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Summary

A pew method for the plastic design of moment resisting frames with semirigid connec-
tions is presented in this paper. The method is the extension to the casc of semirigid frames
ol a procedure for the failure mode control already proposed by the authors with reference
to rigid frames with full-strength beam-to-column connections. Starting from the analysis of
the typical collapse mechanisms of frames subjected to horizontal forces, the method is
based on the application of the kinematic theorem of plastic collapse. The beam scction and
the connection details arc preliminary designed to resist vertical loads. As a consequence,
the unknowns of the design problem are the column sections. They are determined by me-
ans of design conditions expressing that the kinematically admissible multiplier of the hori-
zontal forces corresponding to the global mechanism has to be the smallest among alt kine-
matically admissible muluplicrs. The preliminary design of beams and connections can be
accepted provided that checks against the serviceability limit states are satisfied, Therefore,
the complete design procedure includes also an iterations to fulfil serviceability requirc-
ments. In addition, second order plastic analysis is applied to account for the influence of
P-A cffects through lincarized mechanism equilibrium curves.

1. Introduction

The simple design criteria, suggested by modem seismic codes, do not always lead to
structural schemes failing in global mode. For this reason, a more sophisticated. design pro-
cedure, assuring the development of a collapse mechanism of global type, has been recently
proposed [1,2,3] and its rcliability has been verified on a large number of structural sche-
mes, leading in all cases to the fulfilment of the design requirement [4].

The method is bascd on the observation that the collapse mechanisms of frames under
horizontal forces can be considered belonging to three main typologies (Fig.1). The collapse
mechanism of the global type is a particular case of type-2 mechanism. The control of the
failure mode can be performed through the analysis of 3n, mechanisms (where n, is the
number of storeys). It is assunied that the beam sections and beam-to-column connections
arc preliminary designed to resist vertical loads. With reference to extended end plate con-
nections, this preliminary design can be carried out through the procedure suggested in
reference [5,6] which is able to guide the designer up to the complete detailing of beam-to-
column joints. As a result of this preliminary design, only the column sections have to be
determined. Aiming at the failure mode control, the valucs of the plastic section modulus of
columns have to be defined so that the kincmatically admissible multiplier of the horizontal
forces corresponding to the global mechanism is less than those corresponding to the other
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GLOBAL MECHANISM TYPE-1 MECHANISM TYPE-2 MECHANISM TYPE-3 MECHANISM

IFig.1 - Analysed collapse mechanism typologics

3i-1 kinematically admissibile mechanisms. It means that, according to the upper bound
theorem, the above slated multiplier is the truc coliapse multiplier and, therefore, the true
collapse mechanism is the global faiturc mode.

The results of the above design procedure, oriented only to the failure mode control, can be
accepted provided that the checks against serviceability limit states arc satisfied. In the
opposite case, the rotational stiffness of beam-to-column joints or the beam sections have to
be increased and the design procedure for failure mode control has to be repeated. Conver-
gence is achicved when both failure mode control and fulfilment of “serviceability require-
ments are obtained.

2. Location of plastic hinges in beams with semirigid connections

The rotational stiffness and the flexural resistance of beam-to-column joints are strictly
related. In particular, this has been evidenced with reference to extended end plate connec-
tions showing how, decreasing the joint rotational deformability, the joint flexural resistance
increascs [5,6]. Therefore, depending on the structural detail of the connection, semirigidity
can lead to full-strength or to partial-strength joints. In the first case, yielding is located at
the member ends so that plastic hinges develop the beam plastic moment. On the contrary,
in the second case, yielding occurs in the connecting elements so that plastic hinges develop
the joint flexural resistance whose magnitude is less than the beam plastic moment. Howe-
ver, it is important to stress that the location of the plastic hinges depend on the magnitude
of vertical loads acting on the beams as weil as on the degree of flexural resistance of the
beam-lto-column connections. In the following, for seak of simplicity, reference will be
made only to the casc of uniform loads acting on the beams. The results for other beam
loading condittons can be similarly derived.

In addition, the case of non-proportional loading will be considered, because failure mode
control assumes primary importance in seismic design. The seismic action is modelled
through a system of horizontal forces whose
distribution can be selected according to a aF
proper combination of the cigenmodes. The —
magnitude of these horizontal forces is gover-
ned by the multiplier o, while the vertical lo-
ads arc assumed to be constant. For this rea-
son, at any loading stage characicrized by a T g
given value of the horizontal {orce multiplier N /| «F -
o, the bending moment diagram of the beams _’k
is the result of the superposition of those due - +
to both vertical and horizontal forces. It me- constant
ans that, increasing the horizontal forces (i.c. : st el
the multipiter @), the first plastic hinge is al-
ways developed at the beam end or the con- Fig.2 - Plastic hinge location
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ncction opposite to the horizontal forces (Fig.2).

Regarding the location of the second plastic hinge, it is strictly dependent on the magnitu-
de of vertical loads and on the flexural resistance of connections.

The flexural resistance of connections is cxpressed through the following nondimensional
. parameters:

— M MR <'>
I — S
- My ’ Mly
where MUY and MU are the design flexural resistance of left and right beam-to-column
B joints, respectively: My, is the design plastic
Mo ' m.M, monientof the beam section.

fay pay rivip . . " :
L D The location of plastic hinges can be deter-
B mined taking into account that the plastic mo-
X - ment m, M, acts at one end, where the first
LR MMy plastic hinge is formed, while at the second

crease of the horizontal forces (Fig.3). The
maximum bending moment is attained at the
abscissa given by:
¢ = é M, + ;)T,—M,, (2
Fig.3 - Analysis of plastic hinge location 2 qlL
where L is thc beam length and ¢ is the uni-

M o end there is a bending moment M,, which pro-
a L[y gressively increases due to the progressive in-

ql. Mo+tmMo} gL Mo+mMs
2 L 2 L

form load acting on the beam.
The maximum bending moment, which occurs at the abscissa provided by equation (2), is
given by:

Mn = Er "Llfr _(1_[:2 (Mu # ml' Mh)z (3)
Muax = A + ~ + )
2 8 2qL

It can be observed that the second. plastic hinge can develop in an intermediate beam
section provided that the yielding condition M uax =M, and the limitation M, < m; M, arc
contemporancously satisfied. The yiclding condition M =M, gives, through equation (3),
a second order equation whose positive solution is given by:

,
- 1 J— L” 4)
M, = [2 Miug L2 (m, + l)] —m, My, — Lo

)
i

which represents the value of the end moment M, corresponding to the occurrence of the
sccond plastic hinge at the abscissa provided by equation (2).

By imposing the limitation M,, < m; My, a limit value is found for the magnitude of the
vertical load acting on the beams:

. 172
¢ > .27"3’1 {(2+mr—m £ 20 (i + 1) (1 = g | }

)

)

which, in the case of full-strength joints, provides g >4 M,/L*

This means that the second plastic hinge develops in an intermediate beam section provi-
ded that relationship (5) is satisfied. In the opposite case, the two beam ends or connections
arc involved.

The abscissa of the intermediate section where the second plastic hinge forms, provided
that condition (5) is satisfied, can be computed by combining equation (4) with equation (2).

This gives:
. [z Mh@y_zj'“

= ; (6)
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where, obviously. the limit casc of full-strength joints is obtained for nr, = 1.
3. Second order plastic analysis

3.1 Notation

The foliowing notation is adopted:

o 1, is the number of storeys: e 1, is the number ol columns;

e 1y is the number of bays: o k is the storey index;

e iis the column index; o | is the bay index:

e i, is the mechanism index: e L;is the span of the jth bay:

s A, ; is the plastic moment, reduced for the presence of the axial internal foree, of the ith
column of the kth storey:

e M, is the plastic moment of the jth beam of the kth storcy;

mj 1s the nondimensional plastic moment of the right end bcam-to-colunmin joint of the
jth bay of the kth storey:

e myy is the nondimensional plastic moment of the left end beam-to-column joint of the jth
bay of the kth storey;
g 18 the uniform vertical load acting on the jth beam of the kth slorey:
Xy 1s the abscissa of the sccond plastic hinge of the jth beam of the kth storey, given by:

2 Mo (it + 1))77
'rjk = LJ j— ( i“’k(”’ Jk )}

Yjk

(N

. 172
for g > ‘2“/}/!%”_!\ {( 2 +F;,-jk —Em) + 2[ ( ;;7,-1,‘:. + | ) (l - I_JTI_jk) ] }
o
while v = 0 in the opposite case;

e Kupu s a coclficient related to the participation of the jth beam of the kth storey to the
collapse mechanism; in addition, this coefficient accounts for the magnitude of the rota-
tions of the plastic hinges resulting: .
Ly (8)

Lj - X
when the jih beam of the &th storey participate to the collapse mechanism and Rp 5 =0 in
the opposite casc;

o R.i is a coefficicnt accounting for the participation of the ith column of the kth storey to
the collapsc mechanism, being:

R.i = 2 when the column is yiclded at both ends
R.i = 1 when ounly onc column end is yielded
R = 0 when the column does not participate to the collapse mechanism;

e D is a coeflicient, related to the external work of the uniform load acting on the jth

beam of the kth storey, given by:

Rh.jk =

Ljxp ‘
D‘_# - Lj Ak (9)
) 2
when the jth beam of the kth storey participate to the collapse mechanism and D, 3 =0 in
the opposite case:

* Fl={F Fyyn, s e, By | is the vector of the design horizontal forces, whe-
re Fy is the horizontal force applied to the kth storey;
o B =y hr e By e h, | is the vector of the storcy heights, wherc /1y is the

height of the kth storey:
¢ s is the shape vector of the storey horizontal virtual displacements (du = s d9, where d9 is
the virtual rotation of the plastic hinges of the columns involved in the mechanism:
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* V"r':{ T el Ty —, , Vo i is the vector of the storey vertical joads, where
V is the total vertical load acting at the kth storey given by:
Vi = z qiw L (10)
j=1

e B is a matrix of order n;, X n, accounting for the location of the plastic hinges within the
beams, the clement By of B is defined as:
ik + my i (H)

Bjk = 3 —— IWI.JA- for -\'jkz()
and:
I+ (12)
By = -——;)——*’-'t Mpp for xp>0

¢ C is the matrix of order n. x n, whose clements Ci are equal to the column plastic mo-
ments (e, Cau =M i),

R, is the matrix (order ny x n,) of the coefficicnts Rpy:

R, is the matrix (order n,. x n,) of the coefticients B, u;

D, is the matrix (order np X ng) of the coefficients D, .

Mi=IM o Moy, WMoy .M oyi | is the vector of the plastic moments of the
columns of the kth storey, reduced due to the influence of the axial force:

e g is the matrix (order n, x u1,) of the uniform loads acting on the beams.

3.2 Mechanism equilibrium curves

As alrcady pointed oul, the collapse mechanisms of moment resisting frames under seismic
horizontal forces can be considered belonging to three main typologies (Fig.1). The collapse
mechanism of the global type is a particular case of type 2 mechanism.

The lincarized mechanism equilibrium curve can be always expressed as:

O =d — Y9 (13)
where a is the kinematically admissible multiplier of horizontal forces and 7y is the slope of
the mechanism equilibrium curve,

Concerning the evaluation of the kinematically admissible multiplier of horizontal forces
corresponding fo the generic mechanism, it is easy to recognize that, for a virtual rotation «/6
of the plastic hinges of the columns involved in the mechanism, the internal work can be
expressed as:

Wi=[tr(C'R )+ 20 (B "R)|dO (14)
where /r denotes the trace of the matrix.

The external work due to the horizontal forces and to the uniform load acting on the beams
can be written as:

We =[aF s + 1r (g D)) do (15)

Thercfore the application of the virtual work principle provides the kinematically admissi-
ble multiplier as:

Ltr(C"R.) +2tr(B"R)) — 1r(q" D.)] (16)
o= = e
F's
In order to compute the slope of the mechanism equilibrium curve, it is necessary to eva-
luate the second order work due to vertical loads. With refercnce to Fig.4, il can be obser-
ved that the horizontal displaccment of the kth storey involved in the generic mechanism is
given by u, = e sin®, where ry is the distance of the kth storey from the center of rotation C
and 0 the angle of rotation.
The top sway displacement is given by 8= If, sin@, where H, is the sum of the interslorey
heights of the storeys involved by the generic mechanism.
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The relationship between vertical and horizontal virtual displacements is given by
dvi = dug sind. 1t shows that, as the ratio dvi/duy is independent- of the considered storey,
vertical and horizontal virtual displacement vectors have the same shape. In fact, the virtual

hotizontal displacements are given by dug = r 8, where

r defines the shape of the virtual horizontal displacement
¢ vector, while the virtual vertical displacements are given
T by dvi= 8/ H,) rd® and, thercfore. they have the
5 same shape ool the horizontal oncs. It can be concluded
~. that

)
7 7 dv = ?;*.S d8 (17)

3
i, ‘/ o .
a e i As a conscquence, the second order work due to vertical

6. k. \'\-ﬁ e twk loads is given by: 5
& ’
W,=V' s--d0
//d% , S (18)
'k bo” > ¥ Therefore. the slope of the mechanism equilibrium curve
o 2 o is given by:
R -1
4 7
. l V L4 Su (19)
c y= ——=

s
The (ollowing notation will be used to denote the para-
Fig.d - Vertical displacements  meters of the equilibrium curve of the considered mecha-
Hisius:

* o and ¥ are. respectively, the kinematically admissible multiplier of the horizontal
forces (rigid-plastic theory) and the slope of the softening branch of the o—38 curve, corre-
sponding to the global type mechanism;

* o and ¥ have the same meaning of the previous symbols, but they are referred to the
inth mechanism of the rth typology (t=1.2.3).

The cxpressions of the above parameters will be furtherly developed in order to evidence
the contribution of the columns to the internal work.

3.3 Global type mechanisiu

In the casc of global type mechanism (Fig.1), the shape vector of the horizontal displace-
ments is given by s* = k. In addition, as alt storeys participate to the collapse mechanism,
all beams are involved. This is taken into account through the matrix R related to the
rotation of the plastic hinges and the matrix D related to the beam vertical displacements.

R is the value of R, and DI is the value of D, for the specific case of global mecha-
nisim.
Therefore, the kinematically admissible multiplier is given by:
I T A T g
w _ Ml + 20 (B R ) — 1 (g DY)

™ = FT g0 (20)
where I is the unit vector of order n.. In addition, taking into account that H, = h,, because
all storeys are involved in the collapse mechanism, the slope ¥* of the mechanism equili-
brium curve is obtained from equation (19) for s =s* and H, = h,,..

3.4 Type-1 mechanisms

With reference to the i,,th mechanism of type-1 (Fig.1), the shape vector of the horizontal
displacements can be wrilten as;
T

s o= A cha ke i b ) (21



////,\ F. M. MAZZOLANI, V. PILUSO 365

where the first ¢lement equal to i, corresponds to the f,th component.
The kinematically admissible multiplier corresponding to the i,th mechanism of type-1 is
given by:

MLT + 20 (B'RY) + ML - r (g D))

* ’ll!

|
o)) =

(22)

where Ri) s the value of R, for the i,th mechanism of this type and D! s the value of
1), for the i, th mechanism of type- 1.

in addition, only the first i, storeys participate to the collapse mechanism, so that H, = 5, .
As a consequence, the slope }’,“ of the mechanism equilibrium curve is still computed
throagh equation (19), but assuming s =s!"" and H, = h;,.

3.5 Type-2 mechanisms

With reference to the i,th mechanism of type-2 (Fig.1), the shape vector of the horizontal
displacements can be wrilten as:
AN t
ST =10,0,0, 0,0 by =ty vl v =iy o1y s =B 1] (23)
where the [irst non-zero clement s the ith one.
The kinematically admissible multiplier corresponding to the i,th mechanism of the type-2
is given by:
. ) .
ML+ 20 (B REY) - 1r(qg'D)
FTSQ)
i

w

AN

O,

(24)

2 ; - : . (2 .
where Rj; s the value of R, for the inth mechanism of type-2 and D{. is the correspon-

ding value of the matrix D,.
In addition. the i,th storey and thosc above it participale to the mechanisnm. Thercfore, the
slope of the mechanism equilibrium  curve is obtained from equation (19) with

2
H,= h, — h; _yand s =s]" .

3.6 Type-3 mechanisms
Finally, with reference to the i,th mechanism of type-3 (Fig.1), the shape vector of the
horizontal displacements can be written as:
s =400 0,0 0,1 1) i =hi ) (25)
where the f{irst term different from zero is the inth one.
Moreover, both the matrix RS,'?"’, and the matrix D{” are null matrix, because in this me-
chanism there is not any becam participating to the collapse mechanism. Therefore, the kine-
matically admissible multiplicr of the i,th mechanism of type-3 is given by:
(‘“ 2 M(l','m I
o, = =
o Fley {20)

v i
b

which accounts for the fact that the columns ol the i,th storey are yielded at both ends.
As the iyth storey only is involved in the mechanism H, = h;, — h;, _, and the correspon-

ding slope ¥’ of the mechanism equilibrium curve can be obtained by substituting this
. . 3
value in equation (19) where also s :-'va_‘") has to be assumed.

4. Failure mode control

4.1 Design conditions

In order to design frames failing in global mode, the cross-sections of columns have to be
dimensioned so that, according to the upper bound theorem. the kinematically admissible
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horizontal force multiplier corresponding to the a‘

global type mechanism is the minimum among o
m

all kinematically admissible multipliers. Sl 7 U
This condition is sufficienl 1o assure the desi- T im __generic mechanism
red collapse mechanism provided that the struc- I[

. . . fa}
tural material behaves as rigid-plastic so that the  « p——)
horizontal displacements are equal to zero up T
the complete development of the collapse me- I e,
chanism. On the contraiy, the actual behaviour mgiobalmechaniam T

is clasto-plastic with significant displacements
before the complete development of the collapse ;
mechanism. These displacements give rise to se- 5., S
cond order effects which cannot be neglected in
the design process, particularly in the case of sce-
mirigid frames.

From the practical pomat of view, the inftuence
of second order ceffedts can be taken into account by unposing that the mechanism equili-
briumi curve corresponding to the global mechanism has to lie below those corresponding 1o
all other mechanisms. However, the fulfilment of this requircment is necessaty only up to a
selected ultimate displacement 8, which has to be compatible with the plastic rotation capa-
city of members and/or connections (8, =6, i,) (Fig.5).

Therefore, the following design conditions have to be imposed:

o -y 5,,£O{:»:,) -1 8 b= Lide Sty 1 =123 (27)

This means that there ate 3n, design conditions to be satisfied in the case of a frame
having n, storeys. Thesc conditions, which derive directly from the extension of the upper
bound theorem to the mechanism cquilibrium curves, will be integrated by conditions rela-
ted to technological limitations.

Fig.5 - Design requirements

4.2 Conditions to aveid undesired mechanisms

As uir example, the method for deriving the design conditions to be satisfied to avoid any
undesired collapse mechanism will be presented with reference to type-1 mechanisms only.
The extension to the other collapse mechanism typologies can be developed in analogous
way. Even though considering full-strength connections only, the complete series of design
conditions (t.e. including those for type-2 and type-3 mechanisms) arc given in refercnces
123

‘The n, conditions given by relationship (27) for r=f can be conveniently expressed by intro-
ducing the following paramelers:

u(‘“ =2 i B"RY )y o v = L yise ™ =1 ¢ qT DY) (28)

ha, =
With reference to the global mechanism, the parameter u*' represents the internal work
) is the external work due

developed by the beams and/or the connections, the parameter T

to the uniform loads acting on the beams, while the parameter v'¥' is related to the sccond
order work duc to vertical loads. These parameters are known quantities, because it is inten-
ded that a preliminary design of beams and connections has been carricd out according (o
the procedure suggested in [5,6] while the values of vertical loads are data of the design
problem.

In addition, it is usclul to introduce the following non-dimensional functions of the mecha-
nism index

H

C20(B'R))) 2 (B'R))) s s
"2 (BRY) n T (29)
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(g DY) r(g" DY) (30)

" (g D¥) ™

The function &; represents the ratio between the internal work which the beams and/or the
connections develop in the i,,th mechanism of type-1 and that developed in the global me-
chanism. The function A;, represents the ratio between the external work which the horizon-
ta] forces develop in the i,th mechanism of type-1 and that developed in the global mecha-
nism. Finally, the function {;, represents tha ratio between the external work which the
uniform vertical loads develop in the i,th mechanism of type-1 and that developed in the
global mechanism. All these functions are known, because the plastic moments of beams
(M, ,A) and of connections (m, i and m, ;) are known. In fact, the beam sections are designed
to resist vertical loads. In addition, both the horizontal forces Fy and the uniform loads g
arc assigned.

Morcover, in order to account for the influence of second order effects, an additional fun-
ction related to the slopes of the mechanisim cquilibrium curves has o be defined:

1 (I) 1 T A
A(“_Frsm) ,,, Vis o f’-'_,. Visi,
o I,vT SS':] TIL VTS(-\" Af'.,. V(,L') (3 1)

The paramcier Al represents the ratio between the slope of the cquilibrium curve of the iuth
mechanism of type-1 and that of the global mechanism.
In addition, it is convenient to introduce the followm&, paramneler:

2 M i,

w ML T (32)

e ST TR
Z M
i=1
which 1s the ratio between the sum ol the reduced plastic moments of the i,th storey co-
lumns and the same sum corresponding to the first storey columns.

By means of the above paranicters, the i,th condition to be satisficd to avoid type-1 collap-
se mechanisms can be written in the following form:

|
- Z e 1-55 |0 o voal - e e e[S
) A A

= - (33)

A 2 M.l

i=1

which has to be applied for i,=1,2,3,.....0,.

The design conditions to be satisfied (o avoid type-2 and type-3 collapse mechanisms are
obtained in similar way, leading to other two series of parameters (pl> and P, These
parameters are still defined as the ratio between the sum of the reduced plastic moments of
the columns of tie i,th storey and the same sum corresponding (o the first storey, but they
provide the values of this ratio to avoid type-2 and type-3 mechanisms [2,3].

Obviously, as these design conditions have to be contemporancously satisfied for each
storey, the ratios p;, (ps, = M., 1/M., I) has to satisly the following relationship:

| 3
P, = Max p:-m) . p:-f] , p:-,:,) (34)

In addition, as the section of columns can only decrease along the height of the frame, the

values of p, (with 7,=1.2,....,in,) obtained by mcans of the conditions derived through the



V7
368 PLASTIC DESIGN OF SEMIRIGID FRAMES FOR FAILURE MODE CONTROL ////‘

application of the upper bound theorem have to be modificd in order to satisfy the following
technological limitation:
PIZP22PI . = P, (35)

4.3 Evaluation of the axial {oad in the columns at the collapse state

If the sum of the reduced plastic moments of columns of the first storey is specified, then
the previously cxplained design conditions allow the definition, through the ratios px
(k=1.2,...n,), of the same sum corresponding to the kth storey, which guarantees that failure
does not occur according to mechanisms belonging to the three examined typologics. In
order 1o define the plastic section modulus of the columns, the evaluation of the axial load
in the columns at the collapse state is required.

The evaluation of the column axial forces can be performed taking into account that, at the
collapse state, the shear forces transmitted by the beams are given by:

S__q_£+2(;17,+;l—1)M1, (30)
2T L

provided that the limit value of the uniform vertical load is not exceeded (i.c. equation (5) is
not satisfied) and by:

a4l Mok me M, (37)
2 L

where M, is provided by equation (4), in the opposite case.
Both in equation (30) and n equation (37). for positive horizontal forces (from left towards
right). the sign plus is referred to the right end of the beam and the sign minus is referred to
the left end of the beam.

The sum of these shear forces transmitted by the beams at each storey, above the conside-
red one, provides the axial forees in the columns of the considered storey.

S

4.4 Design algorithin

It has been pointed out that the upper bound theorem allows the asscssment of a condition
for avoiding each undesired collapse mechanism. As threc different coilapse mechanism
typologics have been considered, there are 3ns design conditions to be satisficd. These de-
sign conditions have to be integrated by the technological condition (35). The above mentio-
ned relationships can be used to design frames failing in global mode and, thercfore, having
a mechanism equilibrium curve given by equation (13), with the kinematically admissible
multiplier of horizontal forces given by equation (20) and the slope given by relationship
(19) (with H,=h, and s = "), The fulfilment of the above design requirements is a lincar
programming problem which can be solved through the algorithm alrcady described in [2,31].

5. Design procedure

The main difficulty in the elastic design of semirigid frames is due the fact that the internal
actions, which the members and the joints have to withstand, depend on the joint rotational
stiffness whosc value. in turn. affects the flexural resistance that the joints are able to provi-
de [5,6). This difficulty can be overcome provided that a plastic design approach, such as
that previously described, is adopted. Notwithstanding, some iterations can be required as
soon as serviceability requirctnents are also considered. In fact, the fulfilment of a given
limit concerning the interstorey drift or the top sway displacement can lead to the need to
increase the joint rotational stiffness and/or the beam sizes. In such a case, the increase of
the plastic internal work duc to the beams (the joint {lexural resistance increases as the joint
rotational stiffness incrcases) can undermine the expected failure mode, so that the plastic
design for failure mode control has to be repeated starting from the new beam-to-column
joint details and/or the new beam sizes. As a consequence, the complete design procedure
can be based on the following steps, where the plastic method of design for failure mode
control, previously described, has to be intended as a «subroutine» only of the proposed
design method:
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a) perform a preliminary design of beams (i.e. M, ;). connections and columns to withstand
vertical Joads only. This step can be accomplished through the method described in [5,0].
According to Lurocode 3 [7], the combination of actions 1.35 Gy + 1.5 Q4 has to be consi-
dered for the ultimate limit state and the combination Gy + @y for the serviceability limit
state;

b) compute the preliminary values of the joint flexural resistance (i, and mi, ) through the
component micthod |8

¢) design the column scctions to assure a collapse mechanism of global type (i.c. through
the plastic design micthod described in the previous section), starting [rom the preliminary
values of My, m,n and m, . According to Eurocode 8 {9]. the vertical loads to be
considered in this step are thosc corresponding Lo the load combination Gy + w2 (¢ while
the seismic horizontal forces have to be computed accounting for the presence of all
gravity loads appearing in the combination Gy +3 Wi, Uit

d) modify, if necessary, the structural detail of beam-tlo-column joints to keep constant the
m values. In fact, as the previous step leads generally to column sections greater than
those obtained from preliminary design (step a), the joint flexural resistance could increa-
s¢ (this depends on the weakest joint component) undermining the expected collapse
mechanisn;

e} compute the joint rotational stffness through the component method;

f) cheek the beams. the joints, the interstorey drifts and the top sway displacement for the

loading condition Gu+ YA+ Y Wi Qu 19) It anyone of the above checks is not
g Y

satisflied, modify the beam sizes or the joini structural detail (increasing mr and the joint
rotational stiffness) and return to step ¢.

6. Conclusions

A new mecthod to design semirigid frames failing in global mode has been presented in this
paper. The method is based on the extension of the kinematic theorem of plastic coflapse to
the concept of mechanism cquilibrium curve. This allows to include into the design process
the influence of second order effects, which play a very important role in the seismic design
of stecl {rames, particularly in the case of semirigid frames.

In addition. a complete design procedure including the fulfilment of the scrviccability re-
quirements has been proposed.
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