenings by means of the buckling reduction
factor given by EC3 for girders without openings, but reduced in order to include the
minimum section above and below the opening,

¢ Transverse displacements of webs in a girder with opening show an almost linear
increase up to the point of maximum shear. When the maximum shear is taken as the
shear capacity of girders, the size of displacement will not be larger for a girder with
opening, than for the similar girder without opening,

*  With reference to the proposed design procedure in Chapter 6, the combination of
primaty moment and shear for girders with openings may be simplified by vsing the
same interaction equation as used in AISC{1990) for beams with openings. It is not
necessary to know the actual forces in girder flanges.

¢ The cffect of sleeves on one side of web is considerable, and it is only marginally
improved if the position of the sleeve is centric telative to the web plane. Doubler
plates have almost the same effect as sleeves, and a weight of sleeve or doubier plate
compatable with the weight of the removed plate in the opening is sufficient to ensure
the effect.

*  An cccentric position of an opening rclative to the horizontal centedine of the web
reduces the shear capacity, except for very slender webs.

¢ For girders with two hotizontally spaced openings of the same size, there is zlmost no
interaction effect of two openings when the clear distance between the openings
exceeds twice the diameter of the opening. However, even a very small clear distance
does not result in severe local buckling or plastification, it only reduces the shear
capacity to about 2/3 of the capacity of the single opening,

* A major reduction in the shear capacity of all girders with openings arises from the
reduced shear area in the opening. For girders with two {or more) vertically spaced
openings, this effect must be included by an estimation of the net shear area over the
girder height in sections through zll openings. The distance between the openings has
little cffect on the shear capacity, as long as the openings are symmetrically located
around the horizontal centerline of girder.
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Chapter 8

Simulations of girders with elongated circular
openings

8.1 Introduction

This chapter comprises simulations of girders with horizontally and vertically elongated
openings. The basic FE-model is the same as the one given in Chapter 7.

8.2  Opening without stiffening

8.2.1 Horizontal long side

Such openings are frequently used for cable trays, where more width than heighz is required
and 2 full circular opening would reduce the shear capacity too much. Two simulations of
girdets with one opening D,/ = 0,50 and Dy/h = 0,25 have been performed. D, and Dy,
ate the horizontal and vertical dimensions, tespectively. The radius of the ends is Dy/2.
The girders are termed Ixx[E5025, where xx is the A/7 ratio, I means elongated, “50 refess
to the D,/h ratio and 257 refers to the Dy /h rado. One girder is shown in Fig. 8.2.1. The
opening is placed symmetric about the midpoint of the girders. Initial imperfections are
based on the 2. cigenmode with amplitude 7,5 mm,

The results are presented in Table 8.2.1. Column 7 shows fiy,imed and column 8 gives the
factor ¢z, based on the reference girders I63C25 and 1125C25, Hence, the diameter of the
circular opening in the reference girders is equal to the vertical dimension of the opening in
the girders with elongated openings.

‘The buckled shape at maximum shear for F125E5025 is shown in Fig. 8.2.1. Compared
to the girder with circular opening, the buckles are somewhat extended, but the maximum
transverse displacements are about the same,

Table 8.2.1 Results for girders with clongated circular openings, hotizontal long side

1 2 3 4 5 6 7 8
Runi Girder hit { a/k | Do/h | Di/h Havomod Ca
221 1 I63E5025 63 4 0,50 0,25 0,59 0,83
222 P I125E5025 1 125 4 0,50 0,25 0,40 0,87

Fig. 8.2.1 Buskles in Givder 112555025 at mainmon shear
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8.2.2 Vertical long side

Such openings are frequently used for man-holes, where lazger height than width is
required and 2 full circular opening is supposed to reduce the shear capacity too much.
Two simulations of girders with one opening Da/h = 0,25 and D/l = 0,50 have been
performed. Dy and Dy are the horizontal and vertical dimensions, respectivelv. The radius
of the end is D,/2. The girders are denoted [xxE2550, where xx is the 4// rado, E means
clongated, 257 refers to the Do/h ratio and “50” refers to the Dy/h ratio. One girder is
shown in Fig. 8.2.2. The opening is placed symmetric around the midpoint of the girders.
Initial imperfections are based on the 1. cigenmode with amplitude 7,5 mm.

The results are shown Table 8.2.2. Columa 7 gives Xumad. The values are about the
same as for girders RH63C25 and RH125C25, see Table 7.5.2. Column 8 gives the factor
¢z, based on the reference girders 163C50 and 1125C50. The diameter of the circular
opening in the reference girders is equal to the vertical dimension of the opening in the
girders with elongated openings.

The buckled shape at maximum shear for F125E2550 is shown in Fig, 8.2.2. Compared
to the girder with circular opening, the buckles are somewhat extended, but the maximum
transvesse web displacements are about the same.

Table 8.2.2 Results for girders with clongated circular openings, vertical long side

1 2 3 4 5 G 7 8
Run |  Girder hit 1 alk | Dafh 1 Dufh Fw.mod e
219 1 163E2550 63 4 0,25 0,50 0,49 1,09
220 { I125E2550 | 125 4 0,25 0,50 G,33 1,10

tf

3

13

Fig. 8.2.2 Buckles in Girder 1125152550 at masciminm shear

8.2.3 Comparison between circular and elongated circular openings

Compatisons between girders with circular and elongated openings may be done in various
ways. For a more detailed investigation into the difference between horizontaily and
vertically elongated openings, Table 8.2.3 shows the relative effect of increasing an opening
of D/ = 025, The sheat capacitics of the girders I125E2550, 1125E5(25 and 1125C50
are compared to the shear capacity of 1125C25. The table shows the values for % med from
the simulations, and the values relative to 1125C25 in brackets ().
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Table 8.2.3 Comparison of the effect of elongated openings

Da/h =025 | Dy,/h=050
1125C25 1125E5025
Di/h =025 0,46 0,40
(1,009 (0,87)
125625504 1125C50
Diu/h =050 0,33 0,30
©,72) (0,65)

In principle, the location of the governing section of the load-carrying system for
horizontally clongated openings is different from those of circular openings. The govesning
section for the secondary moments is not in a section through the center of the opening,
For clongated openings with the long side vertical thete is no difference; the governing
section is in the vertical section through the opening when buckling is disregarded. Table
8.4.1 shows that the shear capacity for 1125E5025 is higher than for 1125E2550. Despite
the increased secondary moments for horizontally clongated openings, the minimum web
section itself is larger, A similar comparisen for opening with slecves gives same
conclusion.

The response curves for webs with clongated openings show a slightly more “soft”
transition at the point of maximum shear, but except for the value of the maximuem shear,
there is no significant difference compared to the corresponding curves for circular
openings.

8.3 Opening with sleeve

8.3.1 Horizontal long side

The effect of sleeves is investigated by means of two simulations. The girders are variations
of the girders in Section 8.2.1. Prefix J refers to sleeves on one side of webs, The weight of
the sleeve is approximately the same as the weight of the removed plate in the opening.
One girder is shown in Fig. 8.3.1. Initial imperfections are based on the 2. cigenmode with
amplitude 7,5 mm.

The results are presented in Table 8.3.1. Column 8 shows Yi.mes 2and column ¢ gives the
factor ¢, based on the reference girders 163C25 and 1125C25. Column 10 shows the
incteased shear capacity provided by the sleeve compared to the girders with the same
clongated openings without sleeve, by means of ¢, i.c. the ratio between iomod and Fiumod
for the girders 163E5025 and 112555025, as given in Table §.2.1.

The sleeve increases the shear capacity 16 % to 18 %. However, compared to the
corresponding girders with drodar opening D/h = 0,25 and siceve, i.e. J63C25 and J125C25
in Table 7.3.1, the shear capacities of girders J63E5025 and J125E5025 are 9 % and 6 %
less, respectively. For the elongated circular opening with the long side horizontal the
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sleeve acts as a form of horizontal reinforcement. The requirement to horizontal
reinforcement is more demanding than the requirement to circular sleeves.

The buckled shape at maximum shear for J125E5025 is shown in Fig, 8.3.1. Compared
to the girder without siceve, the buckles are somewhat extended, but the maximum
transverse displacement is reduced from 40 to 35 mm, i.¢, about 13 %.

Table 8.3.1 Results for girders with clongated circular openings and sleeves, horiz. long side
1 2 3 4 5 6 7 8 9 10

Run | Gider | b/t fa/h | Dok | Du/h Sleeve Hremod C2 Cref

225 [ JG3ES025 [ 63 1 4 | 0,50 | 0,25 [FL110x12,5] 0,68 0,96 1,16
226 (J125E5025( 125 | 4 | 0,50 [ 0,25 | FL70x10 0,47 1,02 1,18
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Fig. §3.7 Buckles in Girder [125F5025 at maccimnne shear

8.3.2 Vertical long side

The effect of sleeves is investigated by means of two simulations. The models are
variations of the models in Section 8.2.2. Prefix | refers to sleeves on one side of webs,
The weiglt of the sleeve is approximately the same as the weight of the removed plate in
the opening. One medel is shown in Fig, 8.3.2, Initial imperfections are based on the 1.
eigenmode with amplitude 7,5 mm.

The results are presented in Table 8.3.2. Column 8 shows #umea and Column 9 gives
the factor ¢z, based on the reference girders 163C50 and 1125C50. Column 10 shows the
increased shear capacity provided by the sleeve compared to the girders with the same
clongated openings without sleeve, by means of ¢, ie. the ratio between Yy mod and Fimed
for the girders 163E2550 and 1125E2550, as given in Table 8.2.2,

The sleeve increases the shear capacity from 15 % to 31 %. Compared to the
corresponding girders with drevlar opening D/ = 0,50 and sleeve, i.e. J63C50 and J125C50
in Table 7.3.1, the shear capacities of girders J63E2550 and J125E2550 are the same. But,
as the weight of the sleeves here follows the weight of the opening, the sleeves for the
clongated openings are lighter. The conclusion is that girders with vertically elongated
circular opening may be designed according to the guidelines for girders with circular
openings, provided the diameter is taken as the vertical length of the opening. However,
the stiffener dimensions may be chosen according to the weight of the removed plate in
the real opening.

The buckled shape at maximum shear for J125E2550 is shown in Fig. 8.3.2. Compared
to the girder without sleeve, the widths of the buckles are about the same, but the
maximum transverse web displacement is reduced from 39 to 13 mm, L.e. about 67 %.
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Table 8.3.2 Results for girders with elongated circular opening and sleeve, vertical long side

1 2 3 4 5 6 7 8 9 10

Run| Model | A/t |a/h | Da/h | Dufl | Sleeve | gowes | €2 Crot

223 | J63E2550 | 63 | 4 | 0,25 | 0,50 [FL110x125| 0,56 125 Li5
227 [J12562550a| 125 | 4 § 0,25 | 0,50 | FL70x10 0,44 1,44 1,31
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Fig. 8.3.2 Buckles in Gerder J1235T:2550a at masipmm shear

8.4 Conclusion

The simulations of girders with elongated circular openings show that

Thete is a principal difference between an opening having the long side horizontal and
an opening having the long side vertical. The opening with the hotizontal long side is a
type of rectangulat opening. The opening with the vertical long side behaves as a type
of circular opening,

The shear capacity of girders with an opening with borgoata/ Jong side and without
slecve, should be determined as for girders with a rectangular opening,

The shear capacity of girders with an opening with forigontal long side and sleeve,
should in principle be determined as for girders with a rectangular opening with
horizontal reinforcement. The simulations showed that the sleeves were sufficiently
anchored to the curved part of opening. However, a rule that the sleeves should have
the same weight as the removed plate in the opening, gives a slightly less capacity for
clongated openings than for circular openings.

The shear capacity of girders with an opening witl: wertizs/ fong side and without sleeve
may be determined as for girders with a circular opening of the same vertical dimension
as the clongated opening. The simulations in Section 8.2.2 showed shear capacities
about 10 % on the conservative side for this design.

The shear capacity of girders with an opening with revizaf long side and sleeve is about
the same as for girders with a circular opening with sleeve and of the same vertical
dimension as the elongated opening. This is shown by the simulations in Section 8.3.2
for sleeves of the same weight as the removed plate in the opening.
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Chapter 9

Simulations of girders with square openings
9.1 Introduction

81 simulations are performed for girders with squate openings. The simulations follow the
same procedure as used for the simulations of circular openings in Chapter 7, including the
basic FE-models. The main purpose is to study the normalized shear capacities, but some
features specially connected to square openings are also discussed. In addition, the results
for square openings are compared to the similar results for circular openings.

One or two square openings with sides D, = Dy = 025 and B, = Dy, = 0,50k are
considered, with and without vertical stiffeners and horizontal reinforcement. Finite
clements with dimensions approximately 20 x 20 mm are applied around the openings.
Cortners have radius » = 21 = 32 mm for the thickest plates and # = 16 mm for plates with
I/t =125 and A/t = 250,

9.2 Single opening without stiffening
9.2.1 Comparison with rotated stress field method

Six simulations are performed to study the rotated stress field method and the maodified
Vierendee! method. In order to compare directly with the diagrams of Hoglund (1970), the
yicld stress £, = 260 N/mm’ is used. The girder identities are the same as given in
Chapter 7, but now C is replaced by S for square openings. Hence a girder with #/1 = 250
and opening with sides 0,50/ is calied FI250850.

The simulation results for ¥mod are shown in Table 9.2.1 together with the reduction
factor from the rotated stress fiekd theosry and from the modificd Vierendeel method, as
given in Fléglund (1970). For the openings Dy/h = 0,25, values are given for the totated
stress field method only, as the modified Vierendeel method is valid only for larger
openings. For square openings D/l = 0,50, the two methods give identical resuits. The
simulated results are plotted together with the relevant curves from Héglund (1970) in Fig,
9.2.1

The simulated values are generally higher than the values obtined from the rotated
stress field method, except for small openings in medium slender plates. The rotated stress
field method should be regarded as satisfactory for most openings and plates. The non-
conservative value for the small opening in medium slender plates may be related to the use
of the critical buckling stress in Eq. (3.6.6) with no correction for elasto-plastic buclling,
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Table 9.2.1 Comparison of simulations witl: values from Hoglund {1970)

1 2 31 4 5 6 7 8 9
Sim. | Rot. stress Ratio Modified Ratio
field Vierendeel

Run| Girder [A/HDn/h| Yowods| Homodr | Xomoas/ Zomoar | Howodd | Homoa s/ Fumod.r
232 | HG3525 [ 631025 0,69 0,67 1,03

233 |H125825(125{ 0,25 | 0,51 0,53 0,96

234 |H250825 (2501 0,25 | 0,32 0,28 1,14 " .
238 | H63550 [ 63 10,50 0,36 0,33 1,08 0,33 1,G8
239 (H125850 (125 0,50 0,26 0,23 1,13 0,23 1,13
240 |H250850({250{ 0,50 | 0,18 0,16 1,12 016 1,12

X
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Fig. 9.2.1 Simulated vesulis compared with cirves from rotafed stress freld theory

9.2.2 Transverse displacements and stresses in webs

Plots of transverse web displacement at maximum shear ate shown in Figs. 9.2.2 and 9.2.3
for girders H125525 and H125550 with medium slender webs, Compared to the circular
openings of Figs. 7.2.3 and 7.2.4, the shape and size of buckles are approximately the same.
For the small openings, the mazimum web displacement is 27 % larger for the squarc
opening than for the circular one. For the larger openings the maximum web displacement
for the square opening is 7 % smaller than for the circular opening,

Stress plots at maximum shear for the same girders are shown in Figs, 9.2.4 t0 9.2.5.
The plots show von Mises stress on the negative surface of elements. Compared to the
circular openings of Figs. 7.2.6 and 7.2.7, the stress pattesns are approximately the same.
However, for the large openings, the diagonal stress pattern for the circular opening is not
present for the squate opening. Fig, 9.2.6 shows the von Mises stress in the middle surface
of H125550. Unfortunately, ABAQUS is unable to show the stresses in all regions around
the opening, but it should be evident that the stresses adjacent to the vertical cdges of
opening ate stnall,
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9.2.3 Buckling

The response curves for shear versus tip displacement have the same shape as shown in
Fig. 7.2.10 for the circular opening, but the “peaks” are generally less pronounced and the
negative slopes smaller. The curve for Girder H125550 is shown in Fig. 9.2.7. There is no
evidence of local, column type buckling. However, for square openings, local buclding may
e more related to the applied shape of inifal imperfecdons than for circular openings.
This issue is discussed in more detail in Section 9.2.7.
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Shear forca f load [N]
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Time
Fig. 9.2.7 Reiponse cnrve for Givder HT258550

The response curve for transvesse displacement of a node on the vertical edge of the
opening in Girder H125350 has the same shape as in Fig. 7.2.11, It is, however, difficult to
compate the slopes of the curves directly, because only four edge nodcs can be in the same
posmon in the two girders. However, for square openings with Dp/h = 050, the

“stiffness” of the mansverse displacement is estimated to about 83 % of the cotresponding
circular opening, This means that a certain sheat force gives about 20 % more transverse
web displacement in a web with a square opening compared o a2 web with a circular
opening.

9.2.4 Influence of the yield stress f,
In order to study the influence of vasying the yield stress without changing the other

parameters, the simulations of the six girders of Sccton 92,1 are repeated, now with
£o=420 N/mm®, The results for Fumee ate included in Table 9.2.2 and in Fig. 9.2.9.
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9.2.5 Additional flange forces

Fig. 9.2.8 shows the flange forces of Girder I125850. The forces are determined,
normalized and plotred as explained in Section 7.2.5. For compatison the flange forces
&y of Girder I125, without opening, and &p for Girder 1125C50, with circular opening, are
also included. The dotted line shows &feawic , L.e. the flange forces for a girder without
opening based on elastic theory, and disregarding buclding. The additonal flange forces
are significantly higher for the square opening than for the circalar one.

&g for D/h=0,50 (square)

End " .
150 i &, for D/h=0,50 (circular)
1.00 — _
4 | -
050 ] 5 v
: . I e ’\ 3 !
— _ A efaslic
3 Y el
0.00 -l—{-!lllI|III|III|I!i|Illillllillllllllill
0 100 200 : 300 400 500 600 700 800 800 1000
| Distance from center of opening [mm]
|
- Vertical tangent of opening for D,/h=0,50

Fig. 9.2.8 Normalized flange forces of grrders 1125, 1125050 and 1723550 plotied along tfop flange

9.2.6 Influence of transverse stiffeners

On Ao md

The influence of transverse web stiffeners on Yawmed in ULS is shown in Table 9.2.2. 12
girders with ransverse stiffeners and aspect ratios 2 and 1 are studied. The six girders in
Table 9.2.1 and the six girders 163525, 1125525, 1250825, 163850, 1125550 and 1250550 are
included for comparison. These girders have no transvesse stiffencrs and the aspeet rado is
4. This gives three A/t ratios, two Dyp/h ratios and three a/k ratios and a total of 24
analyses. Material properties and stiffener dimensions are the same as in the girders with
circular openings. For some girders with the thinnest webs the transverse stiffencrs buckled
before the web. These girders are marked with an asterix in Table 9.2.2. Imperfections were
based on the eigenmodes that gave a buckle at the opening. Sce also Section 9.2.7.

Column 9 of Table 9.2.2 gives the reduction factor for the girders with square openings
relative to the one with circular opening, in terms of the ratio €3, as given by Eq, (6.3.3). In
this comparison the cffect of the corners in openings is regarded as a secondary effect, in
the same way as the other secondary cffects deseribed in Chapter 7 and 8. The reduction
in shear capacity is rather consistent for each opening size, The average value of ¢ is 0,93
for the openings with D/ = 0,25 and 0,77 for the openings with Dy/h = 0,50.
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Table 9.2.2 ¥umed for various k/t, Dy/h, a/h rados and stiffener sizes

1 2 3 4 5 6 7 8 9
Transverse
Run Girder hit | Dy/h)| alh stiffeners Fromod a1 cz
232 H63825 63 | 0,25 - 0,69 0,75 0,92

235 163825 63 | 0,25
244 16352572 63 | 0,25
250 16352571 63 | 0,25
233 H125825 125 § 0,25
236 1125825 125 | 0,25
245 1125825T2 | 125 | 0,25
251 1125825T1 | 125 | 0,25
234 H250525 250 | 0,25
237 1250525 250 | 0,25
246 125082572 ¢+ 250 | 0,25
1250825T1 | 250 | 0,25

. 0,66 | 095 | 0093
FL100x12,5 066 | 0,8 | 092
FL100x12,5 068 | 074 | 092
. 051 | 1,49 | 093

; 044 | 189 | 094
FLG3x8 047 | 1,78 | 093
FL80x10 056 | 1,46 | 0,89
- 032 | 297 | 09

; 027 | 378 | 095
FLAOxS * 032 | 355 | 093
FL50x6 * 044 | 292 | 093

CHGE3S50 | 63 | 050
163850 63 | 0,50
16385072 | 63 | 0,50
163850T1 | 63 | 0,50
H125850 | 125 | 0,50
1125850 | 125 | 0,50
112585012 | 125 | 0,50
112585071 | 125 | 0,50
H250850 | 250 1 0,50
1250850 | 250 | 0,50
1250850172 | 250 | 0,50
1250850T1 | 250 | 0,50

- 036 | 0,75 | 0,75

- 033 | 095 | 0,74
FL100x12,5 033 | 089 | 0,74
FL100x12,5 034 | 074 | 0,75
; 026 | 1,49 | 0,75

; 024 | 1,89 | 077
FLG63x8 024 | 1,78 | 0,76
FL80x10 034 | 146 | 0,75

. 018 | 297 | 082

; 015 | 378 | 0,83
FLAOKS 017 | 355 | 0,78
FL50x6 021 | 2,92 | 0,74

O T T N N X S N N e S e IS e R NN

The values of Fmed are plotted in Fig. 9.2.9 against relative slenderness, as in Fig. 7.2.20.
Fig. 9.2.9 also shows scaled curves based on 70 % and 38 % of the EC3 curve for webs
without openings. The ratios are based on  (1-Du/A)cz = 075093 = 0,70 and
1-Dy/Byec; = 0,50:0,77 = 0,38, the ¢y — factors are the average values from the
simulaticns,

The results from the simulations with D,/k = 0,25 lie above the 70 % curve, except for

the lowest relative slenderness. Similarly, the results from the simuladons with Dy/h = 0,50
ate above the 38 % curve, except for the lowest selative slenderness.
An alternative approach based on a circular opening that enclose the square opening, gives
70 % and 31 % cutves, respectively, i.e. the same curve as depicted for the smail openings
and a consecrvative carve for the large openings. All simulations of the girders with the
lazge openings lie above a 31 % curve,
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Fig. 9.2.9 Yrosnoa Jor velative slenderness

Influence of transverse stiffeners on girder stiffness

The wvertical tip displacement 8 at maximum shear V. for the girders with square
openings are about the same as for the corresponding girders with circular openings.
Generally, this means that the “girder stiffness”, given by Eq. (7.2.7) and Table 7.2.5, is
reduced by the factor ¢; for girders with square openings.

Influence of transverse stiffeners on %, mea inn ALS

The reduction factors Xemed for 100 mm tip displacement are smaller than for
corresponding girdets with circular openings, but the relative reduction is less than for
ULS. The tesponse cugves ate generally of the same shape as in Fig. 7.2.10, but the negative
slopes are smaller. Hence, a square opening with sides Hke the diameter of a circular
opening has a clear influence on the ultimate limit capacity, but smaller influence oa the
ALS shear capacity.

9.2.7 Initial imperfections and eigenmodes

In the literature, buckling of webs with square openings is frequently referred to as locat
buckling at two corners. The simulations that form the basis for the results listed in Table
9.2.2 show globat buclding only, however in some girders the global buckle is divided into
two separate regions by the opening. In the simulations the initial imperfections are based
on 2. eigenmode, which resembles one global buckle across the compression diagonal. This
mode is different from the modes presented in Chapter 5. The present girders have pure
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shear in the center of the opening, while the gitders in Chapter 5 also have some moment.
Perhaps local buckles cannot be expected to occur, unless another eigenmode is used as
initial imperfections?

Girders H1255850 and [12555071 are reanalyzed using initial imperfections based on
higher order eigenmodes in order to assess the sensitivity of the ultimate shear capacity to
the made chosen, For girders in pure shear the eigenvalues occur in pairs, one positive and
one negative. As the girder and its finite element model are symmetric, the positive value is
assaciated with a positive shear force and the negative one with a shear force acting in the
opposite  direction. Hence, only the negative cigenvalues are considered further,
Eigemmodes 2, 4 and 6 are shown in Figs. 9.2.10 and 9.2.11 for H125350 and 1125850T1,
respectively. As seen in Table 9.2.3 the second and fourth eigenvalues are farther apart in
H125550 than in 112585011, Mode 4 may be interpreted as z local buckling mode in the
compression comners, and an additional simulation is carded out for the latter girder using
this mode and an amplitude of 7,5 mm as initial impetfection. This simulation is termed
1125850712 and gives 1 % higher capacity than the simulation based on eigenmode 2. The
deformed shape at maximum shear displays a more local pattern. However, too much
emphasis should not be placed on this result, as the amplitude chosen may be more
important than mode shape. Inspection of Figs. 9.2.8 and 9.2.9 further reveals that
cigenmode 6 is associated with local buckling of the vertical edges of the opening for
125550 and of the horsizontal edges for 1125850T1.

An additional girder Q125550T e, which is geometrical similar to 1125850 except for
reduced flange areas, is also analyzed. The resulting eigenvalues are slightly smaller than
those of the latter, but as the web is assumed simply supported at the flanges in the
computational model this result is as expected.

Tabic 9.2.3 Eigenmades for girdess H12585{¢, 112555071 and Q12555071

i 2 3 4 5 G 7 3
Transverse Mode Eigenvalue
Run Girder hit \Dn/htalh stiffeners no.
239% | H125850e | 125 10,50 4 - 2 -0,23
4 -0,28
6 -0,40
254e| 1125850T1e | 125 [0,50| 1 | FL8O0x10 2034
4 -0,37
6 -0,65
257¢§ Q125850T1¢| 125 {050 1 FL30x10 2 -0,32
has 4 -0,35
small flanges 6 -0,61
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9.2.8 Shear and primary moment interaction

The simulations of girders with circular openings showed only a small interaction between
shear and primary moment when the flanges were large. For girders with square openings,
the additional flange forces caused by secondary moments are refatively larger, as shown in
Section 9.2.5. However, it should still be expected that the flange areas must be very small
for Bq. (7.2.14) to be invalid. Hence, shear and primary moment interacdon for girders
with square openings is investigated only for the girder with the smallest flanges in
Chapter 7.

The results of six simulations are presented in Table 9.2.4 and plotted in Fig. 9.2.12.
The girder considered is similar to 112585071, except that the flanges are modeled as
rectangular sections FL 200x10. Otherwise the models cotrespond to those in Table 7.2.9,
but with square openings. The flange area is 25 % of the web area, and the flange bending
stiffness is also low. The additonal flange force at maximum shear is 58 % of the axial
force capacity of flange.

Fig. 9.2.12 also shows an interaction curve based on Eq. (7.2.14), for

* Venad = 435 kN, which is 35 % of V; from the BC proposal
*  Myuetimod = 1156 kNm , i.e. sarne as for the girder with circular opening

All simulated results lic above the curve from Eq. (7.2.14).

Table 9.2.4 Shear and primary moment interaction
1 2 3 4 5

Run Girder Vieax | Moex Remarks
[kNi | [kNm]
257 Q125550TiM0O 478 0
258 Q1255501 Mo 448 638 2 steps
259 | Q125550TiM10 331 1020 2 steps
200 | Q125550TiM11 257 1148 2 steps
261 (2125850T1M12 162 1226 2 steps

262 | Q125850TIM13 | - | 1247

M [kNim)

4000
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1000 —F e I >\

Eq.7.2.14) ®
0 & V [KN]
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Fig. 9.2.12 Interaction diagrans for the resnlis iv Table 9.2.4
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9.2.9 Openings in lower part of webs

Three girders are studied to determine the effect of having openings in the lower part of
webs, The openings of girders 163850, 1125850 and 1250S50T2 are lowered, such that only
40 rm is left of the web between the opening and flange.

Table 9.2.4 shows the result for Ymee - Column 8 shows the effect of a lowered square
opening relative to that of a girder with circular opening at mid-height, by means of the
factor ¢z, as given in Eq. {6.3.3).

Reduced shear capacity occurs for all girders. However, the relative reduction when a
square opening is lowered, s less than when a circular opening is lowered.

Tabie 9.2.4 Effect of lowered openings on Yiemod

1 2 3 3 4 6 7 8
Transverse
Run Girder hit | Du/h | a/h stiffeners j— C2
263 M63850 63 0,50 4 - 0,31 0,70
264 M125850 125 1 0,50 4 - 0,20 0,67
265 M25085012 250§ 0,50 2 FLG63x8 0,19 0,86

9.3 Single opening with horizontal reinforcement

9.3.1 Reinforcement on one side of web

Hortizontal stiffeners/reinforcement may be considered as an analogy to sleeves for circular
openings. For circular openings most of the effect is to alter the shape and the size of the
buclde. For square openings the main effect is reinforcement in the corners. Reinforcement
on one side only is a preferred solution in practice, due to relative small fabrication cost.

The results of 18 simulations are presented in Table 9.3.1. The labels identifying these
gitdets have the prefix ], otherwise the scheme for describing web slenderness and opening
size, shape and location is as before. The size of reinforcement is for all girders chosen
such that the weight of the reinforcement is equai to the weight of the removed plate in the
opening, As the length of reinforcement is twice the length of the opening, this should
have given the same section sizes as the sleeves of Table 7.3.1. However, to fulfill rwo
more requirements for horizontal reinforcement, the section areas are increased about
15 %. These requirements are

» Axial capacity of reinforcement at corners is equal to the maximum shear capacity of the
anchor length.
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¢ Thickness of reinforcement is equal or greater than the thickness of the web. This
ensures that full yield shear capacity can develop in the minimum section above and
below the opening,

The weight limit is maintained by snipping off the reinforcement at the ends. For some
girders the requitements may be superfluous for cne-side-reinforcement, but are retained
in order to atrive at consistent solutions, and to allow comparison with horizontal
reinforcement on both sides of web in the next section. Width/thickness ratio of
reinforcement varies from 4,5 to 9. The reinforcements ate “welded” to the web 20 mm
from the edge of the opening, Initial imperfections are based on the lowest eigenmodes
from each model and amplitude 7,5 mm, For Girder J250850T1 two cigenmedes had to
be used; one with 2 buckle in the field opposite to the transverse stiffener near the
opening and one with z buckle in the unstiffened vertical sides of the opening.

The resulting values of Zumed ate given in Table 9.2.1. The table also shows the
infleence of the horizontal reinforcement, relative to the circular opening without
stiffening in the corresponding web and stiffener configuration, in terms of the factor ¢z .
Alternatively, the effect of hotizontal reinforcements may be compared to the girders with
the same square opening without reinforcements by means of the factot ¢ , taken as the
ratio between Ymod  and Ywmod s given in Table 9.2.2.

The effect of hotizontal reinforcements are considerable, especially for the larger
openings, where up to 89 % increased shear capacity is achieved.

In Fig. 931 uwmed s plotted against the relative slenderness. A curve for the EC3
proposal for webs without openings is also included, together with scaled curves for 75 %%
and 50 % of the proposal. The relative slenderness of the girders JxxS50T1 is based on
the aspect ratio a/h = 0,25 | in stead of 1, as the horizontal reinforcements span the
transverse stiffeners complesely.

Mast girders achieve the shear capacities given by the scaled curves. For all girders the
sheat capacity is lower than the yield shear in the minimurn secdon above and below the
opening. For the cases with high slenderness, the shear capacities are in general far below
the shear capacity of the web without opening,

For ALS the girder J63550T1 shows an increased shear capacity compared to ULS, the
only case in the present investigation to have a such response curve, The ULS shear
capacity was taken from the shear force value at 23 mm tip displacement, corresponding
to the tip displacement at maximum shear for Girder J63550T2,
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CH. 9 SIMULATIONS OF GIRDERS WITH SQUARE OPENINGS

Table 9.3.1 Effect of horizontal reinforcements on one side of web on #vmod

1 2 3 4 5 6 7 8 9
Horizontal
Run | Girder | &/t { Dw/h| a/h |reinforcement| #ume e Crof
266 J63825 63 | 0,25 4 FL72x16 0,69 6,97 1,04
272 | J63S25T2 | 63 | 0,25 2 FL72x16 0,70 0,97 1,06
278 | J63825T1 63 | 0,25 1 FL72x16 0,73 1,00 1,08
w7 | 1 25525 125 0,25 4 FL72x8 0,45 0,94 1,04
273 § J125525T2. 125 | 0,25 2 FL72x8 0,49 0,97 1,05
279 | 712582571 | 125§ 0,25 1 FL72x8 0,64 1,02 1,15
268 | J250825 250 0,25 4 FL46x6,3 0,29 (3,05 1,06
274 | 125082572 | 250 | 0,25 2 FL46x6,3 0,36 1,02 1,09
280 | 1250825T1 2501 0,25 1 FL46x6,3 0,49 1,04 1,11
269 | 763850 | 63 | 050 | 4 Fl144x16 | 044 | 1,00 | 135
275 § J63850T2 | 63 0,50 2 FL144x16 0,45 1,02 1,38
281 | J63850T1 63 1 0,50 {1{0,25)| FL144x16 0,45 0,59 1,33
276 | ]125550 125 1 0,56 4 FL92%12,5 0,28 0,93 1,20
276 | 112585072 | 125 0,50 2 FL92x12,5 0,30 0,94 1,24
282 | 112555011 | 125 | 0,50 10,25 FL92x125 0,44 1,21 1,69
271 | J250850 250 | 0,50 4 FL.72x8 0,19 1,06 1,28
277 | J25055072 | 250G 0,50 2 FL72x8 0,25 1,13 1,45
283 | J250850T1 2501 0,50 |1(0,25) FL72x8 0,40 1,40 1,89
X,w,mod
1
0.8
& &Q \ EG3 for D/hk0
o5 | 75%of (EC3 fay D,/h=0)
\ > 7471 50% of B(3Ec3 for D,/h=0}
¢4 i E -
‘\\_\FB
\@E‘t‘\\-———_\_E D,/h=0,25
0.2 =TT B D,/h=0,50
0 i
0 1 2 3 4 2,

Fig. 8.3.7 Y mos Jor relative stenderness when Jp=420N/ mnl
and horigontal reinforcements on one side of web are nsed
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9.3.2 Reinforcements on both side of webs

The sheat capacity may be increased by using horizontal reinforcements oa both sides. To
see how much, the girders J125850 and 250550 are modified and denoted J125850C and
1250850C. The modification is that each horizontal reinforcement is split into two halves,
placed on each side of the web. Hence, the horizontal reinforcements act centric relative
to the web plane.

Table 9.3.2 shows the factors Fumos and ¢a. Column 9 shows the effect of centric
reinforcements compated to the case with eccentric reinforcements by means of the factor
Cres , 1. the ratio between Fiumed and the corresponding ¥ maa , 45 given in Table 9.3.1,
The benefit of centric reinforcements increases with decreasing relative slenderness. The
effect may be estimated to 15 to 13 % . 1t should be noted that the increased strength is
due to some yielding, which explains the more “rounded top” in the response curves
before the strength decreases, In ALS nothing is gained from using centric reinforcements
compared to reinforcements on one side only.

Table 9.3.2 Effect of centric horizontal reinforcements on fimod

1 2 3 4 5 6 7 8 9
Hotizontal
Run Girdex | B/t | D/l | a/h | reinforcements | 104 &2 Crof
284 §7125550C | 125 | 0,50 | 4 2F1. 46x12,5 G,32 1,07 1,15
285 §]250850C [ 250 | 0,50 | 4 2FL 36x8 0,22 1,20 1,13

9.4 Single opening with vertical stiffeners

As shown, the shear capacity of webs with openings is often governed by global buckling,
An idea of increasing the capacity by simply suppressing the global buckle is near at hand.
1t should be sufficient to block the buckle in the positien of the opening only. For
openings with Dyp/h = 0,50 this could be done by using the horizontal reinforcements as
vertical stiffeners in stead.  The stiffener length s sufficdient to span the full height
between the flanges. The required stiffness of the stiffencrs may pethaps also be reduced
compared to stiffeners required to stiffen the web for full global shear buckling load.

Two simulations have been made; girders L63550 and L125850 ate copies of J63550
and J125550, but with the horizontal reinforcement used as vertical stiffencrs. This
actually subdivides the girdets into panels with aspect ratio a/h = 0,5, a case that was
studied in Section 7.2. However, the stiffeners of 163850 are larger than those of 163T0,
and the stiffeners of 1125550 are smaller than those used n 1125T0. The 10. eigenmode,
that activates local buckling of the horizontal edges of the opening, is included as an
additional imperfection, using an amplitude of 4,1 mm.

Table 9.3.1 gives the results in terms of the reduction factor Yemed and the ratios ¢a
and ¢per . The ratio ¢z refers to the girders 163C5070 and [125C50T0 and ¢ compares
the capacity to the cases where the stiffeners are horizontal.

The effect of the new stiffener configuration is negative for 163850, but positive for
1125850, with 22 % increase.
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Table 9.4.1 Effect of vertical stiffeners on ¥ymed

1 2 3 4 5 6 7 8 9
Vertical
Run| Model | W/t 1D/R| a/h stiffeners Fiwmod ca Cral
204| 163850 | 63 [0,50( 05 FL144x%16 0,38 0,78 0,85
286| 1.125850 {125 (0,50| 0,5 FLLO92x12.5 0,34 0,79 1,22

The deformed shape of 1125850 at maximum shear is shown in Fig. 9.4.1. The global
buckle is suppressed, but local buckles oceur above and below the opening. The
transverse displacements are relatively small,

Fig. 9.4.1 Buckles for Girder 1.125550

9.5 Single opening with horizontal reinforcement and vertical
stiffeners

9.5.1 General

{t was shown in Section 9.3 and 9.4 that an itnproved shear capacity can be achieved,
either by horizontal reinforcement or by vertical stiffening. Horizontal reinforcement
increases the secondary moment capacity, and vertical stiffening suppresses the global
buckling. The best design depends on the relative slenderness of the unstiffened web. In
Section 9.3 and 9.4 no girders with openings Di/h = 0,50 reached the full plastic capacity
of the remaining web. Another solution may be to use both hozizontal reinforcement and
vertical stiffeners, which can be done in many ways. In the present investigation the
reinforcement/stiffener configurations are grouped according to the teguired amount of
material needed for the reinfarcement/ stiffening,
The weight of reinforcement/stiffeners is normalized to

u=2s (9.5.1)

i,

where m; is the weight of reinforcement/stiffencts and a, is the weight of the removed
plate material in the opening. Three groups of configurations with ¢ = 1,0, 1,5 and 2,0,

respectively, are considered. For all configurations an “efficiency index™ is caiculated on
the form
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H(, - Zn;mnd,B - Zn‘.mod.zl (952)
Hp

where Fumodz and g sefer to the girder that is compared, and Fumeds is the value
achieved for the reference girder, i.e. the girder with similar opening and web, but without
any reinforcement and stiffening, Hence, He measures the gain in shear capacity telative
1o the amount of material that has to be used in order to obtain the gain.

9.5.2 Girders with g = 1,0

Four simulations are made; two with narrow and thick stiffencrs and two with higher and
thinner stiffeners.

Girders J1L125850a has two vertical stiffeners on one side and two hotizontal
reinforcements on the opposite side. This is a preferred solution from a fabricadon point
of view. Girder J1125850b has the same stiffencrs and reinforcement, but on the same
stde.  All stiffeners and reinforcements are F1L46x12,5 Hence, the sectional area of the
horizontal reinforcements is only half of the area required to take the secondary moments
in a Vierendeel analogy. The inital imperfections used are the sum of the 2. eigenmode,
with buckles in the adjacent plate panels, and the 19. eigenmode, with buckles in the
vertical stiffeners and adjacent piate pancls. Amplitudes for each cigenmode are 7,5 mm.
The cigenmodes are only to a small degree overlapping or cancelling,

Girders J1.125850k and JI.125850] repeat the arrangement from the previous girders,
but with FL72x8 as stiffencrs/reinforcement. Hete, the 20. cigenmode replaces the 19,
cigenmode used in the previous analyses.

The results are presented in Table 9.5.1.  The girders J125550 and J125550C, with
horizontal reinforcement only, and 1125850, with vertical stiffeners only, are included for
comparison. These girders also have g = 1,0.

Columns 7 and 8 give #eme and factor ¢» . The reference girder for ¢q is 1125C50.
Column 9 shows the effect of stiffeners compared to opening withour stiffeners, in terms
of ¢ry, 1. the ratio between Fivmee and  Fumod for Girder 11255850 in Table 9.2.2. Column
10 shows the efficiency index, based on the reference girder 1125550,

The four girders with both vertical stiffeners and hotizontal reinforcement are clearly
better than the girders with eicher vertical stiffener or hotizontal reinforcements.  The
shear capacities of the four girders do not show much variation, but J1.125550a is most
efficient. This girder has narrow and thick stiffeners/reinforcements, and the vertical
stitfeners are on the opposite side of the horizontal reinforcements,

The buckled shape at maximum shear for JL125850a is shown in Fig. 9.5.1.
Transverse displacement of vertical stiffeners is small up to a load of about 90 % of the
maximum shear, When this value is reached, the vertical stiffencrs buckle, but the
transverse web displacement remains relatively small also at maximum shear,

Von Mises stress at maximum shear is shown in Figs. 9.5.2 and 9.5.3. The positive
surfaces are the surfaces facing the viewer. The stress in the upper horizontal
reinforcement is shown on the positive sutface and in the lower horizoatal reinforcement
on the lower surface. The left vertical stiffener in Fig. 9.5.2 appears as the right hand
stiffencr in Fig, 9.5.3. The stress in this stiffencr in Fig. 9.5.3 is shown on the positive
surface. For the other vertical stiffener the stress is shown on the negative surface.
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‘Table 9.5.1 Effect of reinforcement/stiffeners for 4= 1,0

CH. 9. SIMULATIONS OF GIRDERS WITH SQUARE OPENINGS

H 2 3 4 3 6 7 8 9 10
Reinforcement/
Ran| Givder |R/t\Dy/hla/h stiffeners j— o Crot H.
270| 3125850 125{0,50 | 4 | H: 2F1.92x12,5] 0,28 0,93 1,20 0,04
A2 -
285| J125850C 125/ 0,501 4 | H: 4FL46x125| 032 | 1,07 | 1,38 | 008
2861 1125550 [125]0,50 [0,51 H: . 1,14 147
287111258504 125| 0,50 [0,5 | H: 2FL46x12,5| 0,44 1,46 1,88 0,20
ol Y 2FTAexd25 b
288|]L1255850b(1251 0,50 (0,5 | H: 2FL46x12,5| 0,42 1,38 1,79 0,18
ol L | Ve 2BLAGI25 ) _—
296(J1.125850k 1251 0,50 {0,5| H:  2FL72x8 0,44 1,45 1,88 0,20
I RS F V. 2Fh72x8 | ) . .
2971 JL.1258501 11251 0,50 6,5 | FL: 2FL72x8 0,43 1,43 1,85 0,19
V.  2FL72x8

T
&)
AT AT TN
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Fip. 9.5.1 Brickles of Girder J1.125550a at maxinnm shear

3, Hises
Multiple segtion points

Fig. 9.5.2 Vow Mises stress in positive suiface of Crivder 1125550 at maximun shear
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Fig. 9.5.3 Von Mises stress i negative susface of Gérder J1.1258550a at mascinuin shear

9.5.3 Girders with ¢#=1,5

Five simulations ate made; two with narrow and thick stiffeners and three with wide and
thinner stiffeners. Initial imperfections are similar to those described in Section 9.5.2.

Girder JL125550¢ has rwo vertical stiffencts on one side and two hotizontal
reinforcements on the opposite side. Girder JL125850d has the same vertical stiffeners,
but the horizontal reinforcements are split in to halves, one on each side. Vertical
stiffeners ate FLA6x12,5 and horizontal reinforcements are FL92x12,5 or 2FL46x125.
The section area of the horizontal reinforcements is sufficient to sustain the secondary
moments in & Vierendeel analogy.

Girders JL125550h and JL1258500 have the same stiffencr configurations as the
previous girders, but with FL72x8 and FL92x12,5 as sdffeners/reinforcements,
alternatively  2FL72x8. Girder JL1253850m is similar to JL125550h, but with all
stiffeners/reinforcement on the same side.

The results are presented in Table 9.5.2. The teference girder for ¢ is 1125C50.
Column 9 shows the effect of increased horizontal reinforcement compared to the best
girder presented in Section 9.5.2, given as ¢y . This is the ratio between Yumod and 2 mod
for JL125850a as given in Table 9.5.1. The efficiency index H. is again based on the
reference girder 1125850.

The five girders are marginally better than the best one of the previous section. The
sheat capacities show litde variation, with JL.1255500 as the most cfficient. This girder has
wide and thin stiffeners and horizontal rcinforcements on both sides. With respect to
fabrication, Girder JE.125550h is best, and gives almost same shear capacity as JL.125350c.
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Table 9.5.2 Effect of stiffeners/reinforcement for g = 1,5
1 2 30 415 6 7 8 9 10

Run| Girder |A/t1Dy/hlafh Stiffeners Frmod C2 Crel H,

2891 J1.125850¢ |125] 0,50 [0,5| H: 2FL 92x12,5| 045 | 1,49 1,02 0,14
V. 2FL46x12,5
290 |JL125850d |125] 0,50 0,5 | H: 4L 46x12,5] 045 | 147 | 1,01 | 0,14
Vi 2FL46xi254 o ol
295 |JL125550R}125] 0,50 [0,5| H: 2FLI92x12,5| 046 | 1,52 | 1,04 0,15
PR WD N ST V: 2FL7 zxg .

208 [JL125550m]|125] 0,50 [0,5 H: 2FL92x125| 046 | 1,51 1,03 0,15

209|11.1258500 125| 0,50 105 | H: 4FL72x8 | 047 | 1,55 | 1,06 | 0,36 |
V:  2FL72x8

9.5.4 Girders with ¢ = 2,0

Four girders are considered, one with narrow and thick stiffeners and three with wider
and thinner stiffeners. Initial imperfections are similar to those previously used in Section
9.5.2.

Girder JL125850e Das two vertical stiffeners on one side and two horizontal
reinforcements on the opposite side. In Girder JL125850p the vertical stiffeners and the
hotizontal reinforcements are placed one on cach side. Stiffeners are FL92x12,5 or
2FE72x8. In both cases the cross section area of horizontal reinforcement is sufficient to
sustain the secondary moments in a Vierendeel analogy. Girder JL.125850p is close to the
theoretically ultimate design for centric stiffeners and horizontal reinforcements.

Girders JL125850f and J1.125550g represent typical stressed skin design. JL125550f
has four vertical stiffcners on one side and two horizontal reinforcements on the opposite
side; see Figs. 9.5.4 and 9.5.5. Vertical stiffeners are FL72x8, rwo of these are placed at the
ends of the horizontal reinforcements and two at the opening  Stiffeners and
reinforcements have section areas sufficient to develop yield shear in the web above and
below the opening, when buckling is disregarded. Girder JL125550g is similat to
JL.125850f, but with all stiffeners and reinforcement on the same side.

The results are presented in Table 9.5.3 in terms of Fumoed and ¢2. The reference girder
for ¢ is 1125C50. Column 9 shows the effect of increased hotizontal reinforcement
compared to the best girder of Section 9.5.3, in terms of G, L6 the ratio berween Fwmod
and Yemod for JL1255500 as given in Table 9.5.2. The efficiency index is based on the
refercnce girder F1255850.

Only J1.125850p gives higher shear capacity than the best girder of the previous
scction. This is really the optimum design if the goal is to achieve as high shear capacity as
possible, giving 95 % of full plastic capacity. However, the efficiency is mote doubtful.
With 33 % more material and the stiffeners split in many small parts, the gain in shear
capacity is only 3 % compared to JT.125550h.
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The results for all four girders may also be compared to Girder 515 of the expetiments
referred in Chapter 4. Girder $15 was quite heavily sdffened, with 1 = 6,3, Flowever, with
Zemod = 0,48, it had oaly marginally more shear capacity than the girders in Table 9.5.3.

The extra vertical stiffeners in cases JL125850f and JL125850g seem supetfluous when
compared to JL125550m. Von Mises stress at maximum shear for ]L125850f is shown in
Figs. 9.5.4 and 9.5.5. The fegend is the same as in Fig, 9.5.2.

Table 9.5.3 Effect of stiffencrs/reinforcement for L= 2,0

i 2 3 4 S 6 7 8 9 10
Reinforcement/
Ran| Gitder {h/¢|Di/klalh stiffeners Fovavod ca Crof H,

291{J1.125850c1125[ 0,50 { 0,5 | H: 2FL92¢12,5| 0,47 | 1,54 0,99 0,12
V: 2FL92x125
JL125850p1125| 0,50 [0,5 | H:  4FL72x8 | 0,48 | 1,57 1,01 0,12

S VS ST V: 4I:L72X8 S — B g e T o
292|]1125850¢}125( 0,50 | 0,5 | H: 2FL92x125| 047 | 154 | 0,99 0,12

: oo f Y AFLTNS
293(]1.1258501[125[ 0,50 | 0,5 | H: 2FL92x125| 0,46 | 1,51 0,98 0,11
Vi 4FL72x8

30

=

Fip. 9.5.5 Vow Miser stress inr negative strface of Girder J1.1258550f at mascinn: shear
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9.5.5 Compatison of the efficiency index H,

The values of H, from Tables 9.5.1, 9.5.2 and 9.5.3 are plotted against yin Fig. 9.5.6. A
value of H, for Gitder $15 is also included. The diagram shows that the efficiency
decreases with increasing amount of material, and there is a large variation of the values
for 2= 1,0. The best design with respect to way of applying reinforcement and stiffeners
is discussed further in Chapter 11,

He
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Fig. 9.5.6 Efficiency of reinforcement and sitffences

9.5.6 Openings in lower part of webs

Girder M125850 in Sccton 9.2.9 has been fitted with vertical stiffencrs and horizontal
reinforcement, NL1255850a has two vertical stiffeners only, and NL125550b has two
vertical stiffeners on one side and one horizontal reinforcement on the opposite side. The
section atrez of the horizontal reinforcement is sufficient to sustain the secondary
moments in a Vierendee! analogy. Both girders have g = 1,0,

The results of the simulations ate presented in Table 9.5.4. Column 9 shows the
influence of the stiffeners and reinforcement relative to the girder without stiffeners and
reinforcement, as Cref , Le. the ratio between Fumos a0d Yo mod for M125850 in Table 9.2.4.
Column 10 shows the efficiency index, based on the reference girder M12555¢.

The effect of stiffeners is good for both girders. The shear capacity of Girder
NL125850a is higher than the result for £125850 given in Table 9.5.1. The shear capacity
of Girder NL125550b is 96 % of the result for J1.125850a in Table 9.5.1. This confirms
the theory of stressed skin, that the positior of the opening has little or no influcnce on
the shear capacity.
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Table 9.5.4 Effect of stiffeners/reinforcement when g = 1,0

1 2 31415 6 7 8 9 10
Run|  Girder it \Dw/hiafl | Reinf./stiffeness | omea| €2 S | He
3011 NL1255850a | 125 10,504 0,5 [ H: - 036 | 1,19 | 1,79 | 0,16

L Vi 2FL92xi25 |} |
302[ NL126S50b | 125 0,501 0,5 | M 1PL92x125 | 043 | 140 | 2,10 | 0,22
V:  2PL72x8

9.6 Two openings without stiffening

9.6.1 Two openings horizontally spaced

Girders with two closely spaced square openings along the web ase rare in practice, and are
scarcely discussed in the literature. Here, four such designs are studied, all with the opening
dimension D/l = 0,50. The girders are modifications of 163550 and 1125850, with center
to center distances between the openings of ¢, = 1,50 and ¢, = 3D, This gives a clear
distance between the openings of S, = 05D, and S, = 2Dy, respectively. The girders are
given identifiers with prefixes § and U; the former referring to the closely spaced openings
and the latter to the widely separated openings. The girders are depicted in Fig, 9.6.2,

The results of the simulations are given in Table 9.6.1 in terms of Xumed and the factor
c2. In addition, the ratio ¢y between shear capacitics of girders with widely spaced
openings to those with one opening, is given in Column 10, The reference girders are
163550 and 1125850 with Zomea as given in Table 9.2.2.

The tatio ¢r is plotied in Fig. 9.6.1 against the ratios So/ Dy and ¢/ D, For the thickest
web the interaction between two openings has almost disappeared for S,/Dp = 2. For the
thinner web, the interaction has not completely disappeared for S/ Dy = 2, and the reason
may be that two openings disturh the buckle patterns far away from the web post between
the openings.

For the girders with the thinnest webs, the buckles at maximum shear are shown in Fig,
9.6.2. Compared to the girder with a single opening, the buckles are somewhat extended,
but amplitudes arc about the same.

The response curves for webs with two openings show a slightly more “soft” transition
at the point of maximum shear, but except for the value of maximum shear, there is no
significant difference compared to the corresponding curves for single openings.

Table 9.6.1 Effect of increased horizontal distance between two openings

1 2 3 4 5 6 7 3 9 10
Run Girder it VDb | alh Jeo/ Dy | Sel D Famea 2 Cret

309 | S63550a 63 | 050 | 4 | 15 | 05 | 024 0,53 0,72
305 | V63850 63 | 0,50 3 2 0,33 0,73 0,99

4
30| S125850a 125 | 6,50 4 1,5 0.5 0,16 0,54 0,70
306 125850 125 | 0,50 4 3 2 0,21 0,71 0,91
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Fig. 9.6.7 Reduetion of shear capaaity for givders with twe apenings compared to girders with a single
opening. Horgontal spacing, Dy/h = 0,50 and f, = 420 N/ o

5125850a

= 1 U125850
Fig. 9.6.2 Buckles for girders $125550a and U125550 at masinum: shear

9.6.2 Two openings vertically spaced

Two or more adjacent square openings in the same vertical section of a web are not very
common in design of girders, but occur from time to tme. The author does not know
about descriptions in the literature. Four simulations of girders with two openings with
dimensions Dp/h = 0,25 are cartied out, using girders 163525 and 1125525 as bases. The
vertical center to center distances are ¢y = 1,50y and ¢, = 3Dy, giving clear spacing of
Sy = 0,5Dp and 8 = 2Dy, respectively. The girder identifiers have prefixes SH and UH,
refersing to clear spacing of 0,5 and 2, respectively. The girders are depicted in Fig, 9.6.4.
The results of the simulations are given in Table 9.6.2 in terms of Fmod and €z, Values
for the girders I63R2550 and [125R2550 are also included, based on the results in Section
10.2.2 for girders with rectanguiar openings. Here, the girders are considered as girders
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with two openings in the limit where S,/ = 0. The factors ¢z are based on the reference
girders 163C25 and 1125C25. These girders have one circular opening that are only 50 % of
the sum of the vertical dimensions of the openings in the girders with two vertically spaced
openings.

The values for Fumea in Table 9.6.2 are much lower than the corresponding values for
the girders with single opening. The main reason is that the shear area is reduced.

The factor ¢; is plotted in Fig. 9.6.3 against the ratios Sp/Dp, and cx/Dy. For the
thickest web there is a small decrease in the shear capacity when the openings are wider
spaced, For the thinnest web there is a small increase in the shear capacity.

For the girders with the thinnest webs, the buckled shapes at maximum shear are shown
in Fig. 9.6.4, Compated to the gitder with a single opening, the buckles are somewhat
extended, but the amplitudes are about the same.

The response curves for webs with two vertically spaced openings show a slightly sofrer
transition at maximurs shear. But, except for the value of maximum shear capacities, the
curves differ little from to the corresponding curves for single openings.

Table 9.6.2 Effect of increased vertical distance between two openings

i 2 3 4 5 6 7 8 ]
Run Girder hit | Dy/h| alh /Dy Sni Dy Yawamod c2
315 | I63R2550 63 0,25 4 1,0 4] 0,43 0,61
307 | SH63525 63 0,25 4 1,5 0,5 0,39 0,55
311 | UHG3S25 63 0,25 4 3 2 {)”&8 | 0,53
316 | I63R2550 | 125 | 0,25 4 1, 0 0,30 0,66
308 | SH125825 | 125 | 0,25 4 5 0,5 0,30 0,65
312 | UH125825 | 125 ¢ 0,25 4 2 0,31 0,67

Gy
5
hit=125

S e [ S, S | é

0.6 g\'—‘\\_’ :
i “hi=63 -

P
0.2
g .10 05 1 15 Y S,h,",D,h

1 15 2 25 3 Chf,Dh

g, 9.6.3 Reduction of shear capacity for webs with twe gpenings of Dy, Sl = 0,25 compared o webs with
a single gpewing of Diy/h = 0,25, Verfical spacing, fy = 420 N/ il
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SH125825

UH125825

9.7 Two openings with stiffeners and reinforcement
9.7.1 Simulations

Girder 51258502 of Table 9.6.1 is medified to include vertical stiffeners and horizoneal
reinforcement. Girder WI125550a has four vertical stiffeners only, with g = 0,5 for each
opening, CGirder WL125550b has four vertical stiffeners on one side of web and two
horizontal reinforcements on the other side, with g = 1,5 for cach opening,

Results for the two girders are presented in Table 9.7.1. in terms of Yyned and factor ¢z ,
the latter is based on W125CE0 as the reference girder. Column 9 shows the influence of
the stiffeners and reinforcement on the shear capacity relative to that of the girder without
stiffeners and reinforcement, by means of ¢y, Le. the ratio between iy o a0 P med for
Girder $125550a, Column 10 shows the efficiency index H, , based on the reference girder
51258504,

The effect of stiffeners and reinforcement is good for both girders, with the efficiency
of the vertical stiffeners highest. However, the shear capacity of Girder WI1.125850a is
lower than that of 1125550, as given in Table 9.5.1. The shear capacity of WI1.1255501 is
90 % of the result for JL125550a in Table 9.5.1.

Fig. 9.7.1 shows the buckled shape at maximum shear for WL125850b.

Table 9.7.1 Effect of stiffenets/reinforcements for two openings with spacing §,/Dp = 0,5

1 2 3 4 5 6 7 8 9 10
Reinforcement/

Run Gitder B iDy Bl afh stiffeners Ywanad| €2 Crel H,

312| WL125850a [ 1251050 G5 | H: - 0,26 | 0,65 | 1,62 1 0,20

Vi 4FL92x12,5
313 WIL125850b | 125 {0,501 0,5 | H: 4F1.82x8 040 | 0,97 | 244 {016
\Z 4F1.72x8
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R

Fig 9.7.1 Buckles for Girder WIL12585500 at maxcisnn shear

9.7.2 Compatrison with stressed skin theory

Figs. 9.7.2 to 9.7.4 show the von Mises stress for Girder WIL125550b. The legend is the
same for all figures, The stress in the middle sutface conforms well to stressed skin theory,
A caleulation of the shear capacity for the same girder using the method deseribed in
Section 3.10 gives Jumed = 0,39, i.c. 98 % of the value from the simulations. Here, the
stressed skin model comprised the left opening with web, stiffencrs and reinforcement.
The length of the model was taken as the distance from the vertical centerline berween the
openings to the left end of reinforcement. The effective web plate width of 307 was used
for the calculation of wcinforcement and stiffener properties. The buckling length of
horizontal remnforcernent was assumed to be the length of the opening, and the buckling
length of vertical stiffeners was taken as the height of girder. However, before a conclusion
is made, a closer lock at the stressed skin method may be useful

It is important to realize that the stressed skin theory comprises three main parts

¢ (Calculation model to determine the forces around the opening
s Combination of global and local buckling
¢ Design of hotizontal reinforcement and vertical stiffencrs

The calculation model scems to give reliable results if the Jength of the model is taken as
the length of the horizonial reinforcement. In the case of two openings the model may be
limited by the vertical centerline between the openings.

For combinations of global and local buckling the simulations unfortunately give no
proof of the buckling part of the stressed skin theory, as the chosen welr thickness does
not give local buckling in the panels between the reinforcement and stiffeners.

For design of horizontal and vertical stiffeners the use of the stressed skin method for
girders ith gpenings appears mote doubtful, for the following reasons

¢ An cffective width of 30f may be suitable for structures for instance in living quarter
walls, but may be “out of range” for girder webs. Consider a panel above a window
opening in a 3200 mm high wall with & mm thick plate. Here, an effective width of 307
compitises 306 = 180 mm in a height of, say 1000 mm, i.e 18 %. For Girder
WI.125550b the effective width of 30f comprises 308 = 240 mm in a panel height of
250 mm, ie. 96 %. Obviously there is some inconsistency, both regarding the part of
pancl that is left to take the shear and the moment arm used in the calculation mode! for
the reinforcement.
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* Normally the combination of sheatr stress in the panel and axial stress in the
reinforcement is not checked, even though a part of the panel is included in the
sectional area of the reinforcement, Presumably this is not governing for the slender
plates of living quarters, because both the shear and axial stresses are far below the yield
stress. In girders this may be different as the slenderness s often much lower. In Girder
WL125550h a von Mises combination of stresses reduced the theoretical shear capacity
10 Ywmad = 0,34, 1.¢. 85 % of the result from the simuiation.

A possible method to aveid the inconsistency of utilizing the web panel twice, is to assume
one patt of the panel contributing to the shear capacity and anothet part included as part of
the reinforcement. This approach gave a shear capacity of Fumaa = 0,26, i.e. 65 % of the
result from the simulation. Here, the cffective widih was chosen to give an effective atea
of the same size as the reinforcement jtseif. Hence, the plastic neutral axis of the section
was in the transition between web and reinforcement, thus maintaining small moments of
cecentricity.

The author has come to the conclusion that the design part of the stressed skin method
conceptionally is the same as finding the maximum capacity for shear and secondary
maoment as deseribed in Section 3.3.2. The exact solution can only be found by iteration. Tt
is always conservative to let the shear be taken by the web and the secondary moment by
reinforcement/flanges. To use 307 as the effective width may be non-conservative unless
the shear and axial stresses are combined.

Finally, some other conclusions can also be made

¢ Stress plots from the simulations give evidence of eccentricity moments, and hence such
moments should be included.

+ Buckling lengths must be prescribed, but in practice the buckling reduction is small for
maost girders.

s 1f the objective is a design that utilizes the maximum possible shear capacity at the
apening, some modifications to the stressed skin method are necessary:

a) The length of the madel must be chosen such that 7y = 7, = 7, , see Fig. 3.10.2 and
Egs. (3.10.5) to (3.10.7). The maximum shear capacity cannot exceed the value given
by fult vield in shear above and below the opening. The part of web that is between
the horizontal reinforcement and the edge of opening is inactive for sheat. This may
explain why Girder J1.125550p in Table 9.5.3 and Girder 815 in Chapter 4 did not
reach Zymea = 0,50,

b The effective width of plate can only include the part of plate that is between the
reinforcements /stiffeners and the edge of opening, as the rest of the web per
definition is fuily utilized for shear. The consequence is that relative large
reinforcement and stiffeners are required to take the axial forces given by Eqs.
{3.10.8} to (3.10.11). This may explain the decrease in efficiency for the horizontal
reinforcement depicted in Fig, 9.5.6. For cases with reinforcement/stiffeners on one
side only, an additional consequence is that the eccentricity moments increase. In the
limit the moment arm is about half the width of the reinforcement, and the required
scction area is almost doubled compared to stiffeners on both sides.
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5, WHises
Mulciple section pointa

Fig. 9.7.4 Vou Mises stress in negative suiface for Givder WI12585500 at wascinsnm shear
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9.8 Conclusion
The simulations of girders with square openings show that

¢ Most response curves for shear force versus dp displacement have matked maximam
points, followed by 2 drop in load-carrying capacity. For all simulations except one, the
maximum shear force was taken as the shear capacity of the girder in the ultimate limit
state. For the girder without a maximum point, the shear capacity was based on a
chosen tip displacement vahe,

¢ The drop in load-carrying capacity continued for increasing tip displacement. No
distinct minimum points were found, General criteda for detesmination of the shear
capacity in the accidental limir state cannot be given.

s TFor design purpose the shear capacity of girders with openings should be linked to the
similar girders without openings. This ensures a consistent design as the opening size
goes to zero in the Jimit. Tension ficld effects may be utilized as far as they arc allowed
in the similar girder without opening, FTransverse web displacements and stresses should
not exceed those of the pirder without opening.

® The shear buckling is of global character, It is possible, for design purpose, to include
the effect of buckling for girders with openings by means of the buckling reduction
factor given by EC3 for girders without openings, but reduced in order to include the
minimum section above and below the opening and the effect of secondary moments.

¢ The interaction equation used in AISC{1990) for beams with openings may be used also
for girders. 1t is not necessary to know the actual forces in girder flanges.

¢ The cffect of horizontal reinforcement on one side only of web is significant for all
plates, and the efficiency increases for deereasing slenderness. There is o smalf increase
in the shear capacity if the reinfotcement is placed on both sides of the web.

¢ For moderate and slender webs vertical stiffences may be a more efficient way to
increase the shear capacity than horizontal reinforcement.

* An cceentric position of a square opening relative to the horizontal centerline of the
web reduces the shear capacity, but the reduction for square openings is smaller than for
circular openings.

s The major reduction in shear capacity arises from the reduced shear area in the opening,
Compared to the girders with circular openings, a further reduction in shear capacity for
girders with square openings is due to secondary moments,

s Tor girders with two hotizontally spaced openings of the same size, there is almost no
extra effect of two openings when the clear distance between the openings exceeds
rwice the diameter of the opening.

¢ ‘The distance between two vertically spaced openings has little extra offect on the shear
capacity, as long as the openings are symmetrically located around the hotizontal
centetline of girder,

¢ Stressed skin theory is an efficient mean to determine the shear flow in girders with two
openings. However, the stressed skin method should be adjusted if the objective is to
atilize the maximum possible shear capacity in girders with two openings.
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Chapter 10

Simulations of girders with rectangular openings

10.1 Introduction

This chapter comprises simulations of girders with rectangular openings, where the longest
side is either hotizontal or vertical. The basic FE-model is the same as the one given in
Chapter 9.

10.2 Opening without stiffening
10.2.1 Horizontal long side

Such openings are frequently used for cable teays, if the space for an clongated circulas
opening is not sufficient. Two simuladons of girders with opening dimensions D,/ = 0,50
and [/ = 025 are performed. D, and Dy are the horizontal and vertical dimensions,
respectively,  The girders ase denoted IxxR5025, whete xx is the /7 rado, R means
rectanguiar, “50” refers to the D,/h ratio and "25” refers to the Dy/h ratio. One girder is
shown in Fig. 10.2.1. The opening is placed symmetric about the midpoint of the girders.
1nitial imperfections are based on the 2. eigenmode with amplitude 7,5 mimn,

The results are presented in Table 10.2.1, Column 7 shows Zmed 2nd Column 8 gives
the factor ¢z, based on the reference girders 163C25 and 1125C25. Hence, the diameter of
the circular opening in the reference girders is equal to the vertical dimension of the
opening in the girders with rectangular openings.

Compared to the corresponding girders with elongated cirenlar openings, i.c. I6315025 and
1125E5025 in Table 8.2.1, the reductons arc 8 % for both girders with rectangular
openings.

Table 10.2.F Results for girders with rectangular openings, horizontai long side

1 2 3 4 5 6 7 8
Run Girder hit | a/h | Du/h ) Di/h Homod )
317 | 163R5025 63 4 0,50 0,25 0,54 0,76
318 | I125R5025 | 125 4 0,50 0,25 0,37 0,8¢

The buckled shape at maximum shear for Girder 1125R5025 is shown in Tig. 10.2.1.
Compared to the girder with a circular opening, the buckles are somewhat extended, but
the maximum transverse displacements are about the same.
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Fig. 10.2.7 Buckies in Geivder I125R5025 at mascivinm shear

10.2.2 Vertical long side

Such openings are very rare in practice, but ate included here for reasons of completeness.
Two simulations of such girders with opening dimensions D,/h = 0,25 and D;,/h = 0,50
are performed. The girders are denoted 1xxR2550, where xx is the #/f ratio, R means
rectangular, “25” refers to the Do/ h vatio and “30" refers to the Di/h ratio. One girder is
shown in Fig, 10.2.2. The opening is placed symmetsic around the midpoint of the girder.
Initial imperfections are based on the 1. eigenmode with ampltude 7,5 mm.

The results are shown Table 10.2.2. Column 7 gives #ymed and Column 8 gives the
factor ¢z, based on the reference girders 163C50 and [125C50. The diameter of the
circular opening in the reference girders is equat to the vertical dimension of the opening in
the girders with rectanguiar openings.

Comgpared to the corresponding girders with elmgated éirentar openings, i.e. 16352550 and
112552550 in Table 8.2.2, the reductions are 11 % and 9 % for girders [63R2550 and
1125R2550, respectively.

Tabie 10.2.2 Resuls for girders with rectangular openings, long side is vertical

1 2 3 4 5 6 7 8
Run Girder hit | a/k | D./k Diu/h Femod Ca
315 | 163R2550 ¢ 63 4 0,25 0,50 0,43 0,97
316 | 1125R2550 § 125 4 0,25 0,50 0,30 1,00

The buckled shape at maximum shear for Girder T125E2550 is shown in Fig. 10.2.2.
Compared to the girder with circular opening, the buckles are somewhat extended, but the
maximuom amplitades of the transverse displacements are about the same.

Fig. 10.2.2 Buckles in Girder I125R2550 at mascmun shear
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10.3 Opening with stiffeners and reinforcement

10.3.1 Horizontal long side

The effect of stiffencers and reinforcement is investigated by means of two simulations. The
girders are variations of Girder 1125R5025 in Section 10.2.1. Girder L125R5025 has two
vertical stiffeners on onc side of web, and Girder JL125R5025 has the same vertical
stiffeners, and in addition horizontal reinforcement above and below the opening on the
other side. The weight ratio of stiffeners and reinforcement is ¢ = 1,0 for L125R5025 and
M= 3,0 for JL125R5025. The hotizontal reinforcement has sufficient sectional area to take
the secondary moments caused by full vield shear in the minimum section above and below
the opening in a Vierendeel model. Initial imperfections are based on the sum of the 2. and
10. eigenmodes, with amplitudes of 7,5 mm and 4,05 mm, respectively, For JL125R5025,
the 18 cigenmode s used in stead of the 10. eigenmode. The higher eigenmodes are
included to ensure that local buckling is not suppressed in the web parts between the
vertical stiffeners above and below the opening,

The results are presented in Table 10.3.1, Column 8 shows ymea and Column 9 gives
the factor ¢, based on the reference girder 1125C25, Column 10 shows the increased shear
capacity provided by the stiffeners/reinforcement compared to the girders with the same
rectangular openings without stiffeners/reinforcement, in terms of ¢ . This is the ratio
between Fomed and Fimod for [125R5025 in Table 10.2.

The vertical stiffencrs increase the shear capacity by 42 %, and the hotizontal
reinforcement increase the shear capacity by a further 15 % to a total increase of 57 %
compared to [125R5025. Colemn 11 gives the efficiency index, as defined in Eq. (9.5.2).
H. is bascd on the reference girder I1125R5025. Again, vertical stiffeners appear as an
cfficient solution.

A gitder with an opening will notmally not be reinforced to obtain a shear capacity that
exceeds the shear capacity of the girder without the opening. In this case Girder 1125 has
neither opening nor transverse stiffeners, and has Fumea = 0,53 as given in Table 7.2.3.
Girders L125R5025 and JL125R5025 exceed the shear capacity of Girder 1125 by 0,5 %
and 11 %, respectively.  Hence, the design limit is reached by L125R5025 and the
configuration with horizontal reinforcement is superfieous. This interesting conclusion is
further claborated in Chapter 11

Table 10.3.1 Results for girders with stiffened rectangular openings, horizontal loag side

1 2 3] 4 5 16 7 8 9 10 11
Run{ Girder |h/t|D./hDw/hla/h Stiffeners Fwemod | €2 Crol H,
320 1.125R5025 [125( 0,501 0,25 10,5 H: - 0,53 | 1,14 | 142 0,16

V. 2FL72x8

3221]J1.125R5025

—
A
(04

050025105 H: 2F1.92x125% 0,58 | 1,26 1,57 0,07
V. 2FL72x8

The buckled shape at maximum shear for L125R5025 is shown in Fig. 10.3.1. Compared to
the girder without stiffeners, the buckle in the middle is partly prevented by the stiffeners,
and the maximum transverse displacement is reduced from 39 to 21 mm, ic. by about
46 %. One of the vertical stiffeners appeats too weak, as the buckle goes through.
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However, according to the discussion above, it has sufficient strength for the girder to
achieve the upper limit for required shear capacity.

Fig. 10.3.7 Buckles in Girder 11 25R5025 at mascivium shear

10.3.2 Vertical long side

The effect of stiffeners and reinforcement is again investigated by means of two
simulations. The girders arc variations of Girder T125R2550 in Section 10.2.2. Girder
112582550 has two vertical stiffencrs on one side of web, and Girder JL125R2550 has the
same vertical stiffeners, and in addition horizontal reinforcement above and below the
opening on the other side. The weight ratio of stiffeners and reinforcement is 1= 1,0 for
L125R2550 and x#=1,5 for JL125R2550. The horizontal reinforcement has sufficient
sectional area to take the secondary moments caused by full yickd shear in the minimum
scction above and below the opening in a Vietendeel model. Initial imperfections are based
on the sum of the 1. and 17. eigenmodes, with amplitudes of 7,5 mm and 4,05 mm,
respectively. The higher eigenmodes are included to ensure that local buckling is not
missed in the weh parts between the vertical stiffeners above and below the opening,

The results are presented in Table 10.3.2. Column 8 shows Yi.med and Column 9 gives
the factot ¢ , based on the reference girder 1125C50. Column 10 shows the increased shear
capacity provided by the stiffeners/reinforcement compared to the girders with the same
rectangular openings without stiffeners /reinforcement, by means of ¢ . This is the ratio
between Fwmod a0d Femea for Girder 1125R2550 in Table 10.2.2. The efficiency index H, is
also based on the reference girder 1125R2550. Vertical stiffeness increase the shear capacity
by 47 %, and the hotizontal reinforcement increases the shear capacity by a further 13 % to
a total increase of 60 % compared to 1125R2550.

Table 10.3.2 Results for pirders with stiffencd rectangular openings, vertical long side
] 2 3| 4 516 7 8 9 10 11

Run| Girder |A/t|Do/h\Di/h| alh Stiffeners | yumaa| €2 Cref H.

319| L125R2550 1125: 6,25 0,50 : 0,25 | H: - 0,44 [ 1,47 1 1,47 0,14
V. 2FL72x8
321{JL125R2550(125( 0,25 10,50 | 0,25 | H:  2FL72x8 | 0,49 | 1,60 | 1,60 0,13

Voo 2FL72x8

The buckled shape at maximum shear for Girder L125R2550 is shown in Fig. 10.3.2.
Compared to the girder without stiffeners, the buckle in the middle is prevented by the
stiffeners, and the maximum transverse displacement is reduced from 40 to 12 mm, Le. by
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about 70 %. 1t should be noted that the vertical stiffener dimension of girders L125R5025
and L125R2550 is the same. However, the stiffeners in L125R2550 did not buclde, as did
one stiffener in L125R5025. This is duc to the lower overall stress level in L125R2550, The
question of how large the vertical stiffeners need to be, is discussed in Chapter 11.

Fig. 10.3.2 Buekies i Girder 11252550 af nraxcintn shear

10.4 Conclusion
The simulations of girders with rectangular openings show that

*  The factors ¢z vary much mose than for square openings

¢ Vertical stiffeners may be a more efficient measure to increase the shear capacity than
horizontal reinforcement

* Simpic design rules based on the factors ¢z from comparisons with circular openings
may be difficult to achicve. This is especially the case if vertical stiffeners are applied
near the opening. The need atise for a more comprehensive study of the €2 - factors
and the choice of vertical stiffeners as a mean to increase shear capacities in girders
with openings.
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Chapter 11

Development of the new design procedure

11.1 Introduction

'The simulations showed that the proposed design procedure in Chapter 6 may be
simplified: For primary moment and shear acting together, the design can be based on a
simple interaction equation, It was confirmed that the main reduction in shear capacity for
girders with openings could be given by the factor (1-Dy/#). Reduction due to buckling can
be covered by 2., ie. the same reduction factor as for webs without opening, provided
that the adjustment factor ¢ has an appropriate value. Hence, the shear capacity of girders
with openings may be given by

D 7,
V.= (1-"Ry o, =t 11.1.1
e mod ( h }Z -\/'g ( )

However, the accuracy of the FE-models must be adressed, and the best way &0 determine
¢ should be fusther claborated. The cifect of vertical stiffeners close to the opening, the
design critetia for these stiffeners, the choice benween verdeal sdffenetrs and horizontal
reinforcement, and the design criteria for girders with sleeves, also need a more detailed
discussion. Girders with openings in the lower part of webs and girders with two openings
are also discussed. Finally, a cut-off on the shear capacity for girders with stocky webs is
proposed, and miscellancous requirements included. The resulis of the discussions are
summarized as design guidelines in Section 12,2,

11.2 Non-conservative results

As mentioned in Chapter 7 the results from the simulations are generally from 2 to 7 % on
the non-conservative side. kn order to study this issue in more detail the results of Zmed
for the girders in Table 7.2.3 are divided by the factor 1,07 and the reduced results plotted
in a diagram in Fig. 11.2.1. Cowesponding o Mg 7.2.20, the curves for
Zemod = 07570 and pemea = 0,50, are also shown. The reduced results are above these
curves, except for the stockiest webs. Hence, thete is reason to believe that the shear
capacity given by Eq. (11.1.1) with ¢2= 1,0 is conservative for slender webs. For g, = 1,0
the reduced results are clearly below the said curves, and this fact is further discussed in
Section 11.11.

The ¢2 — values from the simulations presented in Chapters 7 to 10 are based on
comparisons of girder paits. Systematic errors in the single results of shear capacities are
assumed to have little influence on the ¢ — values, as the errors will cancel out.
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Fig. 11.2.1 Reduced Y\, med from the simuiations of givders with unstiffened sirendar openings

11.3 The adjustment factor ¢,

This factor covers all effects that are not covered by the other factors. In practice, the main
effect is the secondaty moment action. It was shown in Chapter 7 that ¢ can be set to 1,0
for arenlar openings without stiffening, located with the center in the horizontal centerline
of girders. Such openings are denoted basic gpemings. Due to buckling, the secondary
moment is not necessarily zero in the minimum section through the opening, but this
relatively small effect is covered by y. . For non-circular openings the effect of the
secondary moment is larger. The simulations of Section 7.2.8, 7.3 to 7.6 and Chapter 8, 9
and 10 give values of ¢ relative to the basic openings. In Fig. 9.2.9 curves for the shear
capacity are given for square openings of Dy/h = 0,25 and Dp/h = 0,50, indicating
¢z — factors of 0,93 and 0,77, respectively. However, to cover 2 wider range of opening
shapes, the need arises for a general function for ¢; . This function has to give a factor
consistent with the design procedure proposed in Chapter 6, ie. the main reduction in
shear capacity shall be included by means of the factor (1-Dy/h), and the buckling covered
by 2. A possibility is as follows:

Fig. 11.3.1 shows a cantileveted member of length L with a shear force V acting in the left
end. This gives the shear force V and the moment VL in the fixed end. The member
section is a tee with web height s,and thickness .

s,Ji:TQ v 1 L V?M:VL

i L AL

Fig. 11.3.1 Cantelevered tee-nmiber
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Assume that the plastic neutral axis of the tee is in the flange, as it normally is. At full
plastification in the fixed end of the web, the bending stress and the shear stress are,
respectively

:TVL_Zg =l (11.31)
2oy S 5,1
2 i

These stresses must satisfy the von Mises criterion, which gives

2 2 2
2V |4 4 L
Je:\/{?}?} +J(S—rt—} sr\}{ ) +3</f (11.3.2)

From this

3 f zﬂcngsf
U .

. - (11.3.3)

Assuming that the cantilevered member constitutes the top tee of a girder with opening,
and that there exists a similat bottom tee with height 53, Eq. (11.3.3} can be reformulated
o

V<sz(s o= cg\/—(lwm)!l-(l )cw’ihr (11.3.4)
where

= (11.3.5)

In principle, BEq. (11.3.3) is similar to the expression in brackets in Eq. (3.3.9), given by
AISC(1990). However, Eq. (3.3.9) includes 2 lineatisation of the von Mises stress, which is
not needed in the present procedure. Furthermore, L/s; in Eq. (11.3.5) is wof the aspect
ratio 1 of the top tee, as used in Eq. (3.3.9),

Neither is L is the length of the opening, but it is related to the hortizontal part of the
opening by means of a factor oy

L=0,(05D,-r)+0,5D, - r (11.3.6)
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D, is the length of the opening, r is the corner radius, and ¢y expresses the location of the
inflexion point for the secondary moments, Hence, a1 = 0 when there is no local buckling,
while ar > 0 when buckling occurs.

In the design procedute preseated in Chapter 6, buckling is per definition not included
in ¢z, and hence @ = 0. This gives L = 0,50, ~ r , which when inscrted in Eq. (11.3.5)

gives

V3

¢, =Cp . = (11.3.7)

= 2, basic P
\Hw_J s
Sl

Eq (11.3.7) is independent of web thickness and is valid for all opening shapes. For
cireular openings Capasic = 1,0, Fig. 11.3.2 shows a diagram of ¢z as a function of

{0,5D4r) /s .

1
C2

N
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Fig. 11.3.2 The adjustment factor €3 = €3 pasic

The values of ¢; from Eq. (11.3.7) are compared to results of the 32 simulations for girders
with elongated circular, square and rectangular openings without stiffening, as given in
Table 11.3.1. Column 1 refers to the tables where the tesults from the simulations are
given, Column 6 shows ¢; calculated according to (Fq. 11.3.7) and Column 7 the average ¢;
from the simulations. It can bee scen that the theoretical factors are higher than the factors
from the simulations for the smaller openings, and lower for the larger openings.

Column 5 lists the s,/7 ratios of the web above the opening. A wide range 1s covered,
but it appears that this ratio has no influence on the results.
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Table 11.3.1 Comparison of ¢3 ~factors for openings without reinforcement

1 2 3 4 5 6 7
Theoretical| Simulated

Table hit | Dn/h (0.5D,%)/s, 8/t Cy Fo
8.2.1 63 | 0,25 0,33 23 0,93 0,83
125 | 0,25 0,33 47 0,93 0,87
8.2.2 63 | 0,50 0,00 16 1,00 1,09
125 | 0,50 0,00 31 1,00 1,10
92.2 63 | 0,28 0,25 23 0,96 0,92
125 | 0,25 0,29 47 0,95 0,92
250 1 0,25 0,29 94 0,95 0,94
63 | 0,50 0,87 16 0,70 0,75
125 | 0,50 0,94 31 0,68 0,76
250 | 0,50 0,94 63 0,68 0,79
10.2.1 63 | 0,25 0,58 23 0,83 0,76
125 | 0,25 0,62 47 0,81 0,80
10.2.2 63 | 050 0,37 16 0,92 0,97
125 | 0,50 0,44 3% 0,89 1,00

t appears that the corner radius that is included ia Bq. (11,3.7) should be reduced, as it
gives non-conservative results for the elongated circular openings with horizontal long side.
Also for the other openings there is non-conformance, as the openings with » = 32 mm
radius have smaller ¢ —values from the simulations thar the openings with ¥ = 16 mm.
However, it is too conservative to disregard the radius all together and the consistency
between circular, elongated, square and rectangular openings would be broken. Hence, the
following value for 7 is proposed for use in Eq, (11.3.7)

2
2r
Voo = }(B—} (11.3.8)

a

Here, Freg = # for circular openings and elongated citcular openings with the long side
vertical. For the elonpated circular openings with horizontal long side in Table 8.2.1
Fred = 0,25%, and for the square and rectangular openings r is practically eliminated.

Table 11.3.2 shows the amended ¢3 ~values when rrpyis used in Eq.(11.3.7). The values
for the larger openings appear to be on the conservative side compared to the simulations.
However, it should be noted that the ¢3 —values from the simulations show the rafis of
shear capacity for non-circular openings to those of the corresponding circular openings.
Even though global buckling and inaccuracies in the FE-models are supposed to be
climinated by this approach, the result may not include only the effect of the secondary
moments. If the shear capacitics of the large circular openings are actually less than those
given by yield shear in the minimum section, this will be reflected in increased ¢; ~values
from the simulations. The discussions in Section 11.11 point at reduced shear capacities in
the minimum section. In the end, Eq. (11.3.7) can only be proved by applying it to the
simulated girders as part of Eq. (11.1.1). This is done in Section 11,13 and Appendix B.
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The factor ¢ is also used to include the effects of horizontal reinforcement and sleeves, as
described in Section 11.5 and 11.4, respectively.

Table 11.3.2 Comparison of amended ¢y —factors for openings without teinforcement

1 2 3 4 5 6 7
Fred Amended Simulated

Table A/t | Dy/h | [mm] | (0,5DFred) /50 Cz ¢z
8.2.1 63 1025 | 31 0,58 0,83 0,83
125 0,25 | 31 0,58 0,83 0,87
822 63 | 050 | 125 0,60 1,00 1,09
125 | 0,50 | 125 0,00 1,00 1,10
922 63 | 025 2 0,33 0,94 0,92
125 1 0,25 0 0,33 0,93 0,92
250 | 0,25 ¢ 0,33 0,93 0,94
63 | 050 1 1,00 0,66 0,75
125 | 0,50 ¢ 1,00 0,65 0,76
250 | 050 0 1,00 0,65 0,79
10.2.1 63 | 0,25 1 0,67 0,79 0,76
125 | 0,25 0 0,67 0,79 0,80
10.2.2 63 | G50 2 0,49 0,87 0,97
125 | 0,50 0 0,50 0,87 1,00

11.4 Contribution to shear capacity from vertical stiffenets

Vertical stiffeners close to the opening can be an efficient mean to increase the shear
capacity, s shown in Chapters 9 and 10 for girders with square and rectangular openings.
This is the case also for circular openings. By comparing the simulations of girders
1250C50 and I250C50T0 in Table 7.2.1, it appeats that the shear capacity has increased by
100 %.

In the proposed design procedure the effect of the vertical stiffeners is solely connected
to an increased . , arising from a smaller aspect ratio. Theze is neither a change in the
factor (1-Dy/h), not in ¢, Girders 1250C50 and I250C50T0 have 3, —values of 0,31 and
0,55, respectively. Hence, the proposed design procedure gives an increase of 77 %, The
effect is visualized in Fig. 11.6.1, as the vertical distance between the points b) and ).

The effect of the vertical stiffeners is related to the relative slenderness of the web
without the stiffeners, For low values of the relative slenderness the possible increase in
is limited, and for a relative slenderness below 0,83 the effect is zero.

The part of the web berween the vertical stiffeners is divided in two separate parts when
the opening is squate, as seen in Fig. 9.4.1 for Girder L125850, Also the buckle is divided
in two parts. Although such a buckle may be regarded as two separate and local buckles, it
is still convenient to threat the phenomenon as global buckling. The proposed design
procedure gives fomee = 0,50-0,68-:0,94 = 0,32, while the simulztion gave Fnmed = 0.34. It
is therefore concluded that the use of y-values based on global buckling of webs without
openings is conservative.
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11.5 Contribution to shear capacity from
hotizontal reinforcement

The effect of horizontal reinforcement is also covered by the factor ¢z, which is increased
from the value for openings without reinforcement to a value less or equal to 1,0. Although
Eq. (11.3.7) might possibly be adjusted to include the increase, it is prefersed to let the
increase vary lineatly with the dimension of the reinforcement. The modified expression
for ¢y reads

C2 = Ci,r = CZJ)aslc + (1 - C2,bmlc)_A?_AL—ﬂ g 150 (1 151)

7 e

where ¢ pasic is given by BEq. (11.3.7). 4, is the sectional area of the reinforcement and the
part of web plate that is between the reinforcement and the edge of opening, Armaxis given
by Eq. (3.3.26). fincludes the effect of reinforcement on one or both sides of the web.
Based on the simulations referred in Section 9.3.2, it is chosen to use = 0,7 and £ =1,0
for stiffeners on one or both sides, respectively.

11.6 Contributions to shear capacity from vertical stiffeners
and horizontal reinforcement

The combined effect of vertical stiffeners and hotizontal reinforcement is covered by the
product fucy, . Hese, 7, is based on global buckling of the web panel between the vertical
stiffenets, distegarding the opening and the horizontal reinforcement, and ¢, is given by
Eq. (11.5.1),

A buckling reduction factor determined as described above may appear far from the
reality in cases where two sepatate parts are supported along all four sides. However, the
simulations of girders referred in Section 9.5 show that this is an adequate procedure. A
higher value of Y. based on the smaller aspect ratios should not be used. Neither is it
necessary to use lower values of g, based on local buckling of the stffeners and
reinforcement, provided the vertical stiffeners comply with the stiffness requirement
described in Section 11.8. For Girder J1.1258500 the proposed design procedure gives
Fwmod = 0,50-1,00:0,94 = 0,47, but limited t0 Fumea = 046 by Eq. (11.11.4). The
simulation obtained ¥pmod = 0,47,

Design example

The contributions from stiffeners and reinforcement are shown for a design example, using
Girder 1125 as a casc. This girder has a zetative slenderness A, = 1,89, and a square

opening with dimension Dy/h = 0,50 is introduced. The reduction factor Ymoed may be
computed by three procedures
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Curve 1 2, 00 =(0—-D, IRy e, =100 7 -100=y
Cuve2 7, ..a=0-D, /Ay, =050 -0,68=034y,
Curve 3 Zw,mod = (1 - Dh /h)chZ = 0’50 A ‘!‘900 = 0,50,'},’“, = 0346

The proceduses are presented by the three curves in Fig. 11.6.1

xw, mod

TN

0.8 \
0.6 ™
d \

NG A S

AN \\J_.__ T ——
03 \ —— 3
| o S ——

__\?__
0
0 1 2 3 4 iw

Fig 11.6.7 Desigy excample for girders with square openings

Curve 1 is valid for girders without openings, while curve 2 is valid for girders with square
openings with dimension Dyp/h = 0,50, corner tadius #/D, = 0,03 and without
reinforcement. Curve 3 represents girders with the same opening dimensions as Curve 2,
but with horizontal reinforcements on both sides of the web. The cross sectional area of
the reinforcement is Ay gy - The Hmit Yiomed = 0,46 is given by Eq. (11.11.4).

For a relative slenderness A, = 1,89 Curve 1 gives Yumed = 053 for Girder I125,
matked as point a) in the figure. The introduction of the opening turns Girder 1125 into
1125850. The relative slenderness is still 4, = 1,89 and Curve 2 gives Ywmed = 0,18,

marked by the point b).

If the shear capacity of T125850 is insufficient, the introduction of vertical stiffeners
may be the most efficient way of increasing the capacity for such slender webs. Two
vertical stiffeners transform the girder into Girder 1125850, and reduce the reladve

slenderness to Zl— = (,89. Also here Curve 2 is applicable and gives ¥,moa = 0,32, marked
by the point ¢) in Fig. 11.6.1.

If this capacity is stil too small, horizontal reinforcement must be applied. Girder
1125850 is then transformed to Girder JL1255500. The relative slenderness remains at

;1: = 0,89 and Cuorve 3 gives Fumod = 0,40, represented by the point d). This is the

maximum vajue that can be obtained, and horizontal reinforcement on both sides of web
must be used.
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As the main fabrication costs is usually connected to preparing and welding, it is hardly a
good practice to use reinforcement with cross sectional area smaller than A per. However,
if a smaller shear capacity is sufficieat, horizontal reinforcement on one side of web only
would give Fumos = 0,44, marked €). Alternatively, the vertical stiffeners could be omitted.

This increases the relative slenderness to the initial value of A, = 1,89, Curve 3 is valid and

gIVes Ywmod = 0,26, at point f). In the latter case the shear stress in the web panel above the
opening is considerably less than the yield shear stress, indicating that the requirement to
Armar in Eq. {11.5.1) could be relaxed in an iterative process. However, this should be
avoided, because the proposed design procedure anticipates z shift of the inflexion points
for the secondary moments, although not explicitly reflected in the design equations. See
Fig. 3.7.3. When a lower shear stress acts over a longer distance, the force in the
reinforcement may still be so large that 4, is required for the given shear capacity to be
achieved.

11.7 Contributions to shear capacity from sleeves
and doubler plates

The effect of sleeves and doubler plates may be considered analogous to the use of both
vertical stiffeners and horizontal reinforcement for square openings. The effect is included
in the product yC3,r, but it is difficult to identify the effect of the single factors. Flowever,
the simulations showed that sleeves with a weight ratio & = 1,0 increased the sheat capacity
up to the capacity of the girder without opening, with an upper limit given by
(1-D/k)-1,00-1,00, see Fig. 7.3.1. A simple way to handle this case is to include all effects of
the sleeves and doubler plates in the factor ¢z,

Apparently the approach makes ¢z a function of the global buckling, which violates the
basic premiss that all buckling should be included in the factor .. . However, the design
guidelines are considerably sireplified with this approach. The modified factor reads

€y =0y o = g e F (_1‘ -Dup for g, =2(1- %’-} {11.7.1)
Dy
Cy = Cp 5 = Cp pasic +Lﬂﬁ for x,<{I- -I?L’) (11.7.2
T (- P_h_) h
h

Copasic 38 given by Bq. (11.3.7). Eqs. (11.7.1) and (11.7.2) ace valid for circular and
elongated circular openings, For circular openings and elongated citcular openings with
vertical long side ¢2,zasic = 1,0. The factor Fincludes the effect of sleeves ot doubler plates
on one or both sides of the web. Based on the simuladons in Section 7.3 and 7.4, it is
chosen to use f§ = 0,6 and f= 0,7 for sleeves on one side and centric sleeves, respectively.
For doubler plates the same factors can be used. The value of ¢ should not exceed 1,0 in
the equations.



71,7 CONTRIBUTION FROM SLEEVES AND DOUBLER PLATES 221

Design example

The contribution from sleeves is shown for a design example, again using Girder 1125 as a
case. This girder has a relative slenderness A, = 1,89, and a circular opening with

dimension D/ = 0,50 is introduced. The reduction factor Jwmed may be computed by
three procedures

Curve 1 Zn-‘mod = (1 - D/h)ﬁfwcz = 1’00 A }’00 = X
CUIVC 2 Iw.mm‘l - (1 - D/h)chz = O‘>50 : ZW : 1’00 = 0’50’1’“' s 0’42
Curved  x, e =U0~-DIMy.c .

z‘»‘l
The procedures are presented by the three curves in Fig. 11.7.1

Curve 3 has two parts, given by ¢, = 1,0+ (i - 1]0,6 sand ¢, = 1,60, respectively.
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Fig 11.7.7 Design excample for pirders with sivcniar spenings

Curve 1 is valid for girders without openings, while Curve 2 is valid for girders with circular
openings with dimension D/h = 0,50 without stffening. Curve 3 represents girders with
the same opening dimensions as Curve 2, but with sleeves on one side of the web, and the
weight of the sleeves are equal to the weight of the removed plate material in the opening.

The limit Frmoed = 0,42 is given by Eq. (11.11.2).

For a relative slenderness Z‘- = 1,89 Curve 1 gives Yumod = (0,53 for Girder 1125,
marked as point 2) in the figure. The introduction of the opening tarns Girder 1125 into
[125C50. The relative slenderness is still "/'i: = 1,80 and Curve 2 gives Ymad = 0,26,
marked by the point f).

If the shear capacity of 1125C50 is insufficient, the introduction of a sleeve on one side
may be a good solution. The girder is transformed to Girder J125C50. Curve 3 is applicable

and giVCS Zwamed = 0,41, marked with g)
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If this vaiue is still too small, the sleeve may be placed centric in the opening as in Girder
J125C50C, which gives Fwmod = 0,43, and is marked with h).

This is the maximum value that can be obtained, unless vertical stiffeners are applied, as
in the design example of Section 11.5. Applying two vertical stiffeners and no sieeve gives
Zwmod = 0,42 by Curve 2, marked by the point i}). For vertical stiffeners and sleeve on one
side Curve 3 gives Yomod = 0,49, marked by the point j). In this case there is no gain in
placing the sleeve centric, as this will also give Jimoe = 0,49.

11.8 Design of vertical stiffeners

Vertical stiffeners may be an cfficient mean to increase the sheat capacity of girders with
openings. Efficiency indexes calculated in Section 9.5, based on the simulations, give
evidence of this. The effect is also obvious from Figs. 11.6.1 and 11.7.1. However, the
question remains of how the stiffeners are to be designed. The author suggests the
following:

1. In the proposed design procedure, buckling is handled by means of the factor ¥, and
based on EC3. Hence, the design requirement for vertical stiffeners given in EC3
should apply, i.e. the stiffeners should be checked for strength and stiffness.

2. According to EC3 the strength of intermediate rigid stiffeners should be checked for
an axiai force equal to

N:Vm;gwflm ,but N 20 (11.8.1)

NE)

where ¥ is the shear force in the web. ¥, is calculated for the web panel between
adjacent transverse stiffeners, assuming the stiffener under consideration is removed.

In the case of openings, it is presupposed that the shear capacity of the girder
without the opening and fhe sew fransverse stiffeners, is sufficient, This means

V< ;;“,Ahz (11.8.2)

N

Hence, N is aslways zero and the strength criteria can be omitted.

‘The stiffness criteria in EC3 is expressed in terms of the minimum second moment of area
of the stuffener:

313

I,z 1,5-}3—2— for low aspect ratio, L., %< V2~ 14 (11.8.3)
o

I,20,75h*  for high aspect ratio, i.e. %2 V2 =14 {11.8.4)

where Iy is calculated for the stiffener and the effective flange of web plate,
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For girders with openings the purpose of the stiffeners is to prevent global buckiing of the
web. In order to determine the stiffener requirement it may be convenient first to consider
the buckling problem of the original web, i.e. without opening and the new stiffeners. This
can be done by merging the two stiffeners into one fictitious stiffencr, placed at the
position of the center of opening. This stiffener can be designed according to Egs. (11.8.3)
and (11.8.4), taking @ as the half length of the original panel. These two sub-panels cleatly
have a shear capacity that exceeds that of original panel. As the shear force never exceeds
the capacity of the original panel, the stiffness of the fictitious stiffener is conservative.

The stiffness of the real stiffeners may now be taken as 50 % of the value of the
fictitious one. Even though the actual shear force acting in the girder with openiag is lower
than the foree aciing in the girder without opening, a further reduction in stffness should
be avoided for the following reasons:

¢ The putpose of the vertical stiffeners is to increase the shear capacity of the girder
with opening up to a level comparable with that of the girder without opening,

® The stiffness requirement for stiffeners in girders without openings is not related to
the actual shear force in the girder,

11.9 Openings in lower or upper part of webs

Circular openings with the center located at a distance e from the horizontal centerline of
web, reduce the shear capacity of the girders, compared to a location on the horizontal
centetline. Due to symmetry, locations below or above the hotizontal centerline give the
same reduction for the same e. The reduction is relatively high for stocky and slender webs,
but small for very siender webs. The reduction infiuences the product wCa. A simple way
to include the effect in the design procedure is to modify the factor ¢; only, although this
approach makes ¢z a function of global buckling. The modified factor for circular and
elongated circular openings with vertical long side, without sleeves, reads:

o = o =101 2522) for 7,20 (119.1)
s = Caagnnare =100 =852 22) for z,<05 (119.2)

The values 2 and 8 are based on curve fitdng of the simulated results. The factor Dy/h is
added to give consistency with the similar equations for rectangular opeanings.

For openings with sleeves or doubler plates ¢z is given by Egs. {11.7.1) o (11.7.3),
provided Czpasic in these equations are replaced by czopcencie from Egs. (11.9.1) and
(11.9.2). The factors f should be taken as

B =06(1— 2; ) for sleeves or doubler plates on one side {11.9.3)
Z'W
B=07{1- ¢ 3 for sleeves or doubler plates on both sides (11.9.4)

2hy

w
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For square and rectangular openings, an off-set location may increase or reduce the shear
capacity of girders, compared to the location on the horizontal centetline, According to the
theory in Section 11.3 there are two ex-factors; one for the top tee and one for the bottom
tee. For lowered locations, ¢z for the top tee increases and ¢; for the bottom tee decreases.
The increasc is always larger than the decrease, resulting in an overall increase. However,
for stocky and slender plates, this increase is counteracted by an “extra” reduction due to
buckling, The total result may be cither an increase or decrease in the shear capacity,
depending on the size of the off-set. The extra reduction from buckiing means that the
factor g, must be reduced in these cases. For practical reasons, the reduction is included in
¢y , as done for circular openings. For very slender webs the effect caused by extra buckling
diminishes and the off-set location results in an increase in shear capacity compared to the
location on the horizontal centerline. The simulations of girders 125085072 and
M250850T2 show this effect. The approach is valid for all square and rectangular
openings, with and without vertical stiffeners and horizontal reinforcement.

Cy 8, +Co S, D
czzcz'oﬁ_mzj-»——s-'-’-’—b(l—2e] 1) for x, 20,5 (11.9.5)
i 7
{1-2)
2
Cy 8, +Cy p 8 D
—2’-5_3&(1—81—2”;(3) for 7. <0,5 ( 11.9.6)

CZ = ci,o,ﬂf—sc! =
=
h

where ¢;, and ¢zp are the basic ¢x-factors for the top and bottom tee, respectively,
calculated according to Eqs (11.3.7).

For openings with reinforcement ¢z s given by Egs. (11.5.1), provided ¢2a5ic in this
equation is replaced by 2o from Eqs. (11.9.5) and (11.9.6). The factors B should be
taken as

B=07(t- 2]16,’{’ ) for reinforcement on one side (11.9.7)
A=100¢- 2; )] for reinforcement on both sides {11.9.8}

w

11.10 ‘Two openings close together

Cases with two openings horizontally spaced may be handled by a modified ¢z - factor,
based on a factor ¢z for the single opening and another factor czu for a fictiious opening
with twice the length of the single opening, The two factors arc calculated from the
respective equations for single openings and combined linearly. The approach is valid for
all openings without stiffening and for openings with sleeves. The modified factors read

=6, S for S,22D, (11.10.1}

S
€y = Cype = Ca —{ey, — ey Xl= 25 3 for S, <2D, {11.10.2)

a
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Cases with two openings of same sizc and vertically spaced may be handled by 4 modificd
factor ¢z, based on 2 fictitious opening with height twice the height of the single opening,
located with its center on the horizontal centertine of the web. The capacity is taken to be
independent of the vertical spacing,

In the supggested desipn guidelines in Section 12.2 the above procedures are linked
together to a generalized procedure for muitiple openings. The procedure tecognizes
weighted influences from the adjacent openings for the opening to be checked. Clusters of
openings ate common in practice, but usually only one or two openings are large, the
others are small. Fusthermore, the centers of openings are not necessatily on the horizontal
centerline of the girder or in the same horizontal or vertical position. No simulations have
been performed for such configurations. However, the generalized procedure covers the
simulations that feze been performed and the author presumes that it is suitable for most
occasions and will give conservative results.

11.11 Cut-off on shear capacities

The results of the simulations for girders with circular openings without reinforcement are
lower than the values given by Eq. {11.1.1} for stocky webs. In Fig. 11.2.1 the results are
reduced with 7 % , which may be conservative, However, also Fips. 7.2.15 and 7.2.20
depict reductions targer than (1-D/h) for 35 = 1,0. In Section 7.2.6 the extra reductions
were explained by the non-linear analyses themselves. In the literatare Uenoya and
Redwood (1977} reported that for openings smaller than I} = 0,30/ the reduction follows
the minimum sheat area. For openings with 23 > 0,304 the reduction is larger than (1-D/7).
On the other hand Hoglund (1970) states that the diameter must be larger than D = 0,70A
for the reduction in shear capacity to be larger than (1-D/ 7).

The auther has cotne to the conclusion that the reduction is larger than (1-D/h) for
circular openings in stocky webs §f 2he apening bas no stiffening. The reason is that a T-section
cannot obtain the same distribution of shear stress as an I-section. The simulation of the
large circular opening in Section 3.4 showed this. Here, buckling was excluded « prior, but
the shear capacity reached only 91 % of the value based on the minimum section. Fig, 3.4.7
indicates areas in the minimum section near the opening edges having shear stress smaller
than the yield shear stress. The relative influence of these areas decreases with decreasing
opening diameter. Hence, for the small circular opening with 5/h = 0,10 in Section 3.4 the
effect of the non-plastified areas disappeared.

The extra reduction for a T-section appears only in the limit when pure yield shear
stress occurs. I buckling takes place or secondary moments are acting, the extra reduction
is already included by means of y. or ¢z . Hence, it is proposed to still determine the shear
capacity by Eq. (11.1.1), but to apply a cut-off on the shear capacity by means of

7,
Y, motentoyy = (1= =)L bt 11113
&, mod,cut—off ( h )“/5 ( )

e is a factor thar inciudes the effect of opening dimension, sleeves, doubler plates and
horizontal reinforcement. For openings in general the factor may be taken as
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a, :(1—0,32%«) (11.11.2)
{3

This means that the shear capacity for stocky plates with a circular opening D = 0,504 is
limited to 84 % of the capacity based on yield shear stress in the minimum section. An
opening with D/h = 0,25 has ¢, = 0,92, Further, & = 1,0 when 1) goes to zero in the
limit, and @, = O when D goes to A in the limit. Eq. (11.11.2) reflects that the extra
reduction is relatively smaller for small openings than for large openings. The value of 0,32
is chosen in order to give conservative vaines compared to the simulated results, when the
simulated resuits are divided by 1,07. A smaller value than 0,32 is probably more correct,
but this question is left to further studies. The simulations gave no evidence of 2 more
distinct value of inaccuracy than 7 % on the non-conservative side.

The cut-off also applies when 7,6, 2 @,. Hence, conservative shear capacities ate also

prescribed for the cases of medium slender webs where the simulations gave results below
the scaled curves for 75 % and 50 % of EC3 for webs without openings.

Tor the case of openings with sleeves the T-section is transformed to an E-section, and
hence the full minimum section is available for shear. For the case of doubler plates the
sectional area in itself is increased. In both cases the limiting factor is replaced by

a,, =usl (11.11.3)

if these values are larger than e, given by Eq. (11.11.2).

Also for openings with horizontal reinforcement a limit on shear capacity may apply.
The part of web plate that is between the reinforcement and the edge of opening is inactive
for shear. Hence

h-D, A
o, , = m——t 11.11.4
“ h-D, A ( )

¥

where Dy, is the vertical distance between the horizontal reinforcements. The value of ¢,
may be used if it is larger than & given by Eq. (11.11.2).

It is assumed that a slecve, doubler plate or reinforcement must be of some size before
it has a significant effect. Interpolation between the values given by FEgs. (11.11.2) to
(11.11.4) is possible, but this solution is left in favor of a simple rule. For a sleeve that is
attached to the web not more than 20 mm from the edge, the sectional area of the slecve
itself is assumed to compensate for the lost shear area outside the I-section. For the case of
horizontal reinforcement, the part of web that is berween the reinforcement and the
opening can be included in 4, .
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11.12 Miscellaneous

Some requirements are included in the sugpgested design guidelines of Section 12.2 and the
reasons for these atre as follows:

The design guidelines contain no provision to avoid local buckling of the web, as the
simulations have shown that this is not necessary, sce Columa 5 in Table 11.3.1. For
reinforeement, the stressed skin method requires a width/thickness ratio about equal to or
less than eight, and this value was used in the simulations for sleeves, stiffeners and
reinforcement. The requirement is easy to fulfil and many simulations showed full
plastification over the reinforcement cross-section. The other buckling requirements
concern primary moments and are taken from AISC{1990).

The restrictions on opening sizes included in AISC(199C) are disregarded in the
suggested design guidelines, as the shear capacities for very large openings will be very
small. A small shear capacity is in itself 2 restricdon. In addition, the requirement for a
buckling check of the tee is also a zestriction for large openings. The requirement for
opening radii is also taken from AISC(1990),

The requirement for welds for sleeves, doubler plates and horizontal reinforcement
concerns full plastification of parts of these elements, and it is difficult to idendfy where
this plastification will occur. Detailed calculations for welds are not feasible in practice.
Heowever, a possible relaxation for the welds between web and flange may be useful, if the
design shear force allows it. Increasing the size of these welds may be impractical from a
fabrication point of view, and is only to be done if really required.

11.13 Verification of the proposed guidelines

The proposed guidelines are applied to all girders with openings deseribed in Chapters 7 to
10, and the shear capacitics ate compared to the results from the simulations. Details can
be found in Appendix B. 186 girders are considered and the guidelines give conservative
values for all except three cases. In one of these cases the simulated girder had weaker
transverse stiffeners than recommended by the guidelines. In the two other cases the shear
capacity was determined by buckling in the adjacent pancl without opening,

As previously concluded, the results of the simulations may be 2 % to 7 % on the non-
conservative side. The proposed guidelines arc therefore also compared to reduced vatues
from the simulations. Here, the results from the girders with openings Di/h = 0,25 are
reduced with 4,5 % and the results from the girders with openings Dy/h = 0,50 are reduced
by 7 %. The value 4,5 % is taken as the mean of 2 % and 7 %. Details can be found in
Appendix B.  The guidelines give conservative shear capacities also for these comparisons,
except for some girders with h/r = 63 and /1 = 128.

For many of the corresponding girders without openings, the simulations give results
below the EC3 curve. Hence, it should be reasonable to adjust the simulated results for the
girders with openings by the same amount, as the girders without openings are adjusted up
to the EC3 curve. By doing this, the design guidelines give conservative results for all
girders with /1 = 63, and most of the girders with A/ = 125,

For three girders with 2/7 = 125 a similar adjustment cannot be justified, because the
sitnulations of the corresponding girders without openings give a capacity exactly equal to
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the EC3 value, However, the simulated results are only 1 to 2 % below the values given by
the guidelines, when the simuiated results are reduced by 7 %. Hence, the proposed
guidelines should be acceptable also for these girders.

Finally, the comparisons in Appendix B show that for many girders in the high
slenderness range the proposed guidelines are rather conservative. 'This is mainly caused by
the use of the BC3 curve in the guidelines and corresponds to a similar conservatism for
girders without openings. The author has not tried to use factors that counteract this
effect, as the safety level should be comparable for girders with and without openings.
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Chapter 12

Conclusions and suggestions

12.1 Conclusions
The three primary abjectives of the thesis have been achieved:

s  Reliable numerical models as basis for npumerical simulations ate established, as
described in Chapter 5 and Section 7.1,
e The criteria for determination of the shear capacity ate established:

For tests and simuladons the shear capacity in the ultimate limit state is taken as the
maximum value from response curves for shear force versus tip displacement.

For design: purpose the shear capacity in ULS for girders with openings is linked to
the capacity of the corresponding girders without openings. This ensures a
consistent design that mainsains the safety level of the girders with openings, and
transverse web displacements and stresses in ULS are about the same for girders
with and without openings. Tension ficld effects are included in so far as they are
allowed in the design rules for girders without openings.

1t is concluded that no eriteria can be given for the accidental limit state.

* Existing load-carrying theoties have been reviewed and 260 numerical simulations
using the non-linear program ABAQUS performed, covering a wide range of web
openings and slenderness ratios. It was possibie to establish a set of simple formulae
for the shear capacities of girders having one or two large openings of circular or
rectangular shape, with or without stiffening. The procedure is developed in Section
7.2, 9.2 and in Chapter 11, which also includes two design examples, Guidelines are
suggested in Section 12.2, including all formulze required for practical design with a
minimum of calculations, The guidelines are linked to internatonal codes and cover
both beams and girders, Hence, there is consistence between the suggested formulae
and the ATSC{1990) guidelines for beams with cpenings, and, for pure shear, the EC3
rudes for girders without openings.

12.2 Design guidelines

The suggested guidelines are based on the discussions in Section 7.2 and 9.2 for
combinations of primary moments and shear. For pure shear, the discussions are included
in Chapter 11. For easy use of the guidelines in practice, all required equations are repeated
here, but with a minimom of cxplanations. The initial equation numbers are kept, and 1t
should be casy to find the basis for each equation. For design purpose the term “capacity”
is replaced by “design resistance”, Le. partial factors #,, are included and “Rd” added to the
subscripts in some equations. These equations have an “a” added to the initial equation
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numbet, if applicable. Girders with the web in Class 1 or 2 in bending are denoted beams.
The word “hotizontal” is used for the direcdon of the longitudinal axis of girders and
beams. The word “vertical” is related to the direction of an axis in the web plane, normal to
the tongitudinal thorizontal) axis and pointing upwards. Structural elements related to the
opening only, are denoted vertical suffeners and horizontal reinforcement, in order to
avoid confusion with transverse and longitudinal stiffeners for other purpose.

1. Moment and shear

For all beams and girders with openings the verification should be based on the
interaction equation

3 3
( M J+[ v }gz (7.2.14a)
Mbuck!,mod, Rd V(:.mud‘Rd

M and V are the primary moment and shear force, acting in a vertical section through
the center of the opening, Myaimosra and Vemodre are the design resistances for
motment and shear as given in Pt. 2 and Pt. 3 below.  Load factors shall be inchuded
in the action effects M and V.

2. Moment

21 The design moment of resistance for girders is given by

7y
L, (12.2.1)

MO

bucki mod, Rd =

The effective areas of the girder cross secton ate initially determined according to
EC3 Part 1-5, neglectdng the opening and possible reinforcement. The opening is
then introduced, and the pares of the effective areas thar fall within the opening are
deleted, giving the effective cross section for which the section modulus Wgmed is
calculated. Horizontal reinforcement, if any, shall not be included. The yield stress
is assumed cqual for web and flanges. The partial factor yup is to be assigned the
same value as for girders without openings.

2.2 The design moment of resistance for beams is given by

J D
Myt mosiea = My = ==50| W, =~ Dyt ”“f te {3.3.2a)

¥ mo

W, is the plastic section modulus of the girder cross section without opening. Dy is
the height of the opening and e = le! is the eccentricity of the opening relative to
the plastic neutral axis.
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Tt is always consegvative to calculate Myt mea ks 00 the basis of the flanges only,

For large moments, a section aside the opening may be governing, see Section 7.2.7,

Shear

The design resistance for shear for all beamns and girders with openings of regular
shapes, with and without stffening or reinforcement, are given by

D 7,
V =(1-Yy ¢, —X -}t 11.1.1
o, mod. R ( P )L ) \[g ( 2)

but shall not be taken larger than

D, J,

) ! . 11.11.1a
c,modcnr~off ,Rd C( I ) Yan "/g ( )

h is the clear web height (depth) between flanges, and 7 is the web thickness, j. is the
buckling reduction factor, ¢y is an adjustment factor, and @ is 2 cat-off factor,
given in Pt. 3.2 , Pr 3.3 and Pr.34, respectively. The partial factor pg is to be
assigned the same value as for girders without openings.

The buckling reduction factor Jye

The factor 7, is taken according EC 3 Part 1-5 for girders without openings. Table

12.2.1 gives #, as a function of the relative stenderness 4, .

Table 12.2,1 Reduction factor

Jw for rigid end post 2w for non-rigid end post
A< 0,83 1,00 1,00
0,83< 4, <1,08 0,83 /4. 0,83 /4.
4,21,08 1,37 0,7 + A,) 0,83 /4,

The relative slenderness is given as a4 function of the shear buckling cocfficient k,

Tk
374160k,

where

235
&= [— 12.2.3
| 7 (1223

(12.2.2)
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"The shear buckling coefficient is taken as 2 function of the aspect ratio a/k

4

ke, =534+ e for afhz1 12.2.4
T (a/h)2 or / ( )
k =4,00+534(afhy’  for alh <1 (12.2.5)

where a is the distance between the transverse stiffeness.

Vertical stiffeners close to the opening may increase the shear capacity of girders
with openings. The cffect is an increased value of 4, , that is calculated from Table
12.2.1 and Eqs. {12.2.1) to {12.2.5).

Vertical stifferrers are vsually provided in pair, ie. one stffener on each side of the
opening. The stiffeners are intended to prevent buckling only, and there are no
strength requirements. Stiffener on one side of web is common. Each stiffener must
satisfy the stiffness criteria

1,20375h° for high aspect ratio, i.c. }E 242 ~14 {12,2.6)
1
we .o.oa
1,2075— for low aspect ratio, Le. n <J2=14 (12.2.7)
a .

whete a is the distance between the transverse stiffeners, ie. disregarding the (new)
vertical stiffencrs. See Section 11.8. Iy is the second moment of area of the stiffener
and the effective width of web plate, calculated in a horizontal section through the
opening. The effective width is taken as 15& to cach side of the stiffener; the
thickness of the stiffencr is to be added, and parts of opening, interfering into the
effective width, is to be subtracted. Flatbar stiffeners should have a width/thickness
ratio less or equal to eight, Other types of stiffeners should comply with Eq.
(3.10.12). Only minimum welds are required between web and vertical stiffeners.

The adiustment factor €

For a single opening without stiffening or reinforcement, where the centet of the
opeaing coincides with the horizontal centerline of the web, the adjustmens factor is
given as

V3

C,=C = from (11.3.7)

= € basic F
J4{ O)SD{I - rru!] + 3
5,

D, is the length of opening in the horizontal direction and 5, is the vertical distance
from the top of opening to the upper edge of web. Frpa is the reduced corner radius
given as
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)

(3)

2
Py = r(_ZLJ (11.3.8)

where r is the real corner radius. Eqgs. (11.3.7) and (11.3.8) are valid for all openings
of regular shapes, Le. shapes described solely by the three dimensions D,, Dyand 7.
Eq. (11.3.7) gives ¢y pusic = 1,0 for circular openings.

For a single opening with sleeves or doubler plates, where the center of the opening
coincides with the horizontal centerline of the web, the adjustment factor is given as

€y =6y = Cyp + {ml_ - 1}4} for z, 2 (1 - -%)L] (11.7.1)
s | .
b,
C,=c, =C P f 1— Dy
2 = Cas = €3 pasic up or %, < (11.7.2)
' I— D, h
h

where €3 a0 18 given by Bq. (11.3.7). g is the rado between the weight of the
sleeve(s) or doubler plate(s) and the weight of the removed plate in the opening. The
value for 4 shall not exceed 1,0 in the equations even if the real value is larger. £
includes the effect of sleeve(s) or doubler plate(s) on cne or two sides of the web.
The following values apply

£=06 for sleeve or doubler plate on one side {12.2.8)
B=0,7  forsleeves or doubler plates on both sides (12.2.9)

Egs. (11.7.1} and {11.7.2) are valid for opepings where D, <47, but for doubler
plates the openings must be circular. Sleeves and doubler plates should be located
with the inner surface/diameter not more than 20 mm from the edge of opening.
Sleeves should satisfy the criterion 4, /1, 8, where /g is the height and #y the

<30, but hete by is

thickness of the sieeve. For doubler plates the criterion is &, /1, <
the difference between the outer and inner diameter of the doubler plate and 5 is
the thickness of the doubler plate.

For a single opening with hotizontal reinforcement, with the center of the opening

located on the horizontal centerline of the web, the adjustment factor is given as

4,
A

rymax

C2 = Cl,r = C2,bosic + (] . C‘z,lm.cic) ﬂ = 150 (1 151}

where €3 pasic 18 given by Eq. (11.3.7). 4, is the sectional area of the reinforcement
and the part of web plate that is between the reinforcement and the edge of opening.
Apmax is the requited sectional area of reinforcement based on yield shear strength of
the web above the opening. fincludes the effect hotizontal reinforcement on one or
two sides of the web, The following values apply
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Dt
A i =5 3.3.26
¥ 2\/’5 ( )
S=07 for reinforcement on one side {12.2.10
F=10 for reinforcement on both sides (12.2.1%)

Horizontal reinforcement should be located with the near surface not more than

20 mm from the edge of opening, and should satisfy the criterion A, /¢, <8, where
hg is the height and #y is the thickness of the reinforcement. The anchoring length
must be minimum

min = 43 (3.3.31)
2t
(4) For a single opening without stiffening or reinforcement, where the center of the
opening has an eccentricity e = lel relative to the horizontal centesline of the web,

the adiustment factor is given by

Cy S, 0y S, el,
€% Cpoponey = 2'—5"’”[1 -2 h; ) fory, 205 (11.9.5)
H1-2)
h
+ey D
- Ca S TGSy [1 -8 ehzh Zi] for 7. < 0,5 (11 96)

6= cz.njfrsm h(l _ P_},_J
h

¢y and €y ate caleulated according o Eq. {11.3.7) for the top and bottom tee,
respectively, For the calculation of ¢4 , 5, 1s replaced by 53, i.¢. the vertical distance
from the bottom of opening to the lower edge of web. Eqs. (11.9.5) and {11.9.0) are
valid for all openings of regular shapes. For circular openings, and elongated circular
openings with vertical long side, Eqs. {11.9.5) and (11.9.6) simplify to

el
c; = Cz,aﬂvsm,circ = {I - 2“1:1“2'&') for X 20,5 (] 1 9])
€y =Cy o corcive = [z - 8% 12) fory, <05 {(11.9.2)

{5) For a single opening with sleeve, doubler plates or horizontal reinforcement, where
the center of opening has an eccentricity € = lel relative to the horizontal centerline
of the web, the adjustment factor is given by Pt. 3.3 (2) or (3), provided that € pasic 15
replaced by ¢z0p5e from Eqs. (11.9.5) and (11.9.6), alternatively by ¢z .oser, cire from
Eqs. {11.9.1) and (11.9.2). The factots S are to be taken as

e
2hy

e w

B=06(1-

) for sleeves or doubler plates on one side (11.9.3)
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(®)

e

p=07(- 7 ) for sleeves or doublet plates on both sides {11.9.4)

B=0(1- ¢ for reinforcement on one side {11.9.7)
2hy,,

£ =100~ 2; ) for reinforcement on both sides (11.9.8)
ZVJ

For rwo or more openings closely spaced the interaction between the openings must
be considered. This may be dene by transforming the set of openings to one single
fictitious opening with horizontal and vertical dimensions Dyrand Dy, respectively,
and treating this opening as previcusly described. All openings must be checked, but
it is usually easy to determine the governing case. Fig. 12.2.1 shows a girder with a set
of openings A, B, C and D. In the following the biggest opening A, with dimensions
D, , Dy and corner radius #, is taken as the starting point.

2,5 D, , 250,
_D,/2+h/3 | D,/20/3
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Fig, 12.2.2 The fictitions opentng for opening A in Fig. 12.2.7
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The procedure is as follows:

For the rectangular opening A a tectangle E-F-G-H is defined by “extending” the
top and bottom edges of the opening a distance = 2,50, from the center of the
opening, as seen in the figure. The height of the rectangle is equal to the dimension
Dy . For circular openings, the tectangle is defined by extending an upper and a lower
hosizontal tangent in the same manner. The length Dy is obtained by adding the
contributions L; from all openings lying within the recrangle, ic. in this case the
openings A, B and D.

D, =L+ L+1, (12.2.13)

Ovpenings C, $ and U are neglected as they lie outside the rectangle. For openings
that only partially lie within the rectangle the figure gives guidelines for the
detetmination of L; . In case some of the lengths L; ovetlap, the contribution should
only be included once.

In order to define the vertical dimension Dy of the fictitious opening, a second
rectangle IK-1-M-N is defined by drawing vertical lines at a distance # (D,/2 + h/3)
from the center of the of opening A, as shown in the figure. All openings that ke
completely or partially within this rectangle contribute to Dy . Drawing lines from
the top of the web through the openiags to the bottom of the web may identify 2
number of possible shear failure lines. Tn Fig. 12.2.1 the doubly dashed lines indicate
three such lines. The shortest net length of these shear failure lines is denoted /4y,
and the dimension Dy is given by

D, =h-h, (12.2.14)

The resulting fictiious opening is shown in Fig 12.2.2. The adjustment factor for the
ficticious opening is given as

62'1,.5‘! + Cz.bjsbf
¢ =—’——’—T~w (12.2.15)
h(l - hj
h

where czrand capr are caleulated according Eq. (11.2.7), using Dy and sy and sy
for the top and bottom tee of the fictitious opening. The values of sy and sy are
taken as proportional to the similar values for the real opening. r is taken as the
corner radius of the real opening,

If the reat opening has no stiffening or reinforcement, the adjustment factor is given

by

D
€3y sy =Ca f[l - "‘;1—;) for z, 20,5 (12.2.16)

D
€3 = Cypory = Ca f(‘ - 8%2-’*- P J fory, <0,5 (12.2.17)
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©)

)

where ¢p7 is given by Eqgs. (12.2.15) and I3, and e are the vzlues for the real opening.
The design resistance for sheat s determined by Eq. (11.1.7a), using Dy and € gfter
of by Ea.(11.11.1a), using Dy,

If the real opening has sleeves, doubler plates or hotizontal reinforcement, the
adjustment factor is given by Pt. 3.3 (2) or (3), provided that €2 pasic is replaced by
Crofsery from Bgs. (12.2.16) and (12217). gand Apmee shall be based on the
ficritions opening, The factors § shall be wzken from Eqs. (11.9.3), (11.9.4}, (11.9.7),
or (11.9.8) with ¢ based on the real opening. The design resistance for shear is
determined by Eq. (11.1.1a), using Dy and ¢z, of ¢z, , or by Egs. {11,11.1za) using
Dy, The cut-off factor &, shall be based on g and A, ;. for the fictitious opening,

The cut-off factor £

The factor @, is for all openings given as

ac=(1—0,32€‘i) (1.112)
T

For openings with sleeve(s) or doubler plate(s) the factor & may be taken as

a,, =pu<l (11.11.3)

if this value is larger than @, given by Eq. (1.11.2}. pis defined in Pr. 3.3 (2).
For openings with horizontal reinforcement the factor @, may be taken as

a,, =l (11.11.4)

if this value is larger than @ given by Eq. (11.11.2). 4, and A, pmex are defined in Pt
3.3 (3). Dy, is the clear vertical distance between the horizontal reinforcements.
Welds

In order to obtain the design resistance for shear given by Hq. (11.1.1a) the welds
must be designed for the following shear flows:

Web to flanges above and below the opening:

Gq = XuCs ﬁf (12.218)

Web to sleeves/doubler plates:




238

&)

)
)
3

CH. 12 CONCLUSIONS AND SUGGESTIONS

Jyiety

= =R 12.2.19)
g ﬁ \/5 {
Horizontal reinforcement to web above and below the opening

G, = A '—i;—t (12.2.20

| Ar,max ‘\/g
Horizontal reinforcement to web along the anchoring length
A,
= ——’"-j;-’— (12.2.2%)

G ]

where [ is the anchoting length. If the anchoring length is at least 0,50, , a single
fillet can be used in the opening part of the reinforcement and double fillets in the
anchoring parts,

If the shear capacity is not utiiized, the weld between web and flange may be
designed for the nominal shear flow based on the shear force V'

V
= 12.2.22
lfJJ’.‘.Mom h _ D;, ( }

Miscellancous

Corner radii of the opening should be the greater of 2f and 16 mm.

Concentrated loads above or below the opening are not allowed.

Lateral buckling of compression flange. The torsional constant of the beam/girder
should be multiplied by

2
D, | Dut—24, <

[1 [Lg, Jm:l <1 (3.3.20)
where Ly is the unbraced length of compression flange. 4, = 0 when there is no
reinforcement and when the reinforcement is on only one side of the web.
Beams/girders reinforced on one side of the web should not be used for long
laterally unsupported spans. For shorter spans, the lateral bracing closest to the
opening should be designed for an additional ioad equal to 2 % of the force in the
compression flange, disregarding secondary moments from sheat.
Vertical buckling of a tee without reinforcement in compression should be
investigated as an axially loaded cotuman, but is not required when the aspect ratio of
the tee web is less or equal to four,
Vertical buckling check of the tee in compression with reinforcement is only required
for latge openings in regions of high primary moment.
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12.3 Calculation of shear capacity by means of FE-models

When the design guidelines of Secton 12.2 de not give sufficient capacity or cannot be
used for other reasons, the shear capacity may be caleulated based on non-linear FE-
analyses. For instanee, the design puidelines are not applicable in cases whete concentrated
loads are apphied asbove or below the opening. Other cases comprise cluster of openings,
where Section 12.2 Pt. 3.3, (6) may give conservative results. Based on expericnce from the
simulations, recommendations for FE-models are given as follows

®

)

)

(5)

©)

7

(85

The length of the model must be at least three times the height of the girder, and
should include all transverse stiffeners within this length, The connections between
web and flanges should be modeled as hinges, but stiffeners and reinforcement can be
“welded” on,

The number of elements must be sufficient to allow all governing buckle modes to be
included. It is recommended to use as many clements as possible, within the
resttictions regarding the solution time. A4 prier limitations of the model based on
assumed load-carrying paths and buckling shapes should be avoided. The FE-model
will give the answer, For the same reason, cfforts to limit the model based on
symmetry considerations should also be done with grear care. However a study of
eigenmodes will often provide insight in the performance of the model. Analyses to
determine cigeamodes take considerably shorter time than full nonlinear soludons.
Automatic meshing techniques should be used to the full extent provided by the
program, Regular meshes might be preferred, but some of the present simulations
showed small difference in the result for models with regular mesh compared to
models with free mesh. It is the element size that counts, and a few trial and error
efforts are often sufficient to find a good mesh.

Imperfections should be applied by means of cigenmodes from the model, and with
amplitades given by EC3. This means that somewhat smaller amplitudes are often
sufficient, than used in the present simulations, The imperfection must include the
appropriate cigenmode(s), which should be chosen manually, A missing or wrong
eigenmode may give non-conservative results. Program faciliies for automatic
inclusion of eigenmodes are to be used with care, as shear produces negative and
positive eigenmodes in pair, and two eigenmodes may counteract each other.

The non-linear analyses are preferably to be performed in displacement-control. If this
is not possible, the analyses may be done as described in Section 7.2 for moment-shear
interaction,

The actual shear capacity is usually casy to find, as the response curve for the applied
displacement most often has a distinet maximum value. Over 99 % of the simulations
showed a well defined ultimate load. If there is a more “soft” top, the maximum value
can be determined based on a chosen value of the applied displacement.

The models may give non-conservative results, crrors up to 7 % might be expected,
unless a significant denser element mesh is used, than was used jn the simuladons. It is
suggested that models and analyses are compared or verified against some known
results, for instance the simulations in this thesis, in order to avoid mistakes and to
adjust for non-conservative results.

The obtained shear capacity should be reduced with the appropriate partial factor.
The result should also be evaluated with regard to transverse web displacements and
stresses in the serviceability limit state.
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12.4 Suggestions for further study

In the design guidelines 2 generalized procedure for multiple openings is proposed. No
simulations have been performed for such configurations, However, the procedure covers
the simulations that have been performed and the author presumes that it is suitable for
most occasions and will give conservative results. It is suggested to perform a study in
order to confirm this patt of the design guidelines.

A cut-off in shear capacities is proposed for all girders with stocky webs and un-
stiffened circular openings. The reason is the vield shear stress distribution in T-sections,
but the size of the cut-off may be too conservative. This question has economical aspects
regarding the actual need for sleeves and should be further studied.
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Appendix A

Overview of simulations

Chapter Name | Runs | Chapter Name | Runs
3. Stress concentration D... 8
5. Sim, of the pror experiments S..,E.. | 33
7. 8im. of gizders with circular openings 122 (9. Simn. of girders with square openings 81
Introducton 2
Introduction L. 3
Rotated stress field method H... 9 Rotated stress field method H.. 6
Yield stress L. 6 Yield stress I.. 6
Transverse stiffeners .12 9 Transverse stiffeners I.T2 6
Transverse stiffeners 1.T1 9 Transverse stiffeners I.T1 7
Transverse suffeners 1.T0 9
Shear and prim. mom. interaction | P..M.. 6
Shear and prim. mom. interaction { Q..M. 6
Shear and prim. mom. interaction | Q.. T1M.| 6 | Shear and prim. mom. interact Q.. TIM.| 6
Opening in lower part of web M... 3 Opening in lower part of web M. 3
Sleeves Je G Horizontal einf. one-side o 6
Sleeves + transv. stiffeness J.T2 4 Hor. zeinf. one-side + transv. saff| J..T2 6
Sleeves -+ transv. stiffeners J..T1 3 Hor. reinf. one-side + transv. stiff| J..T1 6
Sleeves + transv. stiffeners J.-TG 3
Centric sleeves 1.C 2 Hor. reinf, rwo-side J-C 2
Vertical stiffeners L. 2
Hor. reinf. + vert. stff. two-side JL.. 13
Sleeves in lower part of web N.. 2 Opening in lower part of web
Sleeves in lower patt of web N..T2 1 | with hor. reinf.+ vert. stiffeners NL.. 2
Doubler plates K. ¢
Two openings horizontally spaced| R... b
Two openings hotizontally spaced| 5. 2 | Two openings hotizontally spaced}  S.. 2
Two openings hotizontally spaced]  T... 2
Two openings horizontally spaced]  U... 2 Two openings horizontally spaced]  U.. 2
Two openings vertically spaced RH... 2
Two openings vertically spaced SH... 2 | Two openings vertically spaced SH... 2
Two openings vertically spaced TH... 2
Two openings vertically spaced UH.. 2 | Two openings vertically spaced UH... 2
Two sleeves horizontally spaced V. 1
Two sleeves horizoatally spaced ... 1 Two openings hor. spaced with WL 2
hor. reinf -+ vert. stiffeners
Two sleeves hotizontally spaced X.. i
Two sleeves horizontally spaced Y. 1
Two sleeves vertically spaced VH.. 1
Two slecves vertically spaced WH... 1
Two sleeves vertically spaced XH.. 1
Two sleeves vertically spaced YH... 1
8. Sim. of girders with elongated openings 8  [10. Sirn. of girders with rectangular openings 8
Openings without stiffening I. 4 | Openings without stiffening L. 4
Openings with stiffening I 4 Openings with stiffening JL... 4
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Appendix B

Design guidelines applied to the simulated girders

The guidelines proposed in Chapter 12 are applied to 186 girders with openings described
in Chapters 7 to 10. The resulting shear capacities are compared to the results from the
simulations by means of the following tables:

o Table B1. Shear capacities for 71 girders with single circular openings. The table also
includes 15 corresponding girders without openings.

¢ Table B2, Shear capacitics for 80 girders with single non-circular openings. The girders
with elongated circular, squate and rectangular openings are included here.

¢ Table B3. Shear capacities for 35 girders with multiple openings. The girders have two
circulat or two square openings.

In addition Table B4 includes shear capacities based on the alternative method of Section
11. 10 for girders with two openings close together. The girders are the same as in Table
B3

Tables Bl to B3 have a column 34 marked "Guideline Yuwmoec', where the values ate
calculated from the equations given in Chapter 12, This is also the case for Table B4, but
here the values are based on equations in Chapter 11.

v
.Zw rmed,G T . = (1 b PJL)Z\\'CZ = ac (1 - pi) (‘Bl)
o 7, h h

y

3

Yy

All tables have columns marked "Simulated Zwmod” and "Simutlated, reduced Fvmodyred -
The former columns give the values as are, i.c. the values are the same as in the tables of
Chapters 7 to 10. In the latter columns the simulated values are divided by 1,02 for the
girders without openings, by 1,045 for the girders with openings D/h = Dy/h =025, and
by 1,07 for the girders with openings D/h = Dp/h = 0,50. For the girders with two
vertically spaced openings D/h = Da/h = 0,25, the reduced simuiated values are based on
division by 1,07
The basic comparison is

Zw,mod 2 Zw.mod,ﬁ (Bz)

Tt can be seen that this crterion is fulfilled for all girders with openings except three, which
are marked with Note 1). One of these cases, Girder JE125550d, has weaker transverse
stiffeners than recommended by the guidelines. In the two other cases, girders L125R5025
and JL125R5025, the shear capacity is determined by buckling in the adjacent pancl
without opening. Several girders without openings do not fulfill the criterion (B.2) and
these are marked with Note 2) in Table B,

Alternatively, the comparison may be done by means of the factor ¢ , which is
determined as
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— Xu-‘mod,._rfg' > 1 (B3)

Koe,mod. G

4

rel

Some girders with A/f = 63 and A/t = 125 do not fulfill this criterion. These are marked
with Note 3) in the tables. However, the simulations of the corresponding girders without
openings gave results below the EC3 curve. Hence, it should be reasonable to adjust the
reduced simulated resuits for the girders with openings by the same amount as the
corresponding girders withour openings are adjusted up to the EC3 curve. This is done by
means of

Awamoared X

. Awmodre n

cl'c! - (B‘4)
Z\v.mod,(} /’t’w,sim

where #. is the buclding reduction factor from EC3 and zuawis the value from the

simulation of the girder without opening. Values of Yism can be found in Column 35 in
Table Bt. For instance for Girder 16352511,

0,65-1,00
€y = e = O] 5
™ 0,69-0.93 ®2)
where the value (1,93 is taken from the corresponding girder ¥63T1 without opening, For
Girder 1.125R5025 the corresponding girder is taken as 1125T0. The design guidelines

should be accepted becanse ¢,;'21 for all girders marked with Note 3).

rel

For theee girders with A/t = 125 a similar adjustment cannot be justified, because the
simulations of the correspending girders without openings gave a result exacty on the EC3
curve. The girders are marked with Note 4) in the tables. Flowever, the guidelines give
shear capacities that are only 1 to 2 % above the simulated results, when these are reduced
by 7 %.
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APPENDIX B b4
Table B2 Shear capaciiies for girders with single non-circular openings
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JG3ISSATT | 1000 | 16| 500 | 500 | 0 | 32 | 1.0 | 050 |420]0.73]1.00]0.66]0.66] 0.66 07| 10 |540 0.90 0.45 0.84 082]  0.46 045 0.45 D42 | 0.9a| J6asS5GT1 | 1.07] 3)
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