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Summary
Present paper is aimed at describing the way in which structural joint response has to be
idealized in view of an elastic linear global frame analysis,

. Introduciion

The clastic analysis of a steel frame witli semi-rigid joinis requires the idealization of the
behaviour laws of the beam and column elements as well as of the structural joints.

The idealization of the response of the beam and column elements is achieved through the
definition of the so-called flexural rigidity BVL {1 denotes the inertia and L. the length of the
considered element). As shown in figure 1, EI/L is expressed as the ratio between the applied
bending moment and the resultant rotation ¢.

The range of application of this idealized behaviour is the elastic domain.

In this respect, two different approaches can be followed:

- Llasiic verification of the cross-section
Further to the elastic frame analysis, the maximum applied bending moment in
each element is compared to the maximum elastic moment resistance M, g, of
the cross-section (figure 1.a). M, , cotresponds to the first onset of plasticity
in the most stressed fiber of the cross-section.

- Plastic verification of the cross-sectlon

The plastic verification consists in limiting the value of the maximum applied
bending moment in cach element 1o the plastic moment resistance M, of the

(1}  Research Associate FNRS, University of Liége, 6, Quai Banning, B-4000 Liége
{Delgium)
Rescarch Engineer, ibidem,



cross-section {figure b.bh).

The second approach requires Class | or 2 cross-sections (Eurocade 3, 1993) in which local
plate buckling is likely 1o oceur anly after the plastic moment resistance is reached. M, and
M, g values may be reduced, if necessary, to take into consideration any possible interaction
with normal or shear forces in the cross-seclion,

M M
—————— - M I
1 .-~ Pl-Rd N P
MeRd T 1
El/L El/L
¢ -
a - Elastic verification b - Plastic verification

Figure | - Linear idealizations of the beam and column flexural response

Quite similar idealizations are required for structural joints, Present paper is aimed at
highlighting the specific character of such joint idealizations by referring to the new revised
Annex J of Burocode 3 (Revised Annex 1, 1994) and to results of investigations recently
carried out at the University of Lidge.

2. Jaint classification

In view of their modelling, joints have to be classified. For an elastic structural frame
analysis, this classification is based on the joint rotational stiffness; three classes are identified:
- perfecily pinned joints
- semi-rigid joints
- perfectly rigid joints.

In fact, the concept of perfectly rigid or pinned joints is a pure theoretical view of mind which
is nevertheless well useful 10 simplify the calculation of actual frame structures,

In practice, some real beam-to-column joints can yet be considered as pinned if their
behaviour is such that the bending moment they can carry over is so law that it does not
significantly influence the behaviowr of the structure. In the same way, some actual structural
joints can be considered as perfectly rigid if the relative rotation between the connected
members is small enough not to significantly influence the behaviour of the frame.

So it could be of great help to have a classification system at one's disposal in order
to see whether an actual joint can reasonably be considered as pinned or rigid or whether the
joint semi-rigidity has to be taken into account in the frame design procedure.

Such a classification system is doscribed in the new revised EC3 Annex J for beam-to-
column joints; it is simply based on the comparison of the initial joint stiffness §,;,; (defined
in Migure 2) with two boundarics (one between pinned and semi-rigid fields, one hetween semi-
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3. Joint idealization

For joints classified as semi-rigid, the characteristic moment-rolation curve has to be lingarly

idealized (figure 2). The corresponding stiffness §; charactesizes the rotational spring which
he joint into consideration when analyzing the

allows to take the semi-rigid behaviour of 1
siructure.

As for beam and column elements, 1wo approaches are to be considered:

- Elastic verification of the joint ;
- Plastic vetification of the joint.

Rd

5}.equ
- -

Sj,ini

a - Dlastic verification (8, = 8,.) b - Plastic verification (§; = S;..)

Figure 2 - Linear idealizations of the joint flexural response

3.1. Elastic veitfication of the joint

1e joint, the linearized M-¢ response is to be characterized
2.4). The maximum bending mement to be reached
s defined in Eurocode 3 as equal to 213
be considercd as a pseado-

In case of an elastic verification of tf
by the initial elastic stiffness §,,, (figure
in the joint is the clastic moment resistance which i
of the so-calied design moment resistance M, The latter can
plastic moment of the joint.

This idealization may be referred to when considering serviceability or ultimate frame limit-
states. It is anyway of particular interest for severe serviceability conditions; in such a case,
the use of the initial stiffness is likely to reduce the transversal displacement of the beams and

the laterat drift of the storeys and of the whole frame.

The designer may also take profit of the full resistance of the joint by accepting to reach Mgy
in the most loaded joint of the siructure. ‘The verification of the joint is then said "plastic”.

3,2, Plastic vaiification of he jolnt.

I or 1 sections, the ratio between Mygq and M, g, (see
lastic verification of the most toaded section may be

I beam and column elements made of |
figure 1) is so limited (=$,14) that the p
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simply bascd on the diagram of internal forces resulting from the elastic plobal analysis in
which the Nexural beliaviour of he members is characterized by the elastic stiffness EI/L.
This is no more possible for joints where the use of the initial etastic stiffness §,,, beyond the
clastic timit 2/3 M, teads to unacceptable overestimations of the joint stiffness and resistance
properties.

An idealized joint responsc characterized by a reduced elastic stiffness has (herefore to be
sibstituled to the complex and non linear actual M-¢ curve (figure 2.5), but in such a way hat
the resuliing global frame response is not sigaificantly affected compared to (he actual one.
This equivalent reduced stiffuess 8, is to be used in the global frame analysis in view of a
consistent determination of (he internal forces in the frame.

The type of verification - elaslic or plastic - is therefore scen to influence the joint sliffness
which has to be introduced in the global frame analysis.

3.3. Equivalent elastic stiffisess for plastic joint verification.

With a view to determine the "equivalent stiffuess” 8 five different structures (ane storey-
one bay; one storey-two bays; three storeys-one bay, two storeys-three bays; four storeys-three
bays} have been numerically studied (for different joint types) by means of the finite element
program FINELG {FINELG, 1994} and this, in the two following cases:

. exact muerical simulation, i.e. actual non-linear behaviour of the joint;
v mnerical simulation with idealized joint response, i.e. linearized joint response.

The equivalent stiffness recommended for joinis in the old Annex J (Eurocade 3, 1993) is the
secant stiffiness corresponding 1o the design resistance M, (see figure 3.a). In the new revised
Eurocode 3 Annex 1, on the other hand, a vatue of 8, /2 is recommended (figure 3.b).

The secant stiffness corresponding to My, is defined in the new revised Annex J as equal to
8,./M with, for instance, 1 equal to 3 for welded joints and belted joinis with end plates. In
the present paper, 1} is taken as equal to 3 for simplicity.

Siini/M =S]ini/3
- ¢

@

a - Annex J of Burocode 3, 1993 b - Revised Eurocode 3 Annex J, 1994

Figure 3 - Recommended jinear idealizations of the joint response for plastic verification

For non-sway frames, the structural response under service loads and at collapse is seen 1o be
not highly affected by the definition of the equivalent stiffness, 8. /3 or § /2. In both cases,

Lin J.in4

the frame will idealized joint response exhibits a safe and relatively accurate respanse in
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For sway frames, on the other hand, the numerical simulations show that the use of §,;,/3 is
unsatisfactory, it leads 1o large and uneconomical averestimations of the framme displacements.
The value of §,,,/2 is beuter, generally safe, but can sometimes fead to underestimations of the
transverse displacements.

In the present paper, an origingl and simple formula for the assessment of he equivalent
stiffness §, ., is proposed. Its derivalion is based on a two-step procedure described in the
following paragraphs.

Step 1: Evaluation of the otation @,

The rotation P, is defined as an estimation of the mean rotation in the joinis acting at the
ends of the considered bemms, It is determined by similarity with the so-cailed “wind
connection method” as far as it is assumed to result from the beam deformability only (the
column being considered as rigid):

qLi ML, i o
Ve = 57 T in case of distributed load q )
24 G, 2 El,
PL; ML _ _
P ® - in casc of concentrated load P at mid-span  (2)

16 EI, 2 EI,

where [, is the beam inertia;
L, is the fength of the beam;
M is the moment at beam end.

In the present pracedure, the equivalent stifiness is defined as the actual secant stiffness
corresponding to @, (figure 4) so M =§ . @ . Dy introducing this expression into

equations (1) and (2),'|he following value of ®__,_ is derived:

qLi o
b = — distributed toad q (3)
b
12 ( + S}_u{u)
PL,
s ® ST concentrated load P (4)
8 (—= +8, )
Lb Jagu

Step 2: Derdvaiion of §,, .,
Foar each value of ¢,,,, , the corresponding moment M may de estimated by referring to the
approximated tri-linear moment-rotation curve (see fipure 4). The equivalent stiffness §,, can
then be derived by expressing §,,,, as the ratio between M and @, In this procedure, three
different cases have to be jdentified;

Bt
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Figure 4 - Definition of S, ., as dependent of M and @

otep

q’mﬂn s (I)d

In this clastic range of joint behaviour:

Sioa = Sju )

<@, 5D,

The straight line characterizing the clastic-plastic part of the 1ri-linear design joint
respanse in Figure 4 has the following equation:

M ¢m:m - ¢d

M _% M ¢P’ —4"‘1 {6)

By replacing M by 8, . @, and @, by expressions (3) and (4), the following
values of §, ., may be obtained:

R

§ = L distributed load q (7
B 7 ql - a8 My,

2 El,
qLy S, +96 T M

El,

PL, Sij + 64 T M,
S = L concentrated load P at mid-span 8
T RL, - 32 My, Hed Tos : ®

These two expressions of 8,4 €30 be written ins the following format:




&)

joint

(6)

ving

N

(8)

S M., 4R M,,

§ o ow i ©
i T M —4 M, )
where My 18 the end moment at the fixed ends of a symmetrically laoded

beam;
R is the beam stiffness (2E1/L,).

¢usun > ‘I)pl

In this plastic range of behaviour, S, i8 taken as equal to the secant joint stiffness
corresponding to M, so;

SMu =5,fn-= Sl {10)

For practical applications, the procedure is simply used as follows:

- S, 15 calculated through the foltowing formuta:

St~ Ra
§ st 1
OGN -2 -2 - D) o (n

which generalizes formula (9) for any vafue of 1} and the obtained value is
considered as correct il

Su/ns S S5 (12)
In expression (11), o is defined as M, /M.,

- It condition (12) is nat fulfilled and S, catculated through formula (11) is
greater than 8, then 8, =8

- If eondition (12) is not fulfilled and 8, cqu cateulated through formula (1) is
lower than S, ./, then S, = S, ./

4. Accuraey of the proposed fomula

To verify this evaluation procedure, the transversal displacement V under service loads of the
five studicd non-sway frames obtained through twa types of numerical simulations:

- with actnal joint response

- will linear idealized joint response
have been compared.

These comparisons (Figure 5) have been performed, for al the five considered structures, with
different joint types (extended end plates, flush end plates, ...) so justifying the number of dots
reparied in Figure 5.
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It can be seen (hat the majority of the calculated displacements differ of less than 5 % from
the actual ones. This accuracy is of primary importance bat in view of a practical application,
the simple formal of the proposed approach lias afso 1o be highliphted.
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Figure 5 -Comparisons between actual and calculated frame transverse displacements under
service loads.

5. Conelusions

In view of a siructural elastic linear analysis, the joint M-¢ curves bave to be linearized.
Further to the frame analysis, the sufficient resistance of the joints has to be checked. In this
respect, two classical check procedures - the clastic one and the plaslic ane - are presented.
The way to linearize the M-¢ curves in both cases is shown and a simple and validated
procedure to derive Lhe elastic stiffaess to be used for joint plastic verification is given.
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