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Summary

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 evaluate
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 joinl, 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 explained on its annex J, and known as

"component method". 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 - <p) 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 parameters: plastic moment rotation capacity (<P,,i) and
stiffness (S) 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 these joints
generally have a good rotation capacity. As stiffness is concerned, a distinction has to be made
(Fig. 1 between elastic or initial stiffness (S;), secant stiffness - 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 J, 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 110]. 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.

(J) elastic

• Fig. 1 - Column web in a minor-axis joint; geometrical characteristics and typical behaviour

2. Characterisation of web deformation - Parametric study

Relevant parameters considered in this study are;

- 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 values of h (Fig. 2c) and global mechanism for small values
of /;.. Non-dimensionally, this may be controlled by the parameter y h/L. Boundaries
between these two types of mechanisms have been defined by Gomes (3].

- Dimensions b x c of the loaded area (Fig. 1 and 2c), to which correspond, respectively, the
non-dimensional parameters ß b/L and a-cjL.
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- Slcndcrncss of the column web, defined by the parameter fi L/r,u (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 series, fl 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.
ii) 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 <//, that depends on the section

geometrical characteristics - Fig. 1 ;

¥=- (1)
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where t// =0 corrcsponds'to a

clamped web at the junctions
with the flanges. Variation of
factor iff for sections of the

European scries IPE and HE has

been presented in f 10]. In this
parametric study both values of
I// =0 (corresponding to a

tridimensional joint) and iff 22

(that covers reasonably well and

on the safe side European
commercial series) have been

considered.

The study has been conducted
using the finite element package
Lusas, modelling the column
web with eight-noded thick shell elements (LUSAS elements QTS8). Four noded (QTS4) and

triangular thick shell elements (TTS6 and TTS3) have also been used respectively in low stress

areas and to assure transition between different mesh densities.

minor axis
beam

Fig. 3 - (a)Rcstrained and (b)unrestrained column flanges.

Ranges of variation for the different parameters were: 0,08</) <0,75, 0,05<a<0,2,
\0<)J <50, 0,5< y<°o. Material has been considered to be elastic-perlectly 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 1st and
2nd order analysis result from membrane effects, that considerably increase with parameter ft ;

thinner webs develop more important second order effects.
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Further details on this numerical model may be found in [9] and [10J. Its validalion has been

made comparing: (a) qualitatively general options and results from other works, (b) values
obtained for the plastic load F,, from elasto-plastic first order analysis in the full 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 been compared with some experimental tests from [4], showing a good agreement
between experimental and numerical curves [10J.

3. Initial stiffness, 5,

3.1 Fully restrained flanges

The initial (or elastic) stiffness is the initial slope of M - <p (or F - 5) curve - Fig. 1. From the

observation of finite element results in the elastic range, it could be concluded that the web may
be modelled as a plate supported at the junction with the flanges and free in the other borders.
This model, represented in Fig. 4, has a length equal to L (Fig. 1) and a width leg that depends
on the dimensions of the loaded area:

Fig. 4 - Column web loaded by a rigid area bxc, and equivalent strip of width l^.

Initial stiffness of this strip, computing both flcxural and shear deformations, may be easily
expressed by:

l^ =c + (L-b) tan 6? (2) r~ a + {\-ß) tanQ (3)

/1 F

(4)

Substituting the value ol'o and /(,tf given by eq. (2), taking Poisson's coefficient v 0,3, it is

obtained, after introduction of two coefficients k, and k2 :
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5,
EC
Ü

16- a+(l-)3)tan0

(1-ßf- I0,4{kt-k2ß)
(5)

ß'

L and im arc given in Fig. 1, a c/L, ß h/L, // L/tlu and /: is the young modulus.

The term 10,4(â:i - k2 ß) 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 kt
and L is justified from the different influence of shear effects for small values of ji on the
model and on the numerical simulations, and thus to correct that effect. Their most convenient
values have been shown to be k{ 1,5 and k2 1,63. Angle 0, from which depends the strip
width, results from the condition that initial stiffness of strip model must be equal to the initial
stiffness obtained from the finite clement analysis, S^m (non-dimensional).

0 tan
16

(I _ n\2 I
10'4 (A"i +M)' ^ ß2 (1-/0

a
Tß (6)

We could verify [10] that angle 0 may be approximated, without significant error, by a linear
function of ß alone:

0 35-10)3 (7)

This proposal for the initial translational stiffness of the column web in a minor-axis joint (for
local or global mechanism) is compared in Fig. 5a to 5c with the results from the numerical
simulations, for some of the j-i L/tiu values considered.

In each case initial -v<N 4'stilfness is non - ; ^
dimensionalizcd with ^ 4(

respect to EtlJC and è T
different curves uj 3c

correspond to different £5

values of a. A good
« > ^ 2C

agreement could be ~
found between results ~ *

C3

obtained from '£ 1 (:

a
application of cqs. (5) " 51

and (7) and those .5 c

obtained from numerical à
simulations, with a ^
maximum error in the

range of parameters Eig. 5a

studied of 3% and 9%,
respectively on the unsafe and on the sale side.

Simulations - c/L=0.2
Simulations - c/L=0.1

Simulations c/L=0.05

- Proposed model c/L=0.2

- Proposed model c/L—0.1

Proposed model c/L=0.05

-CZECHOWSKI, udim

[ l,/l=5()|

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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Chcchowski's model
largely overestimates
elastic stiffness,
specially for small values

.of slenderness, //.

Rotational stiffness, S*.
may be calculated from
translational stiffness,
by:

S-A-«»£

S.,

where It is the distance
between centres of
superior and inferior
loaded areas (Fig. 2c),
with translational
stiffnesses 5], and Sl2,
calculated from eqs. (5)
and (7).
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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 compares non-dimensional rotational stiffness plotted against coefficient ß and for
different values of a, for fully restrained Hanges (Fig. 3a) and for flanges with rotational
freedom (Fig. 3b). Initial stiffness decreases with flange rotation. This decrease is more
significant for bigger loaded areas, and may be characterised by the coefficient krnt, ratio
between initial stiffness for free and restrained flanges [10]:

0,52 - 0,40ß - for HE sections bigger than HEA 400,
HEB 500, HEM 600, and IPE sections

1 - for HE sections smaller or equal to IIEA400,
HEB500, 11EM600
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4. Secant stiffness,

Annex J of EUROCODE 3 [2] gives a simple way to determine secant stiffness, SJ, to use if
/Vf >2/3 M( Kll (i.e. if the moment acting on the joint is greater or equal to 2/3 of its resistant
moment), dividing the initial stiffness, 5,, from a coefficient /;, given on that annex for the

types of joints actually covered. For the column web in a minor axis joint, we propose:

1
>7

A_
nK„,

- Restrained flanges or column section smaller
or equal to HEA 400, HEB 500 or HEM 600

- Unrestrained flanges and section greater than

HE 400, HEB 500, HEM 600 or IPE sections

(10)

where /] is a function of ß (table 1) and r\Rnt =2/31]. Fig. 7 shows an example of application
of cq. (10) to the curves resulting from numerical simulations for ß 0,5 and a 0,2.

ß '7

< 0,25 2

0,5 3

0,75 5

Tabic 1 - Values of
tj Junction of ß

m Utnx,=50; Retlrainedflanges
t L/twc=50; Unrestrained flanges

L/twc= 10; Restrainedflanges
Sfv\; L/t=50, Restrained flanges

——S/r\; Ut=50, Unrestrainedflanges
c/L - 0.20 -S'/ll; L/t=10, Restrainedflanges

Fig. 7- Curves Fj F()(

2 3 4

displacement (mm)

- 8 for ß =0.5 and a 0,2
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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 linear function. From some experimental studies [7] it may be concluded that

Ibrcc-displaccmcnt curves for bigger span / thickness ratios (where second order effects are

more important) arc steeper than those corresponding to smaller values of that ratio. However,
if those curves arc non-dimensionalizcd with respect to the plastic force and to the plate's
thickness (i.e. transformed in curves F/Fpl - 8/t) curves are approximately parallel in their

straight parts. We could verify from our numerical simulations that those results apply to a

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] a model to characterise the post-yielding 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: f2 or non-dimensional membrane
stiffness (S„, udll„) and /, or intersection with F/Fpl axis of the straight part or F/Fpl - 5/t
curve;

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

(11)

From our parametric study we could propose for j\ and f2:

f, =-0,240-0,012/; +0,72 (12) f2 0,55+ 1,07a + 0,85 (13)

F
Fpl

Fig. 8 - Bi-linear approximation ofcolumn 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 leads to a good estimation of the observed numerical results and constitutes a

considerable improvement to previous models.

Secant stiffness may be computed by dividing initial stiffness from a ?7 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 intersection with F/F, axis of the straight line that
characterises post-yielding behaviour for large deflections. A proposal for those parameters
based on numerical simulations has been made, and leads to a safe estimation of column web
overstrenght.
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