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The behaviour of beam-to-column minor-axis joints is characterised by a non-linear moment-
rotation curve with possible high stiffness and moment capacity. Although models to cvaluate
the strength of the column web based on curved yield lines are available, there are no means of
predicting analytically its stiffness. A numerical study highlighting the major parameters
determining the stiffness is described. Finally, simple formulae to predict initial, secant and
membrane stiffness, based on the numerical study and on a physical model are given.

1. Introduction

The rotational behaviour of a minor-axis joint may be characterised, as any other joint, by the
behaviour of its basic components: bolts, cleats, end plate, column web loaded out of its plan.
This is the design philosophy of EUROCODE 3 [2], as explaincd on its annex J, and known as
"component mcthod”. For the type of joint covered by this paper, EUROCODE 3 gives
application rules for the characterisation of all components but one, that plays a fundamental
role: the column web loaded out of its plan, which typical moment-rotation (M - ¢) curve is
shown in Fig. 1. Also shown are the main geometrical characteristics of such joint.

Rotational behaviour of the column web in a minor axis joint may be characterised by the

determination of several key paramelters: plastic moment (M p,), rotation capacity («pp,)

and

stiffness (§) corresponding to a given moment level. Studies recently published by Gomes {3],
[6], and by Gomes, Jaspart and Maquoi [5] give quite accurate methods to predict the plastic
moment, based on curved yield lines. It has also been shown, namely in [4], that thesc joints
generally have a good rotation capacity. As stiflness is concerned, a distinction has to be made
(Fig. 1) between clastic or initial stiffness (S;), secant stiffness (S/.) - namely to the plastic
moment - and membrane stiffness (S, ) - that characterises the post-plastic behaviour. There
aren't, on the author's knowledge, proposals for the prediction of these stiffnesses.
Nevertheless, there are some general studies, mainly related to RHS, that could identify
relevant parameters. CZECHOWSKI et al [1], propose some formulae to predict the initial
stiffness of a RHS joint, problem that may be, in some circumstances similar to a minor-axis

joint.
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The evaluation of those joint stiffnesses has been the objective of a research program started
three years ago at the University of Coimbra and which conclusions have been recently
published [10]. Due to the large number of parameters involved, it is difficult to obtain
analytical direct solutions; a parametric finite element study has then been conducted, and its
results were used to propose simple formulae and to calibrate simple physical models.
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-Fig. 1 - Column web in a minor-axis joint; eeometrical characteristics and tvpical beliaviour
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2.

Relevant parameters considered in this study are:

Characterisation of web deformation - Parametric study

- Type of web's failure mechanism: local - Fig. 2a (involving one of the forces composing the
bending moment transmitted from the beam) and global - Fig. 2b (involving those two forces).
Local mechanism occurs for large valucs of /i (Fig. 2¢) and global mechanism for small values
of /.. Non-dimensionally, this may be controlled by the parameter y = 4/ L. Boundarics
between these two types of mechanisms have been defined by Gomes [3].

L A section AA

a) Local Mechanism

section AA

b) Global Mechanism

-

c) Geometry

Fig. 2 - Types of yiclding mechanisim and relevant geometrical paraineters

- Dimensions b X ¢ of the loaded area (Fig. 1 and 2c¢), to which correspond, respectively, the
non-dimenstonal parameters f=5h/L and or=c¢/L.
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- Slenderness of the column web, defined by the parameter ¢ = L/f, . (Fig. 1), and that plays a
fundamental role in the post-plastic behaviour of this joint component. For commercial hot
rolled sections of IPE and HE serics, g varies approximately between 10 and 50.

- Restraint offered by the column flanges to the web's rotation; two situations have been
considered: :
i) tridimensional joint, Fig. 3a, where major-axis beams prevent rotation of the column
flanges. In this situation the column web may be modelled as a plate clamped at the junction
with the flanges. : ,
it) minor-axis joint alone, Fig. 3b, where the column flanges are free to rotate. Restriction to
the web's rotation may be expressed by a parameter Y, that depends on the scction
geometrical clhjaracteristics - Fig. 1;

()

where =0 corresponds’to a
clamped web at the junctions
with the flanges. Variation of
factor i for scctions of the
European scrics IPE and HE has
been presented in [10]. In this
parametric study both values of
¥ =0 (corresponding to a
tridimensional joint) and yr =22

(that covers Yeasonably well and |_major axis] l ’ | major axis | | l
on the sale side European beam f il ‘beam ]
commercial series) have been I fl

l ]

considered. — ) : )
minor axis Mminor axis
beam : becam

[l/:

| major axis Major axis |
beam beam

The study has been conducted

using the finite element package  Fig. 3 - (a)Restrained and (b)unrestrained column flanges.
LUSAS, modelling the column

web with cight-noded thick shell clements (LUSAS elements QTS8). Four noded (QTS4) and
triangular thick shell elements (TTS6 and TTS3) have also been uscd respectively in low stress
arcas and to assure transition between ditferent mesh densities.

Ranges of variation for the different parameters were: 0,08<3<0,75, 0,055a<0,2,

10 <50, 0,55 y<oo. Malcrial has becn considered to be clastic-perfectly plastic, according
to the von Mises yield criterion. Three types of analysis have been performed: elastic, clasto-
plastic, and second-order elasto-plastic. Only this last type of analysis may follow all the
moment-rotation {or force displacement) curve shown in Fig. 1. Differences between st and
2nd order analysis result from membrane effects, that considerably increase with parameter (t ;
thinner webs develop more important second order cffects.
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Further details on this numerical model may be found in [9] and [10]. Its validation has been
made comparing: (a) qualitatively general options and results from other works, (b) valucs
obtained {or the plastic load F,, from clasto-plastic first order analysis in the {ull range of
parameters studied, with the theoretical values proposed in [5]. From this comparison a
maximum error of £ 5% has been observed. Finally, (c), full non-linear second order curves
have becn compared with some experimental tests from [4], showing a good agreement
between experimental and numecrical curves [10].

3. Initial stiffness, S,
3.1 Fully restrained flanges

The tnitial (or clastic) stiffness is the initial slope of M — ¢ (or F~ §) curve - Fig. . From the
observation of finite element results in the elastic range, it could be concluded that the web may
be madelled as a plate supported at the junction with the langes and frec in the other borders.
This model, represented in Fig. 4, has a length equal to L (Fig. 1) and a width [«vf that depends
on the dimensions of the loaded area:

ll

l
g =C+(L—0b)tand (2) -i-fi-=a+(l—ﬁ) tan 8 (3)

leff=C+(L-b)tun 8

=L-1)
2

= a

Fig. 4 - Column web loaded by a rigid area bx c, and equivalent strip of width [ .

Initial stiffness of this strip, computing both flexural and shear deformations, may be easily
expressed by:
2B 1t 1
eff "we
=— — ; a=—(L-b 4
a’+2(1+v)at; 2( ) 4

we

i

Substituting the value of ¢ and 7, given by eq. (2), taking Poisson's coefficient v=0,3, it is
obtained, after introduction of two coefficients &, and k,:
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£ 'q — LS
5 = EL{' 16 a+(1-pB)tand )

(1 _‘B)" +M_).
PE

Land 1, are givenin Fig. L,a=c¢/L, B=b/L, u =L/t , and £ is the young modulus.

The term 10,4 (k, — &, ) represents the contribution of shear effects to the initial stiffness, and
it is shown in [10] that plays an important role for thick webs. Introduction of coefficients k,
and £, is justitied from the different influence of shear effects for small values of u on the
model and on the numerical simulations, and thus to correct that effect. Their most convenient
values have been shown tobe &k = 1,5 and &k, =1,63. Angle 6, from which depends the strip
width, results from the condition that initial stiftness of strip model must be equal to the initial

Sim

stiffness oblained from the finite clement analysis, S;)), (non-dimensional).

vSint

5
0=tan™" '1;(;'"' ((1 —ﬁ)2 +

10,4 (k,+k2,B)J_ o
gt (1-p) ) 1-B )

We could verify [10] that angle 6 may be approximated, without significant error, by a linear
function of 3 alone:

6=35-108 (7)

This proposal for the initial translational stiffness of the column web in a minor-axis joint (for
local or giobal mechanism) is compared in Fig. 5a to Sc with the results from the numerical
simulations, for some of the y = L/t . values considered.

In each case initial
stiffness 1s non -

B0 o Simudations - /L=0.2 | LA=50 %

P |

B4
dimensionalized with § 400 1 A Simulations - /L=0.1
respect to [ [‘-‘W / [*,and 23500 . i Simulations o/L=0.05 :
diffetent curves ‘131001 Proposed model ¢/L=0.2
correspond to different § 250 | Proposed model /L=0.1 1
values of a. A good & 200 | : Proposed model c¢/L=0.05 | ‘
i & ——CZECHOWSKIL adim
found between results ~ — P01 T TR T §
obtained from 1004 ‘ i
application of ¢gs. (5) =50 1 | ‘
and (7) and those _g. 0 rei—— ; i :
obtained from numerical X 0 0.1 02 03 04 05 06 0.7 08
simulations, with a 2 b/L .
maximumeerror inthe - o !

Fig. 5a

range of parameters
studied of 3% and 9%,
respectively on the unsafe and on the safe side.

Also shown is the proposal of Chechowski [1] for the elastic stiffness of a RHS joint, in a
situation similar to the column web in a minor-axis joint [10].
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Chechowski's model e - ,
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, = o o + - :
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Fig. 5¢

Fig. 5 - Variation of initial translational stiffness with geometrical
parameters. Comparison between proposal model, numerical
simulations and Czechowski's model

3.2 Column flanges with rotational freedom

Fig. 6 comparcs non-dimensional rotational stiffness plotted against coefficient 8 and for
different values of «, for fully restrained flanges (Fig. 3a) and for flanges with rotational
freedom (Fig. 3b). Initial stiffness decreases with flange rotation. This decreasc is more
significant for bigger loaded areas, and may be characterised by the coefficient £, ,, ratio
between initial stiffness for free and restrained flanges [10]:

‘ 0,52-0, 40,8 — for HE sections bigger than HEA 400,
b= Siovor _ HEB 500, HEM 600, and IPE scctions
O ~ for HE sections smafler or equal to HEA400,
' HEB500, HEMG600

9)
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350 =02
dif= 22
~ 300+
= e o/L=0.05 ‘
o
Q250 4 -+ ——he—c/L=0.] . : =01
) —a—/L=0.2 A
% 200 + i /L=0.05; Flange Roulmn
é el /L=0.1; Flange Rotation!
'% ¢/L=0.2; Flangce Rotation’ /L=0.05
= 100+ | ’ |
= e
S 504 -4

04+ oy . ; — ]

0 0l 02 03 04 05 06 07 08
b/l ‘

Fig. 6 - [ffect of flanges rotation on initial stiffiess

4. Secant stiffness, S,

Annex I of EUROCODE 3 {2] gives a simple way to determine secant stiffness, S, to use if

M, 22/3M, ,, (ic. if the moment acting on the joint is greater or equal to 2/3 ot its resistant
momcnt), dividing the initial stiffness, S;, from a coefficient 17, given on that annex for the
types of joints actually covered. For the column web in a minor axis joint, we propose:

5 Restrained flanges or column section smaller
BK or equal to HEA 400, HEB 500 or HEM 600
S=1 ¢ (10)

— Unrestrained flanges and section greater than
Mk HE 400, HEB 500, HEM 600 or IPE sections

where 17 is a function of B (table 1) and 1, =2/3 7. Fig. 7 shows an example of application
of eq. (10) to the curves resulting from numerical simulations for §=0,5 and a=0,2.

1.6 .
14 —} -/ P4 *
ARER o -4 .
R ‘
0.8 2 e Ly, =50; Restrained flanges
0.6 1 ,/ Ca L, =50; Um'csl‘rw'ucd flanges
o, / |5 U"wc= 10; Restrained flanges
i 0.4 . g /'I/l' 050 t——38/M; L/t=50, Restrained flanges
8 n 02" e = _ === SNy LA=50, Unrestrained flanges
<0.25 9 0 oL =020 — =3, LA=10, Restrained flanges
0,5 3 0 I 2 3 4 5 6
0.75 5 dlsplaccmeut (mm)

Table I - Values of  Fig. 7- Curves F{F, =6 for B=0.5 and a=0,2
n.function of
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5. Post-plastic behaviour

The column web in a minor-axis joint is a plate loaded by the forces equivalent to the applied
bending moment. According to Massonnet [7), there are theoretical results available to predict
second order behaviour of certain strips and circular plates, characterised by a parabolic curve
followed by a lincar function. From some experimental studies [7] it may be concluded that
force-displacement curves for bigger span / thickness ratios (where second order eflects are
more important) are steeper than those corresponding to smaller values of that ratio. However,
if those curves arc non-dimensionalized with respect to the plastic force and to the plate's
thickness (i.c. transformed in curves F/F, — 0/t) curves are approximately parallel in their
straight parts. We could verity from our numerical simulations that thosc results apply to &
column web in a minor-axis joint, and that the displacement corresponding to the transition
between the parabolic curve and the straight line is approximately the thickness of the column
web. These facts led us to propose [10] 2 model to characterise the post-yiclding behaviour of
the column web, which is important to evaluate its overstrenght, that could lead to brittle failure
of non-ductile components {bolts or welds). This model is showed in Fig. 8, and the two
straight lines are fully characterised by two parameters: f, or non-dimensional membrane
stiffness (S ) and f) or interscction with F/F,, axis of the straight partor £/F,, - o/t

ai.a dim
curve;
0,9+(f, + f» -0,9)(% it 251 ana Lo
F ! H F, (1
Fo 5 +f2(é) if L 21 and Ll =1
t t F,
From our parametric study we could propose for f, and f,:
fi1=-0,243-0,0124 +0,72 (12) f>=0,55+107a+0,85 (13)

which have showed to lead to a safe estimate for the post-plastic limit of the column web.

e
Fpl
i=o.9+(f+,;;_o.9)§ s, o= [=AELE)
vaf\ 1 2 ! madim = H = a(b /!)
(2) a"’:’-i (['fl+f2)
T R
09717 v
‘ )
' v 5
: \j— =N+ 1 3 d
_{: 14 F ! o 53
Fl’ m ]
W ) {

Fig. 8 - Bi-linear approximation of column web post-limit behaviour
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6. Conclusions

A parametric study conducted using the finite-clement method led to the identification of the
major parameters influencing the behaviour of the column web in a minor-axis joint.

The elastic (or initial stiffness) may be evaluated by simple formulae that are based on a
physical model - strip plate, and corrected by the numerical simulations results. The presented
proposal Jeads to a good estimation of the obscrved numerical results and constitutes a
considerable improvement to previous models.

Sceant stiffness may be computed by dividing initial stiffness from a 1 coefficient that has
been obtained from the numerical simulations.

Finally. post-yielding behaviour may be approximated by a bi-linear model based on two
parameters - membrane stiffness, and imtersection with F/F , axis of the straight line that
characterises post-yielding behaviour for large deflections. A proposai for those parameters
based on numerical simulations has been made, and leads to a safe estimation of column web
overstrenght.
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