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1. INTRODUCTION

For some years, experimental and/or theoretical research works have been
devoted to the actual behaviour of beam-to-column joints in steel buildings
and more especially to semi-rigid joints. This is the result of a search
for simple and cheap connections with a view to a reduction of the labour
cost, which grew much faster than the material cest. Thus for the sake of
economy, bolted joints without any stiffener became a common practice.
Unfortunately such joints have a non linear behaviour ! when subject to an
applied bending moment M, the axes of the connected members do not rotate a
same angle, so that there is a relative rotation @, which is not

proportional to the applied bending moment M.

Both strength and stability of steel frames are affected by the semi-rigid
behaviour of the joints [1]. Though several computer programmes [2], which
allow for material and geometrical non linearities - including semi-rigid-
joints are available, there is an urgent need of knowledge for the M-§
characteristics of the joints.

The first part of the present report 1is aimed at summarizing the studies
performed [3] since two years at the University of Liége for the prediction
of the shear and of the load-introduction behaviour of column web panels in
strong axis beam-to-column welded joints. The models developed are then

validated for beam-to-column joints with bolted connections.

The accuracy of the EC3 formulae (annex J of chapter 6) for the assessment
of the design resistance of a column web panel subject to shear forces and
to transverse compression and tension forces 1s discussed in the second
part of the report and proposals for their improvement are suggested.

2, JOINT DEFORMABILITY COMPONENTS

The two following sources of deformability of a strong axis beam-to-column

joint have to be clearly defined .

a) the deformation of the connection associated to the deformation of the

connection elements (end plate, angles, bolts,...), to that of the
column flange and of the column web in the tension and compresion zones
(respectively a lenthening and a shortening) and to the slips ;

b} the shear deformation of the column web associated mostly to the common

presence of forces, equal and opposite, in tension and compression,
carried over by the beam(s) and acting on the column web at the level of
the joint,



The case of the end plate connection of figure 1 may be chosen to
jillustrate this, The rotation @ of the connection is mathematically
defined by the difference of the two rotations Bb and 9c and includes the
deformation of the end plate, of the bolts and of the column flange, the
lengthening of the zone BC and the shortening of the zone AD of the web,

The rotation ¥ of the column web under shear is defined by the difference
of the rotations BC and 8f where Bf represents the flexural rotation of the

column,

It is important to know that the shear in the column web is the result of
the combined action of the equal but opposite forces Fb in the beam
flanges, which are statically equivalent to the beam moment, and of the

shear forces in the column at the level of the beam flanges.

The difference between the loading of the comnection and that of the column
web in a same joint leads to take account separately of both deformability

sources,
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Figure 1 - Deformation of a strong axis joint with an end plate connection



The load-introduction deformability of a column web panel is defined as the
component of the connection deformability relative to the local deformation
of the column web in the tension and compression zones of the joint

(respectively a lengthening and a shortening).

The deformability of a column web panel in the particular case of a joint

between one beam and one column is shematized on figure 2.

The deformation of the ABCD column web panel (figure 2.a) has to be divided

into two parts

- the transverse effect of the forces F_ iIn the beam flanges (statically
equivalent to the beam moment Mb) results in a relative rotation ¢
between the beam and the column axes ; this rotation concentrates mainly

along edge CD (figure 2.b) and provides a first deformability curve
M9 s

- the shear effect due to the shear force Vn results in a relative
rotation Y between the beam and the column axes (figure 2.¢); this
rotation occurs mainly along edges BC and AD and makes it possible to
establish a second deformability curve Vn - 7.
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Figure 2 - Global deformation of column web panel (a) decomposed into the
load-introduction effect (b) and the shear effect (c).

3. NUMERICAL INVESTIGATIONS

An important parametric study has been realized recently at the Polytechnic
Federal School of Lausanne and at the University of Liége. All the results
and all the conclusions of this study may be found in [3].

This study is based on numerical simulations with the non linear FE-program
FINELG [4] of the loading up to failure of welded beam-to-column joints.
Material and geometrical mnon-linear effects are taken into account,

although the latter is far less important than the former. The specimens
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of the chosen joints are analysed in three dimensions by using "shell"
finite elements to model the webs and flanges of the profiles and "beam”
finite elements to model the stiffeners. The adopted finite element meshes
are shown on figure 3, respectively for a "T" joint (one column, one beam)

and a "cross" jolnt (one column, two beams).

a. "I'" joint _ b. "cross" joint

Figure 3 - Joint finite elements meshes

The numerical simulations allow to study the propagation of the plasticity

in the profiles and to observe the exact failure modes.

Steel is supposed to follow a plecewise linear law shown on Fig. 4.

The 2D elastoplastic state of stress is dealt with by using the incremental
flow theory and the wvon HMISES yleld criterion. Parabolic patterns of
rolling residual normal stresses in flanges and webs are taken according to
the ECCS recommendations [5]. Welding imperfections are not considered.
Complete data may be found in [3],

The good agreement between the numerical simulations and results of

experimental tests on joints is shown in [6].

The moment-rotation curves characterizing the shear deformability and the
load-introduction deformability of the column web panel have been reported

for every simulation.

The following parameters have been taken into account in the parametric
study of the joints

a) the type of the beam(s) ;

b} the type of the column ;

¢} the loading of the joint ;

d) the initial out-of-flatness of the column web ;



e) the presence or not of transverse stiffeners on the column web.
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Figure 4 - Stress-strain curve (mild steel)
4, STUDY OF THE LOAD-INTRODUGTION EFFECT
4,1, Conclusions of the numerical simulations

Only the main conclusions of the numerical simulations relative to the
load-intreduction behaviour of the unstiffened column web panels are
presented here.
a) The Mb - ¢ curve for a given joint depends on the actual loading of the
joint.
Let us suppose that the two unstiffened welded joints of figure 5 are
subjected to different types of loading (figure 6) and let us report,
for each joint, the characteristic Mb - ¢ curve in a common diagram
(figures 7 and 8)., A similarly exists only In the elastic range of the
web panel behaviour.
The difference between the Mb - @ curves in the non linear range of the
panel behaviour can not be neglected.
In reality an unstiffened column web panel experiences to three types of
stresses in its most stressed zone (figure 9)
- the shear stresses T ;
- the normal stresses o, resulting from the compression force and the
bending moment in the column ;
- the normal stresses 0, resulting from the introduction of beam loads
in the column web.
The load-introduction behaviour of a web panel will obviously be
affected, except in the elastic range, by the relative importance of

each of these stresses according to the type of joint loading.

Beam Column
beam A IPE 300 HE 160 B
B HE 500 B HE 300 B

column

Figure 5 - Definition of two welded joints ("T" arrangement)
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M2
Pure bending (FP)

Pure bending in the beam (MP)

Figure 6 - Different types of loading for "T" joints.
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Figure 7 - Characteristic M, - ¢ curves (joint A - 3 load cases).

Trme -

R s T

S

F§
. FP

—g—
- -

-2

3.00

R0

2,40

F
]
§
E

1.80

1.20

F
]
k
3

Figure 8 - Characterlstic M - $ curves (joint B - 2 load cases)



Figure 9 - Different types of stresses in a web panel

b) It is not allowed to define the plastic capacity of a web subject to
transverse loads as this may be done for sheared column web panels : the
propagation of the plasticity in the column web transversally loaded
does not end indeed in the apparition of a horizontal yield plateau when
the strain-hardening is omitted in the numerical simulation (as in
figure 10 for sheared webs), but rather in the development, till the
attaintment of the wultimate 1load, of a =zone characterized by a
progressive increase of the resistance and the deformability of the web
(figure 1ll.a).

It will be consequently referred in this report to the so-called pseudo-
plastic moment,Mbppl; this beam moment corresponds to a limit state of
the column web transversally loaded which is defined in figure 1l.a.

This characteristic load level may obviously be similarly defined for

the Mb - @ curves relative to "T" joints (see figure 11.b).

Vi

with strain -hardening

Vny ______ R

1
without strain-hardening

-
o

Y
Figure 10-Definition of the plastic capacity for a sheared column web panel




web initially {lat (with strain-hardening)

(web initially tlat{without strain -hardening)

M -7
bppi /,)/ ['\

web initially non flat {with strain-hardening}

a) "cross" nodes

Mp |
increase of the stiffness due to the
strain-hardening of the whole
sheared panel.
Mpopl - web initially not flatiwith strain-hardening)

b) "T" nodes

Figure 11 - Definition of the pseudo-plastic capacity of a web subject

to transverse loads.



¢) The propagation of the plasticity in a web subject to transverse loads

d)

is not affected by the presence of 0, stresses in the web insofar as
their maximum value does not exceed a relatively high limit which should
have to be explicitely determined.

This conclusion seems to confirm the result of an experimental study
carried out in the Netherlands [7] and which tends to show that the
influence, on the "plastic capacity" of the web, of 0 stresses mot
exceeding 50 % of the column web yield stress is not significant,
ZOETEMEIJER [7] proposes,for larger values of Un (Un > O.Sfy), to reduce
the "plastic capacity" by means of a factor e given by :

lo_|

e w 1.25 - 0.5 f“ (1)
y

KATO considers for his own {8] that the attainment of stresses o,
greater than 0.5 fy is not of practical interest because of the relative
low values of the loads transmitted to the column in order to provide

against instability.

The amplitude of the column web out-of-flatness influences only the
shape of the M- ¢ curves of joints whose collapse is linked up to the
buckling of the web; this initial out-of-flatness affects the value of
the web ultimate buckling load in a significant way but modified very
slightly the deformability of the web as far as the collapse load is not
reached (figure 11.a).

The comparison (figure 12) of M, - ¢ curves relative to a "T" joint
(figure 3.a) and to the corresponding (same column and same type of
beam) cruciform joint (figure 3.b) shows clearly the similarity of both
web behaviours in the elastic range (it is not possible to compare the
curves in the non elastic range on account of the different stresses
interacting in the column webs),

This leads to the conclusion that the introduction of transverse loads
in a column web constitutes, as far as the stability of the web is not
concerned with, a local phenomena limited to the vicinity of the column
flanges.

The influence of the joint loading (both joints are subject to simple
bending - see figures 6 and 38) on the shape of the M-¢ curves - as

discussed in (a) - is seen to be very significant in this case.
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Figure 12 - Comparison between "T" and "cross" joint behaviour(ﬁb-¢ curves)

4.2, Theoretical developments and model for prediction.
The theoretical developments carried out in Liége are presented in details

in [3); they have led to a piecewise multi-linear modelling of the Mb-¢

deformability curves. Figure 13 shows its main characteristics.

e o= o e tmm = e AW mm ma #e e e dam s

" |
2, g, ?

Figure 13 - Characteristics of the multi-linear model for prediction of

Qf-~—--———— - —

sf

Mb - ¢ curves

The initial stiffness K results from the study of an elastic beam (column
flange) lying on an elastic foundation (column web) as shown in figure 14,
Because of the stiffening of the column flange by the beam web (welded
joints), the elastic beam in the model is assumed to be infinitely stiff in
the zone located between the beam flanges (figure 15).
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Figure 14 - Definition of beam and foundation
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Figure 15 - Deformed shape of the beam

The stiffness K, is given (3] by :

2
-k ;h [ db

7= Gty t ) (2)

AZ

L,

%

where : db = distance between the center of the beam flanges ;
k = E s, /b, {column geometrical characteristics are defined on

figure 16) ;

4
A= k/4EL; (I represents the inertia of the "glastic beam"
defined on figure 16).

] —p elastic beam

het hyw ot ——p-elastic foundation

Figure 16 - Geometrical characteristics of the "beam" and of the

"foundation".
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The maximum elastic moment of the web, Mby’ is a load level corresponding
to the first yielding of the web under the combination of T and 0, stresses
(figure 9). 7 stresses resulting from the action of the shear force vV, in
the web panel will be defined in section 5.2.

The maximum g, stresses in the web are given [3] by :

My, 1

Ui - S, (3
% [“m_z___(“ ,\>+ibz
a4\ 4

where Mb = bending moment at the end of the beam (in the connection cross-
section),
The introduction of Ui and 7 stresses in the von MISES criterion

c 2 c 2

¢ = (0] "+ 37 = f 4
¢ iy y y )

will allow to determine Ogy and T; (the particular values of oy and 7
which induce the first yielding of the web) and to deduce from them the

value of the maximum elastic moment, Mby'

The relative rotation ¢st corresponds to the apparition of strain-hardening

in the web, it is given by :

¢ 6St hW

st d, (5)

. defined on figure 4,

The pseudo-plastic moment of the web (see section 4.1.) is approximated by
the following formula (figure 17)

Mbppl = S p b (6)

where s¢ column web thickness ;
= distance between the center of the beam flanges

=ty + 2 I§ a+ 5 (tc + rc)

'
¥

o o

with t, = beam flange thickness ;
a = weld throat thickness ;
t, = column flange thickness
r, = radius of fillet of the column ;

O.C

iy is deduced from (4).
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Figure 17 - Definition of lp and s

The strain-hardening stiffness, K is evaluated in a very simple way by

st’
means of the following expression :
E

st
= K T

Kpet = Kp

The steel mechanical properties E and E,, are defined on figure 4.

t

Formulae for the assessment of the ultimate bending moment, My, carried
over from the beam to the column will be presented in chapter 6 of this
report. This ultimate moment is linked either to the excessive shear or to

the load-introduction resistance of the web.
5. STUDY OF THE SHEAR EFFECT
5.1. Conclusions of the numerical simulations

Only the main conclusions of the numerical simulations relative to the

behaviour of the sheared column web panels are presented here.

a) The shear stresses in the column web panels may be considered as

uniformly distributed ; this is due to the action of the column flanges.

b) The actual wvalue of the shear force v, may be obtained from the
equilibrium equations of the web panel [3}.

It is given by the following formula (figure 18)

M. + M Q. +0Q
v o= bl b2  Zcl c? 7
1 db 2
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Some other researchers refer to another formula |

M + M
Vo - bl © b2 (8)

n %

Flgure 18 - Loading of an interior joint

The validity of the proposed formula (7) has been clearly demonstrated,

¢) The presence or not of transverse stiffeners welded on the column web at
the level of the beam flanges influences the resistance as well as the
collapse mode of the sheared webs in a quite significant manner; it has
to be accounted for (see figure 19), The influence on both initial and

strain-hardening stiffnesses may be neglected.
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Figure 19 - Influence of the web transverse stiffening on the Vv, - T curves

d) The vV, - ¥ curve for a given joint depends on the actual loading of the

joint.

Let us assume that the two unstiffened welded nodes of figure 20 are
subject to different types of loading (figure 21) and let us report, for
each node, the characteristic Vn - 7 curve in a common diagram (figures

22 and 23).

Beam Column

beam A | 1PE 300 HE 160 B
B HE 500 B EE 300 B

column

Figure 20 - Definition of two welded joints ("T" arrangement)
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M2
SN
P
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A
M /2
Simple bending (FS) Pure bending (FP) Pure bending in the beam (MP)

Figure 21 - Different types of loading

The shear force Vn takes account, by means of formula (7), of the loading
of the joints ; in consequence one could believe that the Vn - ¥ curves are
identical for a given node. Actually only a similarity exists in the
elastic range of the web panel behaviour and this demonstrates the validity
of the proposed shear force definition (formula 7).

The differences between the V., - 7 curves in the non-elastic range of the

web panel behaviour are not negligible,

The existing methods for the prediction of the shear deformability of web

panels - which have been detailed and compared to results of numerical
simulations in [3] - do not account for the influence of the actual joint
loading

Figures 22 and 23 show that this is questionable and has led to the
elaboration of a new approach,
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5.2, Theoretical developments and model for prediction - unstiffened column

web panels

The theoretical developments in this section are related to the study of
the unstiffened column web panels. It will be referred to section 5.3. for

stiffened columns.

Let us consider a small column web element subject to shear stresses 7
(figure 24.a) and whose materilal characteristic 1is elastic-perfectly
plastic with strain-hardening (fig. 25.a). The shear deformability ¥ of
this element (figure 24.b) versus the shear stress T may be deduced.

T T
7 -7
/ /
; /
/ ~R8
; /
y
T T

Figure 24 - Shear in a small web element.

The shear stresses being uniformly distributed in the web panel, a first
approximation (pure shear) of the searched Vn_ - 9 curve may be easily
obtained by multiplying the shear stress 7 by the column web area (figure
25.b).
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The theory of plasticity may be used in connection with the von MISES yield
criterion to modify the characteristic values Vny (7y), Vnu’ Tst and Tu
(figure 25.b) with a view to account for the actual node loading. How to

proceed is explained in the following.

G Vi 4
fybm =
! Vi T T e
’ 2§Est " /1
ym_! 1 i Vny-— e :
t ' I i i I
t : ; I f I
| | | {
E | i z : |
| | i - i | i .
£y £ £y £ By ¥t Sy y

Fipgure 25 - Characteristic O - € and V“ - ¥ curves (first approximation)

In its most stressed zone (figure 9) an unstiffened web panel is subject to

three types of stresses

- the shear stresses T ;

- the normal stresses o, resulting from the compression force and the
bending moment in the column ;

-  the normal stresses o, resulting from the introduction of beam loads

into the column web.

The load introduction constitutes only a local phenomena (see section 4.1.)

which has no direct influence on the global behaviour of the web panel.
The web panel deformability predicting model based on the modified value of

®
Vo ) Vo e o
applied for instance in figure 26 to the unstiffened "T" node B submitted
to pure bending (figures 20 and 21).

and Tu (interaction between T and O stresses) lis

It may be seen that :

- the agreement between the values of the initial stiffness and of the
strain-hardening stiffness given by the mathematical model and the
nunerical simulation is very good ;

- the mathematically predicted plastic load is slightly lower than the
corresponding load obtained by means of the numerical simulation; the
small difference which represents the bending resistance of the column

flange may be neglected in the case of joints with unstiffened columns.

See JASPART Ph.D. Thesis for exact defintion of 0
n
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Figure 26- Comparison between the numerical simulation of the unstiffened
node B subject to pure bending and the model modified to account
for the node loading (second approximation).
However, the mathematical model differs from the result of the numerical

simulation for what regards the length of the yield plateau and the

collapse load,.

It must be referred to the interaction in the web panel between the shear

and load-introduction effects to explain these differences

- the strain-hardening first appears locally in the most stressed zone of
the column web (figure 9) where the three above-mentioned types of
stresses interact and will depend on the importance of the 0, stresses
relatively to the two other types of stresses; the length of the yield

plateau has been consequently empirically reduced ;

- the collapse load of the web panel is linked up either to the excessive
shear or to the load-introduction resistance of the web (web crippling
for instance), what depends on the relative importance of 0, stresses

too; formulae for the assessment of the resistance and the stability of

column webs subject to transverse loads have then been developed and

will be presented in chaper 6.

It 1is
interaction between shear and load-introduction by introducing the ¢

show the the

i and T

stresses into the von MISES yield eriterion in order to determine the shear

also easy to necessity of taking into account

load corresponding to the beginning of yielding in the column web.
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The agreement between the calculated elastic shear force and the result of
the numerical simulation for the jeint B (FP) is seen to be very good
(figure 26). This elastic shear load is obviously associated to a bending

moment: in the beam equal to Mby {(see section 4.2)),

The general shape of the Vn - ¥ curve 1s therefore adapted accordingly as

a multi-linear model shown in figure 27.

Vﬂ
an """""""""""" i
|
Knan
V‘ny _____ 1 :
]
Vne__ E :
y oo !
Lo i
K ]
N a 8
66 6 si au.

Figure 27 - Definitive general shape of the shear model for unstiffened

column web panels.
The initial stiffness is given by :

Ky = G Ay (9)

with G = E/f2(1 + )
Ay = sheared web area of the column defined in figure 28.

Figure 28 - Definition of the actual sheared web area

Ve is the web shear resistance related to the apparition of yielding in
the most stressed region of the web under the combination of o, and 7
stresses (see figure 9 and section 4.2). This elastic shear force is
associated by formula (7) te the elastic bending moment Mby defined in

section 4.2,
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Vny’ which has been defined in the previous section as the plastic
resistance of the column sheared web, is evaluated in the following way
c

= Ay - T (10)

v
ny y

As explained in section 5.1., the introduction of the expression for o,

and 7 stregses in the wvon MISES criterion :

c? c?
g = |0 + 37 = f
c j ny y y (b

allows to determine the value ¥ of the shear stress which induces yielding
in the whole panel (shear stresses are uniformly distributed) and has to be
introduced in (10).

The shear rotation Tet which corresponds to the first onset of strain-

hardening in the web has the following expression [3]

Top = 0.5 [¥y + I3 (65 - €] (12)

with : Y. =V __/G.A
ny sh
Ey = glastic steel strain = fy/E (figure 4) ;
€ = strain-hardening steel strain (figure 4).

The strain-hardening stiffness is expressed as [3]:

K =G A

nst st "sh (13)

with Ggp = Est/3 (figure &4).

t
Formulae for the assessment of the ultimate strength of the web panel will

be proposed in chapter 6.

5.3, Theoretlical developments and model for prediction - stiffened column

web panels.

Because of the presence of transverse stiffeners welded on the column web
at the level of the beam flanges, no allowance for an interaction between
oy and T stresses may be considered from a theoretical point of view.

It may however be noted that the use of the multi-linear model presented in
the previous section leads to an accurate prediction of the Vn - 7Y curves
for stiffened web panels providing the shear resistance of the frame
constituted by the stiffeners and the column flanges is added (figure 29).
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e

Vn
(I

a) elastic resistance b) frame plastic mechanism

Figure 29 - Illustration of the frame effect.

The shape of the piecewise multi-linear model for prediction is showm on
figure 30,
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Figure 30 - Multi-linear model for prediction of the shear behaviour of

stiffened column web panels.

The expressions for the assessment of K , K , ¥,V and ¥ are quite
n’ ‘st ne ny st
similar to that described in the previous section,

In its range of elastic behaviour (which starts as soon as the plastic
capacity of the web is reached), the frame is able to support a shear force
Vf, the rate of increase Kf (figure 30) of which is given by :

24E1f

Kp = — (14)

db
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where If represents the inertia of the column flanges and db the distance

between the centers of the beam flanges.

The plastic capacity of the frame, ch, is reached when plastic hinges have
formed in the column flanges at the level of the stiffeners (figure 29.b).
The value of ch is the following :

- —BL (15)
where Mpf represents the plastic moment of the column flanges.

The horizontal stiffeners are welded to the web and to the flanges of the
column. They may be considered as infinitely rigid during the whole joint
loading if they are correctly designed; this explains why their flexural
deformation has not been accounted in the expression of Kf - which
corresponds to the elastic flexural deformation of the column flanges
rigidly connected to the stiffeners - and why the plastic mechanism of
figure 29.b is associated to the formation of plastic hinges in the column
flanges,

The ultimate shear resistance of the stiffened web panel is obtained by
adding the plastic capacity of the frame, ch, to the ultimate shear
resistance anu of a similar web panel without stiffeners. The way to

evaluate anu will be presented in chapter 6.
6. ASSESSMENT OF THE ULTIMATE STRENGTH FOR UNSTIFFENED WEB PANELS

The ultimate strength of a column web may be associated to one of the three

following types of collapse :

- the shear collapse of the column web panel (anu to which corresponds by
formula (7) a moment Mnbu in the beam) ;

- the excessive yielding of the web under transverse loads (Mbuy) :

- the instability of the web under compression transverse loads (Mhub)'

The ultimate moment in the beam corresponding to the collapse of the column

web panel is equal to

” Mnbu if Mnbu < Mbuy (16.a)
and Mnbu < Mbub
- Mbuy if Mbuy < Mnbu {16.b)

and Mbuy < Mbub
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- oM Mg < Mbuy (16.¢)

and Mbub < Mnbu

6.1, Shear of the web panel.

The ultimate carrying capacity of a sheared web panel is given by :

anu T Ash (7
where Ash represents the column web area (fipgure 28).
The shear force Vn has been defined in section 5.1.(formula 7).
Tuc is the ultimate shear stress evaluated, as in formula (11}, by means of
the wvon MISES criterion allowing for the interaction between o and 7
stresses, but based this time on the attaintment of the ultimate stress fu

in the column web (figure 4).
6.2. Excessive yielding of the web.

The ultimate resistance associated to the excessive yielding of a web

subject to transverse loading is given by :

Myuy = 03, « Sg - L, - 4y (18)
The expression is quite similar to that proposed for the assessment of the
pseudo-plastic moment of the web (formula 6), except that Uiu' the maximum
permissible compression stress in the web, results, as in formula (4),
from the consideration of the local interaction between oy and 7 stresses
by means of the won MISES criterion based, as for the shear resistance, on

the attaintment of the ultimate stress fu in the web.
6.3. Web instability

The instability of the web under compression affects either the whole depth
of the column (web buckling - figure 31.a) or the region located just under
the heam flange (web crippling - figure 31.b}.
The associated instability load is given by :

Moub = Mop ¥ M0 (19.a)

Myp = JMby My er (19.b)

Mbppl 1s the pseudo-plastic moment of the web (formula 6).

with :

Mby is the elastic resistance of the transversally loaded web which
corresponds to the onset of yielding in the web; it results from the
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study of a "beam on elastic foundation" model as presented in section 4.2,
(only the interaction between Ui and 7T stresses must however be
considered).

Mor is the elastic linear instability load of the web which is expressed

as

ﬁz . E S¢ 2

=+(h - 2.t).s .d .k. { } {(20)
Mbcr ( c c) S¢ db 12‘(14’2) hC - 2.tc

h, is the total depth of the column. ¢t and s  are defined in figure 17,

The values to give to the k coefficient as well as the physical explanation
of formula (19) will be found in the following sub-sections.

Fa

é “ o . . #

.

ca) (h)
Figure 31 - Instability modes of column web: buckling (a) and crippling (b)

It is important to mention that the buckling strength M, contrary to the
pseudo-plastic moment prpl' 1s strongly dependent on the initial
out-of-flatness of the web (see for instance figure 1ll.a). The amplitude
of this imperfection is generally unknown by the designers; their values
have consequently been chosen on base of rolling tolerances [13] and those
of the k coefficient which will be defined in the next sub-sections have
been calibrated accordingly.

The initial out-of-flatnesses measured in laboratory seem however to be
generally lower than those proposed in [13}, what results in a too safe
theoretical approximation of the actual buckling load. Numerical
simulations have shown that the variation of the bueckling load may reach 25
- 30 % according to the value of the out-of-flatness,

This has not to be forgotten when comparisons between theory and

experiments are performed.
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6.3.1. Interior HE columns,

For what concerns the interior columns (figure 3.b) with HE sections, it
has been shown [3] that the pseudo-plastic moment of the column web, Mbppl’
defined in section 4,2, (formula 6), constitutes a lower bound wvalue for
the web buckling load.

This may be easily explained by referring to figure 32.

|
1
I
| |
T ]
\ N w 1
| |
o e
L . L/ L]
a b

Figure 32 - Support conditions of the column web according to the load

level

In the elastic range of the web behaviour (figure 32.a), the column web may
be considered as rigldly connected to the column flanges: its instability
load is consequently high. The increase of the loading and the resultant
yvielding of the web just under the column flanges (figure 32.b) lead to a
modification of the support conditions for the web and consequently to a
considerable decrease of the buckling load.

A collapse by instability in the elastic range behaviour has never been
encountered, even for relatively slender column webs (HEA) and the
numerical simulations have shown that the actual buckling load is always
greater or equal to the pseudo-plastic moment Mbppl which then constitutes
a lower bound value for the instability load.

The buckling strength M, given by formula (19.b) is consequently based on
the assumption that the web is pinned on the column flanges ; it has
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to be compared to Mbppl in order to detDermine the actual buckling load of

the web, Mbub
Myub ™ Mppp1 1T Mhpp1 > My (21.a)
be i bppl <My (21.b)
The coefficient k which accounts for the type of loading - cross nodes

gsymmetrically loaded - and for the web support conditions - hinges - may be
taken equal to 1.0,

6.3.2, Exterior HE columns,

The fact that transverse loads are only applied to one side of the column
web increases significantly the buckling strength Mo of the web, whereas
the pseudo-plastic moment Mb 1 is independent of the node arrangement
{cross or "T")., The k coefficient in formula (20) will consequently be

chosen equal to 2.0 for "T" nodes,
The resulting formula (19) for the assessment of the web instability load,
which has been discussed in the previous sub-section, may be applied in the

case of exterior columns with HE sections.

6.3.3. Extension to IPE columns.

Profiles with IPE sections beilng usually used as beams and not as columns,

specific numerical simulations of joints with IPE columns have not been

performed, Some test results (joints with end plate connections) are

however available and the application of formula (19) has allowed to

demonstrate its validity (see sub-section 9.2.1.).

It must however be noted that the ccllapse by attaintment of the pseudo-

plastic moment Mbppl corresponds rather to a web crippling than to a web

buckling.

7. COMPARISON OF THE MODELS AND FORMULAE WITH THE RESULTS OF NUMERICAL
SIMULATIONS

7.1, Vn - ¥ curves,

The model which has been applied to the studied nodes A and B (figures 5
and 6) in figures 33 and 34 (without stiffeners) and 35 (with stiffeners)
allows to predict in a quite satisfactory way the main characteristics of

the non-linear shear curves.
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7.2, Load-introduction curves.

Figures 36 and 37 present the comparison of the proposed model with the

My - ¢ curves recorded during the numerical simulation of the behaviour of
the studied nodes A and B (figures 5 and 6).

The numerical simulation of the same joints A and B has also been carried
out in a cruciform configuration (figure 3.b) for the load case reported on

figure 38. The comparison of the related M, = - § curves and the model
appears on figure 39,

The prediction of the main characteristics of the curves is seen to be in a

close agreement with the numerical results in each case.
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Figure 39 - Mb - ¢ curves : comparison between numerical results and model

{cruciform arrangement - FS)

Ultimate loads

7.3.

The good agreement between the predicted and the actual ultimate loads may

be seen on figures 33 to 37 and on figure 39,

A similarity between

Table 1 summarizes the results of these comparisons.

the predicted and the actual modes of collapse has been registered for each

joint.
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Ultimate moments Mbu {(kNm)
Joints Collapse |Collapse |Collapse (Theore- [Numeri-
by shear |by web by web tical cal
{(form.17) |excessive |Instabili-|value value
yielding |ty
(form.18) |(form.,19)
FS{ 136.3 127.2 182.3 127.2 134.5
Unstif. [MP| 136.9 136.1 181.1 136.1 140.6
A
FP| 106.0 118.7 169.2 106.0 113.0
Stif, FP{ 113.0 - - 113.0 123.0
IITII
F§ 565.2 4744 421.4 421.4 427 .4
B |Unstif.
FPj 393.6 440.3 386.7 386.7 383.3
Stif, FP| 419.9 - - 419.9 481.0
A FS - 181.7 136.0 136.0 144 .0
Cross Unstif.
B FS - 556.5 302.7 359.2 361.0

Table 1 - Comparison of actual and predicted ultmate loads Mbu for welded
joints

8. PASSAGE FROM MULTI-LINEAR HODELS TO MORE CONTINUOUS DEFORMABILITY GURVES

The reproach which may be addressed to the multi-linear model is the sudden
and unrealistic modiflcation of the stiffness at the intersection of two
zones characterized respectively by a constant stiffness, as well as the
gap, sometimes significative between the actual curve and the model in the
These flaws are inherent in the multi-linear
of defined of the

adequate mathematical expression allows to

range of moderate rotations.
The

deformability curves

model. introduction some characteristics

in an
obtain full non-linear curves with a morxe continuous shape,
The generic mathematical Ffunction pM = pM(#) that is likely to represent
the shear and the load-introduction behaviour of a column web panel must

(figure 40)

i)  be such that (pM)= 0 when & = 0 ;

ii) be asymptotic to (pM)=(pM)u when # is increasing infinitely ;

11i) comply with the coordinates ((pM)y, By) ;

iv) comply with the coordinates ((PM)st, Bst)'

From the several mathematical expressions which were investigated and

compared with tests results, the following one is suggested :



]

(pH)

with :

£(8)

i

a

9b

(o), {1 - exp [-£ ()])

+ ¢l >0

35.

(22)

(23)

Parameters a and b can be determined by above conditions (iii) and (iv),

wherefrom :
a =
b =
with :
¢ =1n [1
B =1n {1

- (B cly/Bd = - (@ o /00

In [(o + cﬂst)/(ﬂ + c@y)]/ln (9St/3y)

- (pM) /(P ]

- (M) y/(pH) ]

(24.8)

(24.b)

(25.a)

(25.b)

According to above requirement (i), parameter b must be strictly positive ;

therefore parameter c cannot exceed a limiting value c

c<c
max

with :

Cmax - (ﬂ

max

- /(B -8

(26)

(27)

At last it is easily demonstrated that only positive (or zero) values of ¢

can warrant the existence of an horizontal asymptot.

M

Birad.)

Figure 40 - Conditions to be fulfilled by the mathematical

formulation and influence of the ¢ value on the shape of a pM-f curve



The definition of the characteristic values pMy, pM
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pM, . 8y and ast are

st’

given in table 2 as well as in figure 41 for each component of the column

web panel deformability.

Shear curve for|Shear curve for|Load-introduction curve for
an unstiffened |a stiffened an unstiffened joint
joint joint
8 v i ¢
pM Vn Vn Mb
0 v© 7® ¢
ey st f ¢
st 7 (sect,5.2) v (sect.5.2 st p(sect. 4.2)
pMy Vne vne and 5.3) Mby
M. | Vg V?f Myst
M \Y (sect.6,1)| V (sect.5.3 (sect. 6.2)
v nbu nbu and 6.1) Mbuy

Table 2 - Significance of the characteristic values in the mathematical

expression according to the deformability component of the

column web panel

Vo |
anu
Vau ———
Vny __m_l,_
Voe —+f
i
f
|
|
!
{
!
e

(a) Vn - 4 curve for an unstiffened joint - see figure 27
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(b) Vn - ¥ curve for a transversally stiffened joint - see figure 30

My

Mbuy ———————————— —— e
Mpy pr-——— = —= =

Mpst F———=3
Mbppl e

Mby L

(c) Mb - ¢ curve for an unstiffened joint - see figure 13

Figure 41. - Characteristic values of the deformability components for a

column web panel

The curves resulting from the proposed mathematical expression are
asymptotic to (pM) = (pM)u when 0 is increasing infinitely; it may be noted
that (pM)u represents, for a specified deformability component of the
panel, the ultimate strength - the loss of stability being not accounted
for - relative to this particular component (as clearly mentioned in table
2); this ultimate load is not necessarily that of the whole panel which has
been evaluated in chapter 6. The deformability curves for a given column
web panel resulting from the use of formula (22) will consequently have to
be truncated by means of a horizontal line corresponding to the actual

collapse load of the panel,
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The shape of the pM-# curves is largely dependent on the value of the
parameter c, as 1t is clearly shown in figure 40,

By comparing the results of the mathematical model suggested here with
those got from the numerical simulations and from experiments (see

following chapter), a very simple value ¢ = 0,75 Chax May be recommended

whatever be the deformability component.

The use of this non-linear formulation is illustrated in figure 42 for the
deformability components of the "T" joint A subject to simple bending

(figures 5 and 6).
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a) V_ - 7 shear curve b) Mb-¢ load- introduction curve

Figure 42 - Non-linear modelling of unstiffened "T" joint A

It complies with the coordinates (pMy, ﬂy) and does not develop, as it
should be, a linear elastic behaviour in the region of small bending
moments, The reason of doing so is the desire of simplicity when
expressing mathematically the pM-8 curve, As demonstrated in figure 42,
this simplification is quite justified; indeed the difference between the
theoretical approach and the actual behaviour is not significant at all.

9. VALIDATION OF THE MODELS FOR JOINTS WITH STEEL BOLTED CONNECTIONS.

9.1, Shear curves.

The validity of the proposed model for steel bolted joints has been also
checked by means of comparisons with shear moment-rotation curves resulting

from the experimental tests on unstiffened joints with extended end plate
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connections which have been performed in Liége four years ago - in the

frame of a CRIF-IRSIA research - and which have been presented and

discussed in {9].

The close agreement between the theoretical model and the experimental

results has been demonstrated. Two examples are shown on figure 43.

The bending resistance of the column flanges in unstiffened joints has been
neglected, as above-explained, because of its small importance. It is
however increased, for joints with end-plate connections, by the bending
resistance of the end-plate; this explains the actual, though not
significant, difference between the model and the experimental result for
the test 010, the end-plate thickness of which is relatively important (20
mm} in comparison with that of the colwmn flange (12,5 mm).

< 0,04, 124,58,

0.07, 79.68).

4 . N L N L
t t i + 1 t + 3 t } ¥

intarval’ X » 0,02 RAD interval X = 0,02 RAD.
interval, Y = 10 kNm. intarval Y = 10 s
a-Test 01 b-Test 010

Figure 43 - Vn - Y curves : comparison between experimental results and

model (joints with end-plate connections).

Experimental shear deformability curves have also been registered for
joints with cleated connections in the frame of the above-mentioned CRIF-
IRSIA research [9] as well as in that of an other research [1l] launched in
the Department M.S.M. of the University of Liége with the financial help of
ARBED Recherches (ECSC Research - agreement N° 7210-SA/507). The shear
deformability for such joints is however limited and does not permit a
significative comparison with the theoretical model.

At our knowledge, no other shear deformability curves are available in
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spite of the numerous experimental tests which have been performed for many

years in different countries.

It has to be noted that, because of the different points of application of
the tensile and compressive forces carried over from the beam(s) to the
column, according to the type of connection(s), the vertical dimension of
the column web panel is not necessarily equal to the distance db between
the gravity centers of the beam flanges, as for welded joints. It shall be
consequently referred to figure 49 where the vertical dimensions of the web
panel is defined for joints with extended end plate connections (db as for
welded joints) and for joints with flange cleated connections (dr).

9.2. Load-introduction curves.

To our knowledge, load introduction Mb—¢ curves have never till now been
registered during experimental tests in laboratory.

They have however been reported recently in Liége for the steel joint with
flange cleated connections which have been tested in the frame of the ECSC
Research {11}, but the "trapezoidal" deformability of the column webs has
been shown to be quite negligible for each test. On account of the lack of
experimental load-introduction curves, the accuracy of the formula for the
assessment of the collapse load of webs submitted to transverse loads in
bolted joints will consequently be checked (in 9.2.1.) by comparison with
the results of experimental tests, the collapse of which is due to the
failure of the web, whereas the validity of the model for the prediction of
the whole load-introduction curves (pregsented in section 4.2) will be
discussed in 9.2.2.

The approach described in the previous chapters for the modelling of the
load-introduction effect and the prediction of the related ultimate load
may be applied to bolted joints, as this will be demonstrated in 9.2.1. and
9.2.2., on condition of very limited modifications linked up to the length
of diffusion of the forces in the tension and compression zones, through
the cleats or the end-plate, the column flange and the radii of fillet; all
the details, which may be found in [10}, are summarized in sub-section
9.2.3.

9.2.1,. Check of the ultimate load,

The validity of the extending to the calculation of bolted joints of the
formulae presented in chaper 6 for the assessment of the collapse loads of
column web subject to transverse forces is illustrated by means of the

comparison with the results of five tests on joints with extended end-plate
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connections. Tests 9, 20 and M3A have been performed by ZOETEMEIJER [12]
in the Netherlands whereas tests 013 and 014 originate from Lidge (9].
Table 3 summarizes the maln characteristics of the joints as well as the

comparison between the actual and predicted collapse loads,

Joints Ultimate moments Mbu (kNm)
Test Testing [Column jBeam Refe- Collapse |Theore- jExperi-
number |arrange-|type type rence mode tical mental
ment {see ultimate{ultimate
chap.6) value value
9 N HE200A | IPE300Q [12] web 104.5 143.0
buckling
Mub™Mbpp1
20 un HE300A | IPE4OD (12} web 248.8 246.0
buckling
Mbubanppl
M3A [cruci- HE240A | IPE300 [12] [web 135.3 145.0
form buckling
Mbubgﬂbppl
013 wpen IPE240 | IPE200 (9] web 61.0 62.7
crippling
MbubgMbppl
014 nn IPE300 | IPE200 {9} web 72.3 83.6
crippling
Mbub=Mpr1

Table 3 - Comparison of actual and predicted ultimate loads Mo for joints
with end plate connections,

The collapse of the CRIF-IRSIA test 013 and 014 (figures 44.d and 44.e) is
associated to the crippling of the column web, whereas the "T" test 20
(figure 44.b) and the cruciform test M3A (figure 44.c) fail rather by web
buckling when the value of the pseudo-plastic moment is reached.

The predicted ultimate strengths constitute a good approximation of the

actual ones,

The safe but significant divergence between the theoretical and the
experimental ultimate loads for the test 09 (figure 44.a) may be explained
without any doubt, as explained in 6.3, by the low initial out-of-flatness
of the actual column webs in comparaison with those, chosen on base of
rolling tolerances, which has been considered for the assessment of the
theoretical buckling load Mbb'
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c-Test M3A
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d-Test 013
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e-Test 014

Figure 44 - Comparison of theoretical ultimate loads with experimental

ones (joints with bolted connections),
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g.2.2. Check of the deformabllity model,

As explained in chapter 2, the deformability of a beam-to-column jeoint has

to be divided into the shear deformability of the column web panel and the

deformability of the conmection{s). This report is devoted to the study of

the shear and of the load-introduction; the latter constitutes only one of

the components of the connection deformability. The study of the other

components of the connection deformability has also been performed In Liége

and has recently led to the propoesal of mathematical models, similar to

those described in this report, for the prediction of the non-linear

deformability Mb-¢ curves of !

- extended end plate connections {10] ;

- flange cleated commections {10} ;

- composite connections (web cleat and lower and/or upper flange cleats)
[11].

The comparison between experimental connection deformability curves and the
theoretical modelling allows to validate the mathematical approach for the
prediction of the load-introduction behaviour, particularly in the case of
the composite joints, the deformability of which is mainly, and sometimes
almost exclusively (for high percentages of slab reinforcement) associated
to the load-introduction deformability of the column web subject to
transverse compressive forces.

Two examples are reported on figures 45 to 47 for each type of studied

connection.
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Figure 46 - Ibidem

(tests on joints with flange cleated connections).
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According to the initial position of the bolts in their holes, the slip
between the cleats and the beam may or not occur during the loading of the
flange cleated connections and also of the composite connections; this
justifies the necessity to vreport two different theoretical curves
corresponding respectively to the development of the maximum permissible
slip (which depends on the hole clearances) and to the absence of slip.
The influence of this parameter on the connection deformability can be

observed on figures 46 and 47 and is found relatively significant,

The collapse of the composite joint 30 x 2¢.7 is associated to the buckling
of the column web., As explained in 6.3., the safe but important divergence
between the actual and the predicted ultimate loads may be explained by the
very low initial out-of-flatness of the column web actually measured in
laboratory in comparison with that, chosen on base of rolling tolerances,

which has been considered for the assessment of the theoretical buckling
load of the web,

9.2.3. Amendments of the formulae for bolted joints,

As illustrated in figure 49.a, the deformability of the column web in a
welded joint is similar in the compression and tension zones of the joint.
The numerical simulations presented in chapter 3 have clearly shown that
the initial out-of-flatness of the column web, which affects the wvalue of
the buckling load M, (formula 19.b) in a significant way, modifies very
slightly the deformability of the compression zone of the web before
buckling with respect to that of the tension zone. The equality of Ac and
At allows to refer directly to the moment Mb carried over by the joint and
to the rotation ¢, as described in figure 49.a.

The length of application of the compressive and tensile forces Fb to the
column is limited to the thickness of the beam flanges. The influence of
this parameter on the load-introduction deformability curves 1is quite
negligible (except for Mbppl - formula (6) - and for Mbuy - formula (18))
so that concentrated forces have been considered in the model proposed in
4.2. as well as In the formulae for the assessment of the ultimate strength
of the web (sections 6.2, and 6.3.),

The different modes of application of the beam loads to the column web in
the compressive and tensile zones of joints with bolted comnnections
requires to refer separately to the corresponding Fy - A curves (figure 49)
The general shape of these Fy - A curves is given in figure 48.
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Figure 48 - Characteristics of the wmulti-linear model for prediction of
Fy - A curves

The definitions of the main characteristics are equivalent to those
provided in section 4.2, and in chapter 6 except that it is here referred
to the forces F, and to the displacements A (Ac or At) and not to M, and ¢
as in figure 13,

The relations between Mb and Fb’ as well as between ¢ and A, are given in
figure 49.b and 49.c respectively for joints with extended end plate and
flange cleated connections. The large diffusion of the forces Fy into the
cleats or the end plate, in the compression =zone, and into the column
flange in the tension zone requires to account, in the case of bolted

connections, for the length of application of the forces B to the column
web,

The slightly amended values [10] of be, Fby’ Fbppl as well as the ultimate
load Fbu (associated to the web resistance) and the buckling strength be
of the web (only in compression), which allows, as explained in chaper 6,
to assess the actual ultimate strength Fiu of the web, are presented in
tables 4 and 5 respectively for joints with extended end plate and flange

cleated connections.

As for the welded joints, Ast and K . are glven by :
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Ast

6st hw

Kpgse = Kpg/0

/2 (27.a)

(27.h)

Because of the stiffening of the column flange by the beam web for joints

with welded comnections, the column flange has been considered in section

4.2,

beam flanges.

(see figure 15) as infinitely stiff in the zone located. between the
The assumption is no more valid for joints with bolted

connections so that formula (3) has to be replaced by the following one :

) Fy A
i 24 S,

g

{t is defined in table

5.

(28)

All the other parameters appearing in formulae (27) and (28) as well as in

tables 4 and 5 have been defined in section 4.2, and in chapter 6.

Formulae Web under compression Web under traction
2k
K, = 5 4
2 s
c ., b=t +2af2+2¢t b=t + 2w
Fby =3 i oiy tb e tb e
with = “‘"%g———— with &y = beam fiange [with t, = beam flange
1-e “cosé thickness ; thickness ;
¢ - b a = weld throat W, = length of the
2L thickness extended part
t = end plate of the end
L = 1/A e thickness plate in the
tensile zone
¢ = ==
Flopl = Sc L, oly 1p—cb+2aji+2te+5(tc+rc) 1p b
with: vhere;
t, =beam flange thickness|b_ is taken as equal to
a’-weld throat thickness!|tlle total effective
t =end plate thickness length of the bolt pat-
tgwcolumn flange tern in the tensile zone
thickness of the connection, ob-
r =radius of fillet of |tained from J.3.3.1. in
c the column the appendix J of the
Fb =g 1 0O; chapter 6 of EC3
uy ¢ p iu
Fip = H JFby Fher
where! Fby and }§ are b = t, + 2a {2 + 2 Ly -
given here above; jwith:
Foer is given by jt,=beam flange thickness
formula (20) |a=weld throat thickness
te=end plate thickness

Table 4 - Modified values of the load-introduction curves for joints with
extended end plate connections.
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Formulae Web under compression Web under traction
2k
Kp =X #
2 s b=2e, + (2 - [2) 1, b=2n
Fb =3 < i O? with:t =lower cleat with n = distance
y y thickness between the bolt
with fi = £ ra=radius of fillet centre and the
1-e_6cosf of the lower edge of the ver-
flange cleat tical leg of the
¢ - b upper flange
2L cleat connecting
the beam upper
L =1/ flange to the
column
C
Fopl = Sc Lp Oty 1p=2ta+(2-I§)ra+5(cc+rc) 1, = by
where ! where b_ is taken as
ta=lower cleat thickness|equal t8 the total ef-
ri=radius of fillet of |fective length of the
the lower flange cleatjbolt pattern in the ten-
tc=column flange thick- |sion zone of the connec-
ness tion, obtained from
r =radius of fillet of |J.3.3.1., in the appendix
the column J of chapter 6 of EGC3
Fb -s 1 0o° (for one bolt row only)
uy ¢ p iu
Fip = B |Fby Fior b =2t + (2 - Jﬁ)ra
where with!: -
Fy and [ are given t, = lower cleat thick-
y here above ; ness
Foer is given by formu-|r_ = radius of fillet of

1a (20).

the lower flange
cleat

Table 5 - Modified values of the load-introduction curves for joints with
flange cleated connections,
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10. IMPROVEMENT OF THE EC3 FORMULAE FOR THE ASSESSMENT OF THE DESIGN
RESISTANCE OF COLUMN WEB PANELS.

The analysis and the design of building frames by means of sophisticated
non-linear programs requires an accurate prediction, similar to that
described here above for the shear and the load-introduction effects in
column web panels, of all the deformability components of the
beam-to-column joints, whereas only some simplified characteristics of the
actual joint behaviour such as the secant or the initial stiffness and the

plastic moment capacity are needed in the daily design practice.

Formulae for the assessment of the design resistance of a sheared column
web panel (Vn.Rd) and of an unstiffened column web subject to a transverse
compressive (Fc.Rd) or tensile (Ft.Rd) force are proposed in this respect
in the amnex J of Eurocode 3 for joints with end plate or welded
comnections [15].

Their wvalidity will be discussed in this chapter, but it first appears
necessary to clearly define the design resistance of a columm web panel

subject to shear and to transverse loads,

At each step of loading, the web panel is subject to a shear force Vn

(figure 2.¢) and to transverse forces Fy (figure 2.b),

The design resistance of the column web panel will be defined as the

minimum load level leading to the attaintment of the design resistance of

the panel under shear (Vn = vn.Rd) or under transverse loads (Fb = Fc.Rd

or Fb = Ft.Rd)'

Two remarks are to be made before discussing the EC3 formulae :

- present report is dealing with joints, the members of which are
constituted of hot-rolled H and I sections; that explains why the
specific formulae related to the joints with welded sections are not
reported in the following of the chapter (even if the proposals for
improvement which will be proposed may be also applied to them),

- all the formulae listed here below should be divided by a safety factor
YMO asociated to the resistance of members and cross-sections ;| this

safety factor shall be taken as equal to 1.0 for class 1,2 or 3 cross-

sections, what explains why it has been omitted in this chapter.
10.1. Resistance of the shear panel.

The following formula for the assessment of the design resistance of a

sheared column web panel is proposed in the annex J of Eurocode 3 chapter
6



55.

Vn.Rd - Ash ) fy/fg (29)

where : - fy is the yleld stress of the column web ;

- A is the sheared column web area defined in figures 28 and
53.a.

This formula is recommended in EC3 independently of the presence or not of

transverse stiffeners (figure 29.a) welded on the column web.

This formulation differs from that proposed in section 5.2, for unstiffened

web panels - formula {10) - by an unsafer definition of the maximum shear

stress (the actual stress interaction in the web is not accounted for).

The application of formula (29) to the fully welded joints studied

numerically and to the joints with end plate connections tested in

laboratory has led to the following main conclusions

- for most of the unstiffened joints (see examples on figures 50 and 51),
the stress interaction results in a moderate reduction of the design
resistance of the shear web panel assessed by formula (29); the frame
effect which has been shown to be negligible for unstiffened joints
(section 5.2.) and which has not been accounted for in the computation of
the design resistance of the sheared panel compensates partly this
reduction so that the design resistance assessed by formula (29)
constitutes generally a slightly unsafe approximation of the actual one.

- the stress Interaction in the web may however lead sometimes to more
pronounced decrease of the design resistance of web panels evaluated by
means of formula (29), as seen in figures 50.b (FS) and 5l.a, and
consequently to the development of large shear rotations incompatible
with the definition of the associated secant rigidity given in annex J of
EC3 chapter 6 {[3}].

- formula (29) leads to safe assessments of the actual design resistance of
stiffened web panels (the frame effect which is not negligible in these

cases 1s indeed not accounted for in this formula).
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For sake of simplicity, 1t 1s suggested not to account for the stress
interaction - what would complicate the use of the formula and is not
really necessary because of the relatively limited influence of this factor
- but to compensate it by a fictitious reduction of the shear web area of
the column.

The proposed improved formula for unstiffened web panels writes :

Vnr.Rd - Ar.sh ) fy/J§ (30)
where : fy is the yield stress of the column web ;
Al ch is the reduced area of the sheared column web given by :
Ar.sh = Xg Agn (31)
where Xg ig the reduction factor,
The web panel shear capacity of the joints, the characteristic Vn -9
curves of which were available, has been evaluated by means of :
- formula (10) which accounts for the stress interaction (Vny) ;
- formula (29) which does not account for it (Vn Rd)'
The values are reported in table 6, The ratio between Vn R4 and vny which

represents the influence of the stress interaction on the shear capacity is

nothing else than the reduction factor Xg- Its values are also listed in

table 6, that covers

- the usual types of sections : HE and IPE ;

- various loading patterns ;

- values of Un/fy ratios up to 50 % {(range of practical interest according
to KATO [8] - see section 4.1.).

The limited infiuence of the stress interaction on the plastie capacity of
the sheared web panels appears clearly in table 6. A single but
nevertheless safe (the frame effect, which has been neglected, increases
always slightly the actual shear capacity) and accurate value is chosen for

the reduction factor :
XS = 0,9 (32)



inecittoned |Iype of | Ty (0] Ty g (90 | Racte X,
(Fig. 6)

A FS 232,39 259,73 0,89
welded A FP 244,18 259,73 0,94
connec- A MP 241,18 259,73 0,93
tions B Fs 488,30 557,49 0,88
(Fig. 5)| B FP 537,82 557,49 0,96
end 01 FS 276,49 317,97 0,87
plate 07 FS 299,6 317,97 0,9
connec- 010 FS 278,68 317,97 0,88
tions 013 F§ 316,09 340,70 0,93
{9] 014 FS 548,92 474,09 0,95

The design resistances resulting from the use of formulae (30) to (32)
constitute satisfactory assessments of the actual ones (see figures 50 and
51) as far as the shear force v, acting on the panels is evaluated by means
of the formula (7).
authors, may lead (it depends on the joint loading) to too safe evaluations
of the shear plastic capacity of the web (see figure 52 for instance for

joint A).

Table 6 - Values of the reduction factor Xg

59.

The use of formula (8), which is recommended by many
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Figure 52 - Proposed rule for the assessment of the shear plastic capacity.

Influence of the mode of evaluation for v, ("T" joint A).

For simplicity, it is allowed, in section 5.4,6. of EC3 chapter 5, to

replace the determination of the actual web shear area A (fig. 53.a) for

H and I sections (load parallel to web) by that of the following

expression:
Ash = 1.04 Aw (33.a)
with A =h_ . s (33.b)
W c c

where : A is the column web area defined in figure 53.b ;

hC is the overall column depth ;

S is the column web thickness.

b - A
W

Figure 53 - Column web sheared areas
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The values of the ratioc f} between Ash and A, versus the column depth hC
have been reported in figures 54.a to 54.c respectively for IPE, HEA and

HEB c¢ross-sections.

The constant value 1.4 of the coefficient 7, suggested by EC3, is seen to
be quite unrealistic,

Linear regressions have been used in order to obtain more realistic
estimations of this coefficient. The exact results are reported in figure

54;they have been slightly modified in order to simplify their formulation:

- IPE gections : 1 = 1.2
- HEA sections : 9 1.5 - 0.4 10'3 hc (hc in mm)
- HEB sections : 1) = 1.45 - 0.4 1073

i

hC (hc in mm)
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The design resistance for sheared web panels of transversally stiffened
joints is easily evaluated by adding the additional contribution V., due to

the frame effect (formula 15) to the shear capacity Vir pq defined here

above,

r ——
Var.Rd ~ Vnr.ra ch (34)

The cogency of this approach may also be seen in figure 50.
10.2. Resistance to the introductlon of transverse loads.
The following formulae for the assessment of the design resistance of an

unstiffened column web subject respectively to a transverse compression and

tensile force are proposed in the anmex J of EC3 chapter 6

compression zone

F, pd = fy.sc [1.25 - 0.5 an/fy}. b, off
< fy.sc.bcleff (35.a)
with i b, co= € + 2 [2a+5 (c, + 1) (35.b)
for welded joints
by g = G, + 2 {2 a+ 2t + 5 (t, + 1) (35.c)

for joints with end plate connections.

tension zZone

£

Ft.Rd = y'sc'bt.eff (36)
b

with @ v by opf = Do err
for welded joints

. bt off = total effective length of the bolt pattern in the
tension zone of the connection, obtained from J.3.3.1.
in the appendix J of EC3 chapter 6,

In these expressions :

- f_ = column web yield stress ;
- s, = column web thickness ;
- 0 = the maximum compression normal stress in the web of the column due
to axial force and bending moment ;
- &, = beam flange thickness ;
a

= weld throat thickness
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column flange thickness ;
radius of fillet of the column.

'
a3
H

[
i

These formulae differ from those proposed In sections 4.2, and 9.2.3. - the

design resistance corresponds to the pseudo-plastic force (or moment)

by an unsafer definition of the maximum

compressive or tensile stress in the web ; this is linked to the fact that

the actual interaction between o and T stresses (see figure 9) has not

presented in section 4.2. -

been accounted for in the EC3 rules.

The application of the EC3 and new proposed formulae to the fully welded
joints studied nuwnerically and to the Jjoints with extended end plate
commections tested in laboratory (see table 7) led to the conclusien that,
contrarily to what has been shown in table 6 for the shear resistance, the
design resistance of a web subject to transverse loads is highly dependent

on the values of the shear stresses in the web panel, and consequently to

the actual joint loading. This influence, which may lead to substantial

decreases (see factor xli in table 7), has to be accounted for, even in a

simplified computation of the design resistance of the web transversally

loaded,

Examples of application of the formulae are given in figure 55,
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Figure 55 - Characteristic M, - ¢ curves
Assessment of the design resistance by the EC3 and new proposed

formulae,
Fully welded joints.

The approach presented in this report identifies itself obviously to the
EC3 one for cruciform joints symetrically loaded for which the web panel is

not subject to shear stresses,

In conclusion the design resistance of a column web will be assessed by

means of the following formula :

1 0% (37)

Fh ra = Fbppl = % Tp iy

It will be referred to section 4.2. as well as to tables 4 and 5 in view to
determine 1p and Gi in the compression and tension zones of jolnts with

welded, extended end plate and flange cleated connectlons.
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Ungtiffened Type'of Testing . Mbppl Mb.Rd Ratio Xy;
joints loading arrangement:
(fig.6 and 38)|tee(T) or (form. 6) |[(EC3)
cruciform(C) kNm kNm

A FS iol.0 133.0 .76

A FP 86.9 133.0 0.65

welded A MP T 99.6 133.0 0.75
connections| B FS 306.2 359.2 0.85
(Fig. 9) B FP 257.8 359,2 0.72
A FP 133.0 133.0 1.0

B Fp ° 359.2 359.2 1.0

01 F§ 78.0 89.7 0.87

07 Fs 77.8 91.8 0.85

end 010 F§ 127.6 143.7 0.89
plate 013 F§ T 61.0 67.2 0.91
connections 014 F§ 72.4 79.0 6.92
[9,12,14} |T9 F$ 104.5 112.8 0.93
120 F§ 248.8 263.7 0.94

JT3 F§ c 57.3 57.3 1.0

Table 7 - Influence of the stress interactlon on the design resistance of
web transversally loaded.

10.3. Resistance of the whole panel.

The wvalidity of the EC3 formulae for the assessment of the design
resistance of sheared column web panels and of webs subject to transverse
loads has been discussed successively in both previous sections,

In reality the design resistance of the whole column web panel is defined
ag the minimum load level loading to the attaintment of the design
resistance of the panel under shear or under transverse loads.

The unsafe character of the EC3 rules has consequently to be quantified by
considering simultaneously, and not successively, the shear and the load-
introduction resistance of the web panel.

The complete study of two examples in this section will allow to
demonstrate that the use of the EC3 formulae for the assessment of the
design resistance of the whole panel may lead to unsafe and generally

unacceptable results.
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The geometrical configuration of the cruciform joints A (figure 5) and 01

(9], respectively with a welded and an extended end plate connection, is

chosen. A second beam similar to the first one 1is connected to the other

column flange in order to obtain a symmetrical cruciform joint (figure 56).

The cantilever beams are respectively loaded by concentrated gravity forces

P1 and P2.

P, is assumed to be greater or equal to P The ratio between P, and Py,

termed p, may vary then between 0.0 and 1.0

- p = 1.0 means that the joint is cruciform and symmetrically loaded (no
shear in the web panel} ;

- p = 0.0 corresponds to a tee joint (maximum shear in the panel).

The length of the members results in bending-to-shear ratios in the column,

in the beams and in the connections which are realistic and similar to

those encountered in practice,

The design resistances of the web under shear and transverse loads have
been calculated, for 11 different values of the ratio g varying between 0.0
and 1.0, by means, on the one hand, of the EC3 formulae and, on the other
hand, of the corresponding theoretical expressions which have been
presented in sections 4.2., 5.2. and 9.2.3. and which have been validated
by comparison with results of experimental tests and numerical simulations
in chapter 7.

These values are reported for joint A and 01 respectively, in figures 57.a
and 57.b,

Figure 56 - Geometrical configuration and loading for the joints
studied on next figure.
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Unsafe character of the EC3 formulae
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From these examples, as well as from several others which have been studied

but are not reported here, it may be stated that

- the attaintment of the plastic capacity of the column web panel is
generally associated to the shear resistance only for values of p close
to 0.0 ;

- the unsafe character of the formula for the assessment of the resistance
of a transversally loaded column web is not very significant for values
of p close to 1.0...

- ... but much more proncunced for intermediate values of p (it reaches 243
for joint A and 11% for joint 01).

Figures 58.a and 58.b present the results of a similar comparison, on the
same joints, based on modified formulae of EC3 as described in sections

10.1 and 10.2; the cogency of these amendmentsis well demonstrated.
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Figure 58 - Design resistance of a column web panel
Cogency of the modifications of the EG3 formulae

The unsafe character of the EC3 formulae has to be seriously accounted for,

more especially as the design resistance of the web under transverse loads

may, in some cases, correspond to the ultimate resistance of the web in the

compression zone as explained in chapter 6 and as shown, for instance, in

figure 55.b for the cruciform joint B.

This results then in a lack of strength reserve and of rotation capacity

for the web subject to transverse compressive forces,

This situation has egged the authors of the annex J of EC3 chapter 6 to

clearly specify the modes of collapse to which a substantial rotation

capacity is associated : the yielding of the joint in the tension zone and

of the web panel in shear.

This implies two possible uses of the EC3 formulae

ay 1f a rotation capacity of the joint is required (for a plastic frame
design for instance), the joint design has to be performed in order to
avoid a collapse by lack of strength is its compression zone ;

b) if a rotation capaclty of the joint is not required, no condition

relative to the collapse mode has to be formulated,
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1t may be asked, besides, whether the rotation capacity if sufficient when
the actual design resistance of the joint is only slightly lower than that

of the compression zone of the column web.

A less restrictive attitude may however be recommended. It lies on the

following thoughts:

a) as shown in chapter 6, the instability load Fbub (see figure 59) of a
web subject to (a) transverse compression force(s) may identify itself
to the buckling strength Fo of the web if be > Fbppl (figure 59.a) or

to the pseudo-platic resistance Fbppl of the web if be < Fbppl (figure
59.b) ;

web crippling
F sFii b - —
bub*Fpb . \
Foub™Foppt |~ >
. !
web buckling ! ‘T
web buckling

a - Fyy > Fyooy bo- Py S ooy

and F

Figure 59 - Relative values of Fy bub

ppl

b) the results of the experimental tests on joints with extended end plate
connections carrlied out in Liége [9] and in Delft [12] as well as the
numerical simulations of welded joints presented in this report allow to
characterize the post-critical behaviour of the web : the decrease of
the compression force Fb versus the displacement AC assoclated to a web
buckling is seen to be not very important when Foub = Fob (figure 59.a)
and quite limited when Fbub Fbppl (figure 59.b); it is almost

inexistant in figure 59.b for a web crippling.

==

If it is assumed that the strength of the web in the compression zone is

the determining factor for the joint resistance, the approach suggested
consists
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1) in the determination of the pseudo-plastic resistance Fbppl of the web,
of its buckling strength be and consequently of the ultimate strength
Foub

2) in the definition of the design resistance F, . of the web subject to

(a) transverse compression force(s) by the following formula :

F

bora = M0 (Fyooy 5 0.9 By p) (38)

This definition of the design resistance allows to dispose of a substantial

rotation capacity, whatever the instability mode of the web may be, by

slightly reducing the previously defined design resistance Fbppl only for

the webs characterizes by Foub S 1.1 Fbppl (see figure 60.a and 60.b), what

zz n;t necessary in the other cases, when F_ . > 1.1 Fbppl (see figure
.c).

The value of the reduction factor 0.9 appearing In (38) has been

determined on base of the

study of the available numerical and experimental results.

rotation capacity

a - Web buckling (Mbppl £ Mbub <1.1 Mbppl)
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Ml)‘
Mbmﬂ‘_‘“
0,9Mb Vi
PP i rotation capacity
3 —— e o
¥
b - Web crippling (Mbub = Mbppl)
Mp )
Sy
M T~
I _ -
bpp! ' rotation capacity ™
| Vs
~
N
?
c - Web buckling (Mbub > 1.1 Mbppl)

Figure 60 - Rotation capaclty associated to the use of formulae (38).
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This approach requires obviously the computation of two characteristics,
Fbpp] and be, instead of a single one in Eurocode 3; this could be avoided
by defining the design resistance of the compression zone of the column web
as equal to 0.9 Fbppl
simplified formulation corresponds to the approach described here above

whatever the mode of instability may be. This

when the instability of the web is associated to a crippling (figure 60.b)

or to a buckling with F = F . it is however too safe in the other
bub bppl

cases, and in particular in that of a buckling with F_. > 1.1 Fbppl

(figure 60.c).

10.4. Summary of the proposals.

This last section presents a summary of the proposals for the improvement
of the EC3 formulae for the assessment of the design resistance of a column
web panel in a joint with welded or extended end plate connections.

The extending to the joints with flange cleated connections is also

considered in this summary,

DESIGN RESISTANCE OF A SHEARED COLUMN WEB PANEL

A A
Yn I Vn :
e g
%i[db // K jdb

Vo ¥n B Vn r-d
‘!‘A M vA

welded connechion extended end plate ctonnection flange cteat connection

ffe el

Vor rd = 0.9 Ay, £ /13 f = yield stress of column web ;
) y Ay = column web sheared area given in table

11 or approximated by 7.h .s_ with :
overall column depth §

I

[o]

- 5 = column web thickness
- nc = 1,2 for IPE3sections
= 1,5-0.4 10

hc (hC en mm)
for HEA secg&ons

1.45-0.4 10 hc (‘nc en mm)
for HEBR sections

]

Transversally stiffened web panel

r

v =V + v M . = plastic moment of the column flange
pr.Rd - nr.Rd © et Pf  Liven in table 11 ;
withV . = 4 M__./d d = for welded a?d extended end plate
cf pE connections ;

- d for flange cleated connections.

Table 8
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DESIGN RESISTANCE OF A COLUMN WEB SUBJECT TC TRANSVERSE TENSILE FORCES

AA AA AA

F
E;éﬁi::ﬁ . Mq—iﬂ‘ |
" 7 i ) i
Fy

e
e e

b
Fy HoFy == ]
WA 4 A
b welded connegction extended end plate connection flange cleat connection

Unstiffened web panel

Fbt.Rd = g 1p Giy Ui = pmaxkimum elastic tensile stress in the web

c
which accounts for the stress interaction, in
the tension zone of the web, between o, and
shear T stresses by means of :

02 + 3 7°2 _ ¢

71y y y

with: 9 1
o, = Fb[l/A+2(l+l/dbA)/(dbk )+db/6} /sC
for welded connections ;
= FbA/Qﬂsc
for bolted connections ;
T = Vn/ASh (see table 8)
In these expressions

A = geometrical characteristic of the column
cross-section given in table 11 ;
S = column web thickness ;

b= €/(1 - e € cost)

with
€ = bA/2
b = ty, + 2w_ for extended end plate connec-
tions
with : t, = beam flange thickness ;
w_ = length of the extended part
of the end plate in the

_ tension zone
2na for flange cleated connections {see table 5}

1p =t + 2[5 a+ 5((:c + rc) for welded connections

with ; a = welded throat thickness ;

t = column flange thickness ;

r°= radius of fillet of the column

= b_ for bSlted connections where b_ is taken

e%ual to the effective length of Phe bolt
pattern in the tension zone of the connection
obtained from J.3.3.1. in the appendix J of
EC3 chapter 6.

Fbt.Rd may be reduced by a factor (1.25 - 0.5 On/fy) when o, > 0.5 f)r 0
represents the normal stress acting in the column web, just under
the applied force, and resulting from the normal load and the
bending moment in the column.

n

Table 9
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DESIGN RESTSTANCE OF A COLUMN WEB SUBJECT TO TRANSVERSE COMPRESSION FORCES

Types of connections covered : see table 9
Unstiffened web panel

. ) c
Fpe RA™ P Fopp13 09 Fpun) Fupp1 = 5¢ 1p 9y
with :
Gi = maximun elastic compression stress
y in the web which accounts for the
stress interaction, in the
compression zone of the web, between
g, and shear 7 stresses; it is defi-
n%d as In table 9, except that :

b = 4, + 2aI§ + Zte for extended

end plate connections with;
= beam flange thickness:

a = weld throat thickness;

t, = end plate thickness.

b = Zta + (2-{5) r, for flange
connections with :
ta cleat thickness;
r radius of fillet of the
lower flange cleat,

a
=t + 2al2 + 5 (¢ + r_ ) for welded
comect¥ons %ith :
t, = column flange thickness ;
r, = radius of fillet of the column.

£, + 2al2 + 2t + 5(t_+r ) for
extended end p?ate cofine8tions

2t + (2—I§)ra + S(tc+rc) for flange
cl8ated conneé&tions,

[

-
|

[

S, = column web thickness.

Fpup = max (Fony i Fiy,)
with :

it " F {Foy Foer

Foy=so | L/A2(L+1/0, 0 /(427 4y /6] 05,

for welded connections ;

= 25 4 Oiy/l for bolted connections.
ﬁzE 5S¢ 2

( )]
12(1-v%y B2t

Fbcr = (hc-2tc) S, k

In these expressions
= geometrical characteristic of the
column cross-section given in table
11 ;

db ig given in table 9 for end plate
connections ;

H# is given Iin table 9 (but modified wvalues
of b for the compression zone are
given in this table ;

k = 1.0 or 2.0 according as the joint is a
cruciform or a tee one,

F may be reduced by a factor (1.25 - 0.5 ¢ /f ) when 0_ > 0.5 f
be.Rd see table 9, vy " Y

Table 10




SECTIONS Ash 1f LE=Mpf /Ly L=1/\
(cm?) (cm*) (em?) ()

1PE 80 3.58 0.12 0.44 16.43
1PE 100 5.08 0.24 0.71 20.36
IPE 120 6.31 0.31 0.93 22.69
IPE 140 7.64 0.41 1.19 24.99
IPE 160 9.66 0.69 1.67 28.91
IPE 180 11.25 0.85 2.05 31.15
IPE 200 14,00 1.50 2.88 36.12
IPE 220 15.88 1.83 3.49 38.51
iPE 240 19.14 3.00 4.76 43.82
1PE 270 22.14 3.45 5.50 46,28
IPE 300 25.68 4,03 6.43 48.73
1PE 330 30.81 6.28 8.52 54,90
1PE 360 35.14 7.79 10.39 58.40
IPE 400 42,69 11,50 13.29 64,87
IPE 450 50.85 13.88 15,71 68.76
IPE 500 59.87 17.16 18.96 73.17
1PE 550 72.34 24,87 24.16 80.46
IPE 600 83.78 31.17 29.40 85.48
IPE 750%137 92.90 18.40 23.75 81.37
IPE 750%147 105.41 19.29 24.37 79.55
IPE 750*%161 110.98 25.96 30.58 B4 .74
IPE 750%173 116,44 34.20 37.55 89.81
IPE 750%185 121.12 42.69 44,12 94.12
IPE 750%196 127.27 51.84 50.75 97.69
IPE 750%210 131.52 66.63 60.71 103.35
IPE 750%222 139.76 77.29 67.39 105.65

SECTIONS Ash if ZE=KpE/fy L= /X

(em?) (cm*) (em?) (o)

HE 100 A 7.56 1.29 2.58 27.60
HE 120 A B.46 1.40 2.90 30.15
HE 140 A 10.12 1.72 3.60 32.78
HE 160 A 13.21 2.90 5.02 37.66
HE 180 A 14.47 3.33 5.90 40.56
HE 200 A 18,08 5.19 7.81 45,49
HE 220 A 20.67 6.48 9.73 48.70
HE 240 A 25.18 10.12 13.14 54.54
HE 260 & 28.76 13.89 16.14 60.18
HE 280 A 31.74 15.57 18.14 62.50
HE 300 A 37.28 22.39 23.24 68.42
HE 320 A 41.13 26.78 27.24 71.9%4
HE 340 A 454,95 30,28 30.20 74.60
HE 360 A 48.96 36.11 33.32 77.25
HE 400 A 57.33 40,85 38.46 81.57
HE 450 A 65.78 49.97 45,38 87.94
HE 500 A 74,72 60.61 52.92 94,21
HE 550 A 83.72 66.94 57.10 98.42
HE 600 A 93.21 73.74 61.43 102.47
HE 650 A 103.19 81.01 65.93 106.40
HE 760 A 116.97 89.70 70.94 109.55
HE 800 A 138.83 109.08 79.26 118.33
HE 900 A 163.33 128.45 89.66 125.40
HE 1000 A 184.56 138,99 95.10 130.77
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SECTIONS Ash if ZE=Mpf /Ey L=1/X
(cm?) (emt) (en?) (mm)

HE 100 B 9.04 2.05 3.72 29,56
HE 120 B 10.96 2.77 4,99 33.50
HE 140 B 13.08 3.69 6.55 37.33
HE 160 B 17.59 6.22 9,32 42.41
HE 180 B 20.24 7.85 11,60 46,08
HE 200 B 24.83 11.92 15.41 51.62
HE 220 B 27.92 14.53 18.55 55.23
HE 240 B 33.23 20.83 23.66 60,80
HE 260 B 37.59 27.10 28.15 66,18
HE 280 B 41.09 30.12 31.30 68 .86
HE 300 B 47.43 40.85 38.46 74,55
HE 320 B 51.77 47.74 43.66 78.18
HE 340 B 56.09 53.06 47 .44 80.97
HE 360 B 60.60 58.79 51.38 83.71
HE 400 B 6%9.98 68,62 57.75 88.23
HE 450 B 79.66 81.91 66.27 94,72
HE 500 B 89.82 97.03 75.42 101.08
HE 550 B 100.07 105,83 80,41 105,44
HE 600 B 110.81 115.16 85.56 109.63
HE 650 B 122.04 125,05 90.88 113.67
HE 700 B 137,10 136.62 96.74 116.95
HE 800 B 161.75 161.87 106.48 125.67
HE 900 B 188.75 187.26 118.52 132.88
HE 1000 B 212.49 200.94 124.79 138.43

SECTIONS Ash If ZE=Mpf /Ly 11/

(cu?) (emt) (em?) (tm)

HE 100 M 18.04 11.54 13.5¢9 38.31
HE 120 M 21.15 14.71 17.09 43,20
HE 140 H 24,46 18.48 21.08 47.83
HE 160 M 30.81 26.30 27.24 52.87
HE 180 M 34,65 31.77 32.38 57.18
HE 200 M 41.03 42,81 40.09 62.54
HE 220 M 45,31 50.40 46,51 66.68
HE 240 M 60.07 101.77 77.10 78.04
HE 260 M 66.89 121,98 87.89 - 83.23
HE 280 M 72.03 133.56 96.05 86.74
HE 300 M 90.53 234,13 143,95 98 .14
HE 320 M 94 .85 248,32 150.11 101.57
HE 340 M 98.63 248 .32 150.11 103,54
HE 360 M 102.41 247.77 149.71 105.35
HE 400 M 110.18 247.22 149,31 108.84
HE 450 M 119.84 247.22 149.31 112.82
HE 500 M 129,350 246,67 148,91 116.35
HE 550 M 139.58 246,67 148,91 119.77
HE 600 M 149.66 246,12 148,50 122.86
HE 650 H 159.74 246,12 148.50 125.79
HE 700 M 169.82 245,56 148.10 128.45
HE 800 M 194,27 264,29 152.71 135.72
HE 900 M 214.43 263.73 152.31 140,24
HE 1000 M 235.01 263.73 152,31 144 .50

Table 11 - Geometrical characteristics of the H and I profiles
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