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Abstract. Nowadays, the collapse mechanism control is universally recognized as one of the
primary goals of the structural design process. The primary purpose consists in avoiding
collapse mechanisms characterized by poor energy dissipation capacity, such as “‘soft-
storey” mechanisms, assuring the development of a collapse mechanism of global type. In
particular, such kind of mechanism is characterized by the location of plastic hinges at all the
beam ends and at the base sections of first storey columns. In the present work a rational
design approach aiming to control the failure mechanism in seismic resistant concrete frame
is applied. In particular, column sections are dimensioned by means of the Theory of Plastic
Mechanism Control (TPMC) to guarantee structures failing according to a global type
mechanism. In past researches, this procedure has been applied to several steel structure
typologies. In this paper for the first time it is presented and applied to a concrete moment
resisting frame. In the paper the theory is recalled and a worked example is reported in order
to show that its application is very easy. In addition both push-over analyses and non-linear
dynamic analyses have been made to investigate the actual collapse mechanism of the
designed structure. All the obtained results confirm the ability of the design procedure to
obtain a collapse mechanism of global type.

3388



Muscati Roberta

1 INTRODUCTION

In order to avoid undesired collapse mechanisms hierarchy criterion, reported in all the
modern seismic codes, suggests that at any joint, the sum of the flexural strength of the
columns is greater than the sum of the flexural strength of the beams converging in the same
joint [1, 2]. In a collapse mechanism of global type the energy dissipation capacity and global
ductility supply are maximized because all the dissipative zones are involved in the
corresponding pattern of yielding. Conversely, all the other structural parts remain in elastic
range. In fact, relatively to the moment resisting frames, the maximum number of plastic
hinges is obtained when two plastic hinges develops in each bay and they are usually located
at beam ends. However, for particular load conditions, plastic hinges can develop also in the
mid span of the bay. Nowadays, in the design of structures, is important to differentiate on
one hand, dissipative zones, designed according to the internal actions arising from the
seismic forces provided by the codes, and on the other hand non-dissipative zones,
proportioned on the basis of the maximum internal actions transmitted by the dissipative
zones. In a seismic resistant concrete frame, beams and columns are identified as dissipative
and non-dissipative zones, respectively. These are the basic principles of capacity design
approach, independently of the structural scheme and the constructional material [3 - 5].

Unfortunately, the beam-column hierarchy criterion, being based on simple joint
equilibrium, is only able to prevent “soft-storey” mechanisms, but it does not assure the
development of a collapse mechanism of global type; in fact it is a non-rigorous application of
capacity design principles [6,7]. For this reason, a more sophisticated design procedure, based
on the kinematic theorem of plastic collapse and on second order plastic analysis (i.e. the
concept of mechanism equilibrium curve) has been presented in 1997 [8]. Starting from this
first work, the “Theory of Plastic Mechanism Control” (TPMC) has been obtained as a
powerful tool for the seismic design. In particular, it consists on the extension of the
kinematic theorem of plastic collapse to the concept of mechanism equilibrium curve. In fact,
for any given structural typology, the design conditions to be applied in order to prevent
undesired collapse mechanisms can be derived by imposing that the mechanism equilibrium
curve corresponding to the global mechanism has to be located below those corresponding to
all the other undesired mechanisms up to a displacement level compatible with the local
ductility supply of dissipative zones.

This design approach was successively extended to MRFs with RBS connections, EB-
Frames with horizontal links (i.e. split-K scheme and D-scheme), EB-frames with inverted Y
scheme, dissipative truss-moment frames DTMFs, MRF-CBF dual systems and, finally, in
MRFs equipped with friction dampers.

So, it can be concluded that structures in high seismicity zones are normally designed to
resist severe earthquakes by dissipating the input energy by means of inelastic deformations
and, in order to maximize this effect, plastic hinges need to be developed at beam ends rather
than in the columns in case of moment resisting frames (MRFs) [9-16]. However also in the
case of other structural typologies the need to avoid the yielding of columns is always the
desired goal and the development of a global mechanism is the main design objective [17-33].

Starting from the above background, in this paper a new application of the “Theory of
Plastic Mechanism Control” is developed with reference to the reinforced concrete frames
[34]. Furthermore, the simplicity of the proposed method will be emphasized by means of a
worked example aiming to show its practical application which can be carried out even by
means of hand calculations. In addition, static inelastic analyses are carried out to control the
fulfilment of the desired collapse mechanism typology, i.e. a collapse mechanism of global

type.
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1. THEORY OF PLASTIC MECHANISM CONTROL

TPMC allows the theoretical solution of the problem of designing a structure failing in
global mode, i.e. assuring that plastic hinges develop only at beam ends while all the columns
remain in elastic range with the only exception of base sections at first storey columns. In
general, three main collapse mechanism typologies that the structure is able to exhibit can be
recognized: these mechanisms, depicted in Figure 1, are to be considered undesired because
they do not involve all the dissipative zones. Type-1 mechanism starts from the first storey
level and involves an i,,-th number of storeys, for this reason plastic hinges develop at the
beam ends of all the storeys involved, at the base section of the first storey columns and at the
top section of the i,,-th storey columns. Type- 2 mechanism is a particular kind of mechanism
which starts to the top of the structure and involves an i,,-th number of storey. In particular,
all the beam ends and the base section of the i,,-th storey columns develop plastic hinges. The
global mechanism, representing the design goal, is a particular case of type-2 mechanism
involving all the storeys. Finally, type-3 mechanism involves only one storey, so that plastic
hinges develop at the base and top section of the same storey columns. It has to be considered
the worst mechanism because involves only the columns which are to be considered less
dissipative than the beam sections. In order to apply the TPMC it is of paramount importance
the introduction of the concept of linearized mechanism equilibrium curve for each
considered mechanism. The mathematical expression of this curve can be written as:

a=ay—yo 1)

W here «, is the kinematically admissible multiplier of horizontal forces and vy is the slope
of the mechanism equilibrium curve. Both parameters can be derived, according to rigid-
plastic theory, using the principle of virtual work. Within the framework of a kinematic
approach, for any given collapse mechanism, the mechanism equilibrium curve can be easily
derived by equalling the external work to the internal work. In addition, in order to account
for second order effects, the external second-order work due to vertical load is also evaluated.

Concerning the evaluation of the kinematically admissible multiplier of horizontal forces
corresponding to the generic mechanism, it is easy to recognise that, in the case of global type
mechanism, for a virtual rotation d@ of plastic hinges of the columns at first storey (Figure 1),
the internal work can be expressed as:

ne ng Ny
Wi= D Mein+2 "> My | d0 = [Me, + M, ) de @
i=1 =1j=1

For the better comprehension of the adopted notation reference is made to Table 1. The
external work due to the horizontal forces can be written as:

ng

W, = az Fohy|do = [aM,]1do 3)
k=1

Therefore the application of the virtual work principle provides the kinematically
admissible multiplier as:
M1 + My pal
Mg

In order to compute the slope of the mechanism equilibrium curve, it is necessary to
evaluate the second-order work due to vertical loads.

a((Jg) —

(4)
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Figure 1: Collapse mechanism typologies

With reference to Figure 2, it can be observed that the horizontal displacement of the k-th
storey involved in the generic mechanism is given by u; = r,siné, where r; is the distance
of the k-th storey from the centre of rotation C and 6 the angle of rotation.

Nne
sum of plastic moments of
Ne number of columns Me,im = Z Meiim columrr)m at i,,-th storey
i=1
s second-order work due to
ny number of bays My = z Viehy vertical loads in global
=1 mechanism
s external work due to
N number of storeys Mg = Z Fi hy horizontal forces in the
=1 global mechanism
plastic design resistance
im index of mechanism My ji of beam at j-th bay of the
k-th storey
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sum of the interstorey ne np
H heights of the storeys M — Z Z M. . | sum of the plastic design
0 involved by the generic | ~ 2Rd — £, bJk | resistances of beam ends
mechanism k=1j=1
ns
b height of the k-th storey Fe F sum of the horizontal
k (with k=1, 2, .., n,) - z k forces
k=1
plastic moment of the i-
Mgiim th column at i,,,-th
storey

Table 1: Notation

The top sway displacement is given by § = H,sin8, where H,, is the sum of the interstorey
heights of the storeys involved by the generic mechanism. In the case of global type
mechanism, as shown in Figure 1, all the storeys participate to the collapse mechanism, so
that H, = h,. The relationship between vertical and horizontal virtual displacements is given

by (Figure 2):

é
dv, = duitanf = duysing = dukH—O (5)
-
.-’Jr:; /,
- — /
Uk ——g
H ¢ f;',.\"!a\.\ ,/' id\.l"k
[+] ! 7
,"':; //.',d e
0/
> +
C

Figure 2: Second order vertical displacements

It shows that, as the ratio dvy, /duy is independent from the considered storey, vertical and
horizontal virtual displacement vectors have the same shape. In fact, the virtual horizontal
displacements are given by:

duy = r,cos6df = r,db (6)
By substituting Eq. (6) in Eq. (5), the virtual vertical displacements are given by:

)
dvk = H—Tde (7)

(o]
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and, therefore, they have the same shape 7, of the horizontal ones. As a consequence,
the second-order work due to vertical loads for the global mechanism is given by:

& 5 5
W, = z Vehy—df = My — do ®)
£ H, H,

By accounting for this value, the virtual work principle can be written as:
Wy =W, + W, 9)
By substituting Egs. (2), (3) and (8) in Eq. (9) the following relation can be obtained:
)
M1 + My a]dO = [aMz]d6 + M, 7 do (10)

o
By means of simple steps it is immediately recognized the form of the linearized
mechanism equilibrium curve expressed by Eq. (1):
M
o = MC,I + Mb,Rd _ HO 4 5 (11)
Mg Mp
Therefore, the slope of the mechanism equilibrium curve y, can be easily obtained. In the
case of global mechanism it is given by:

1 1

M My
@ = Ho 7 _ s (12)
Mg Mg
Therefore, the linearized mechanism equilibrium curve of global mechanism

ay, = aég) —y@W¢ is completely defined. It can be useful to underline that the linearization

of equilibrium curve is due to the small displacement theory adopted in Eg. (6). In fact, due to
this assumption, second-order work of to vertical loads is linear and as a consequence, also
the mechanism equilibrium curve is linear.

For each considered mechanism (Figure 1) a mechanism equilibrium curve can be
obtained. In particular, for the i,,-th mechanism (i,, = 1, 2,...,n) of the t-th mechanism
typology (t = 1, 2, 3) the application of kinematic theorem of plastic collapse provides:

t t t .
ai(nz = a((),l.)m - yl.(m)6 t=123 Im=12,..14 (13)
Where a(()fi)m and Vi(rfl) represent, respectively, the kinematically admissible multiplier and

the slope of mechanism equilibrium curve of the i,,-th mechanism of the t-th mechanism
typology. In the proposed method the beam section properties are assumed to be known
quantities because they are designed to resist vertical loads. As a consequence, the unknowns
of the design problem are the column sections. They could be determined by means of design
conditions expressing that the kinematically admissible multiplier corresponding to the global
mechanism is the minimum among all kinematically admissible multipliers corresponding to
all other mechanisms (Figure 1). Obviously, this design condition is able to assure the desired
collapse mechanism only in case of rigid-plastic behaviour, while actual structures are
characterized by elastic displacements before the development of a plastic mechanism. Due to
these elastic displacements, second-order effects of vertical loads cannot be neglected. These
effects can be taken into account by imposing that the mechanism equilibrium curve
corresponding to the global mechanism has to lie below those corresponding to all other
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mechanisms i.e. the upper bound theorem of plastic design is to be satisfied for each value of
the displacements & (Figure 3). However, the fulfilment of this requirement is necessary only
up to a selected ultimate displacement &,,, which has to be compatible with the ductility
supply of structural members.

®
i Generic mechanism

Global mechanism

3.

5
Figure 3: Design condition
This corresponds to impose the following conditions:
a(()g) —y9s, < a((),ti)m - yl-(mt)fSu (14)

for i,,=1,23,..,n, and t=1,2,3.

It is important to underline that, for any given geometry of the structural system, the
slope of mechanism equilibrium curve attains its minimum value when the global type
mechanism is developed. This issue assumes a paramount importance in TPMC allowing
the extension of the kinematic theorem of plastic collapse to the concept of mechanism
equilibrium curve by simply checking the equation for the value § = §,,, as depicted in
Figure 3. Therefore, there are 3ng design conditions to be satisfied for a structural
scheme having n, storeys. With reference to i,-th mechanism of type-1, the
kinematically admissible multiplier of seismic horizontal forces is given by:

-
Moy +23m0 20 My j + Meim

m _ Zer = (15)
Y B Pl by, B, B
while the slope of the mechanism equilibrium curve is:
1 X0 Viehi + i Ypsi, 41 Vk
Vaw = ‘ (16)

™ R, Y Fehe 4R Y Fy

k=im+1

With reference to i,,-th mechanism of type-2 the kinematically admissible multiplier of
seismic horizontal forces is given by:

@ _ Mc,im + 2 inim 2?21 Mb.jk

asy =
0, n
m kszim Fk(hk - him—l)

(17)

while the slope of the mechanism equilibrium curve is:

3394



Muscati Roberta

@ 1 ki Vie(hic = iy 1)
Ve =
mo Ry o —hy 4 ZZS:im Fi(hg — hi—1)
It is useful to note that, for i,,, = 1 Eq. (17) and Eqg. (18) are coincident with Eq. (4) and
Eq. (12) respectively, because in such case the mechanism is coincident with the global one.

In addition, these relations for i,, = 1 include the term h; _; = h, which is to be assumed

equal to zero. Finally, with reference to i,,-th mechanism of type-3, the kinematically
admissible multiplier of horizontal forces, is given by:

(18)

3) 2]\/Ic,im

Apy = 19
Oim = Chy, — hop 1) 5y Fi (19)
In addition, the corresponding slope of the mechanism equilibrium curve is given by:
Yrsi Vi
Y = lm (20)

(hi, —hi_—4) Zﬁiim Fy

2. DESIGN ALGORITHM

The above mentioned relations can be used to design concrete frames failing in global
mode and, therefore, having a mechanism equilibrium curve given by Eq. (1), with the
kinematically admissible multiplier of horizontal forces given by Eq. (4) and the slope given
by relation (12). The design algorithm is constituted by the following steps:

a) Selection of a design top sway displacement &§,, compatible with the ductility supply of
structural members. To this scope the plastic rotation capacity of beams can be assumed equal
to 0.04 rad so that §,, = 0.04 - h,; where h,,_is the height of the structure.

b) Design of beam sections to withstand vertical loads acting in the non-seismic load
combination. The preliminary design of beam can be made by considering a bending moment
belonging to the range qL?/8 + qL?/10 being q the load acting on the beam in the vertical
load combination (see worked example). It is important to underline that the presented
procedure, considers only symmetric structures characterized by symmetrical beam sections
with symmetrical reinforcement. This limitation allows to consider for each beam just one
plastic moment.

¢) Computation, by means of Egs. (16), (18) and (20), of the slopes of mechanism

equilibrium curves Vi(ntl) which are known quantities because they depend on loads (vertical
and horizontal) and frame geometry.

d) For each considered i,, value, Eq. (14) provides the following relations where the
unknown quantities are represented by M.;, and M_.;, which are the sum of plastic
moments of columns at i,,-th storey and at first storey, respectively. It is important to note
that for t =2 Eq. (14) is an identity because global mechanism is obtained by type 2
mechanism for i,, = 1. Furthermore, for i,, =1, type 1 and type 3 mechanisms are
coincident. This observation can be immediately derived from Figure 1 and, in addition, it is
easy to check that aé'll) = a((f’l) and y1(1) = )/1(3).

As a consequence, for i,,, = 1 there is only a design condition where the only unknown is
represented by M.;. This value can be found by substituting the values of

a?,y®,all) (or affl)) and y (or yf”) in Eq. (14 ) that gives:

3395



Muscati Roberta

Mp,ra + (Vl(g)—l/(g)) " Oy~ Mg
M., > P (21)
25 F -

The above relation is of paramount importance from the practical point of view, because it
allows to design first storey columns by means of a closed form solution easy to be applied by
hand calculations.

e) The sum of the required plastic moments of columns can be distributed among the
columns in different ways which are at the discretion of the designer. In this case, the
following simple rule can be adopted:

(22)

fori=1,..,n..

It is important to underline that the way of distributing the sum of required plastic
moments expressed by EQ.(22) is not mandatory, in fact, any other distribution among the
columns of storey 1 having as sum the value M, ;, is perfectly equivalent. The choice has
been made according to several analyses carried out on different structures in order to provide
a cheaper solution.

f) Design of the columns at first storey. It starts by considering a section able to resist to
vertical loads at ultimate limit state (Ny ;). The base of the section is, initially, assumed
equal to b = 30cm and the height is calculated with the following equation:

— NV,SLU — NV,SLU

Vb fea 05D fuq

For a given value of b and h, the reinforcements of the section are to be designed. At this

aim it is very important to consider the shape of the M-N interaction domain. In fact, for a

concrete frame, the maximum axial force does not necessarily implicate the worst condition,

as happens in steel members, because it depends on the zone of the domain where the design

point is located. If the design condition falls at the left of the M-N interaction diagram peak,

there is a resistant moment increasing with the increase of axial load (Figure 4(a)).
Conversely, at the right of the peak the dual condition is noted (Figure 4(b)).

> 30cm (23)

My Ma

/

+—>

(a)

Figure 4: M-N interaction domain

The main problem affecting the M-N interaction domain configuration is that it is
impossible to immediately obtain the value of the design axial force. The problem can be
solved by considering two values of axial force:
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- a maximum value N, given by the sum of the axial forces due to vertical loads, in
the seismic load combination (N, ) and the maximum of the axial force related to the shear
actions due to the plastic hinges developed at the beam ends (Ny; g):

Nmax = Nq,E + NM,E (24)
- aminimum value N,,;,, obtained by subtracting the same terms mentioned above:
Nmin = Ngg — Ny e (25)

For a generic column and for a fixed direction of the earthquake, if the axial load is given
by Eq. (24), then, for the opposite direction of horizontal forces, the axial load contribution is
given by Eq. (25). Consequently, a design moment must be associated with those axial forces.

In particular the proposed design procedure considers, for both values of the axial forces,
the value of the design moment obtained with the Eq. (22), namely Mpg. In conclusion the
design points are:

A (Nmin: MPR) B (Nmax: MPR) (26)

Anyway, this aspect will be better clarified in the worked example (Figure 6).

g) Design of the reinforcement of columns at first storey. The process consists, essentially,
in assuming an initial quantity of reinforcement (corresponding to the minimum value
allowed by the adopted code) which is increased until the design points fall into the internal
side of the M-N performance domain. If the maximum percentage of reinforcement prescribed
by the regulations is reached, then the procedure is repeated by increasing the section
dimensions. Once the columns are designed the obtained value of M., namely M4, is
generally greater than the required minimum value provided by Eq. (21). Therefore, the
kinematically admissible multiplier a(g) corresponding to the global mechanism is to be
evaluated accordingly, i.e. by means of Eq. (4) by replacing the term M, ,, with the value
M_ rq 1 resulting from designed sections.

h) Computation of the required sum of plastic moments of columns M, for i, >1
imposing that the i,,,-th mechanism equilibrium curves of type 1, 2 and 3 have to be located
above the curve of global one, i.e. by applying relation (14). In fact, for a fixed value of i,,,
relation (14) provides three values of M. ;,, namely Mc(?m for t = 1,2,3. In particular, in
order to avoid the i,,-th mechanism of type 1, the minimum required value of M ;,,, is:

im ng im—1 ny
1
MG, = (af? +yDs,) z Fhy + hy, z Fe | =M pqs—2 z ZMb_jk 27)
k=im+1 k=1 j=1

In addition, in order to avoid the i,,-th mechanism of type-2, the minimum required value
of M, i, is:

M%), = (a8 +12s,) z Fillie = hiyy1) = 2 Z ZMb,k 28)

=iy j=

Finally to avoid the i,,-th mechanlsm of type-3, the minimum required value of M ;, is:

c,m —

h, —h; _
M(g) >( 9) +yl(3)5 )( lm lm 1) z Fk (29)
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Egs. (27), (28) and (29) have been derived from Eq. (14) fori,, >1andt=1,t= 2 and
t = 3, respectively.
1) Computation of the required sum of the plastic moments of columns for each storey as
the maximum value among those coming from the above design conditions:
Meim = max{MS), M%) M)

c,im’ " c,im’ C,im}

per i, >1 (30)

J) The sum of the required plastic moments of columns at each storey, is distributed
among all the storey columns with the same procedure as for the columns on the first storey
I.e. according to the following relation:

M c,im
ne

Miim = fori =1,..,n. (31)

k) Design of columns at each storey. The procedure is the same as that explained in the
points f) and g).

I) If necessary, a technological condition is imposed by requiring, starting from the base,
that the column sections cannot increase along the building height. If this condition requires
the change of sections at first storey then the procedure needs to be repeated from point f). In
fact, in this case, a new value of M, 4, is obtained and, as a consequence, also a new value

of a(()g) is to be evaluated. As a consequence the values Mc(llzn Mc(zlzn ng)n obtained by
relations (27), (28), (29) also change. On the contrary, if the condition only requires the
change of sections at the upper storeys, i.e. without the involvement of first storey columns,
then the design step k) is to be repeated in order to consider the new section dimensions.

The check of technological condition could look redundant because it is common for both
axial force and shear demand to increase gradually in lower stories but ,when the proposed
procedure is applied, as reported in the worked example, the required sum of plastic moments
of j-th storey can be bigger than the required sum of plastic moments at (j — 1)-th storey.

3. WORKED EXAMPLE

In order to show the practical application of the proposed design procedure, the seismic
design of a four-bay five-storey moment resisting frame is presented in this section. The
inelastic behaviour of the designed structure is successively examined by means of a push-
over static inelastic analysis, confirming the fulfilment of the design goal, i.e. the location of
the yielding zones at the beam ends with the only exception of the base section of first-storey
columns. The structural scheme of the frame to be designed is shown in Figure 5. The
structural scheme is symmetric: the external bay span is equal to 5m and the internal bay span
is equal to 6m. The interstorey height is equal to 3m. The characteristic values of the vertical
loads acting on the beams are equal to 19.5 kN/m and 12 KN/m for permanent (G,) and live
(Qy) actions, respectively.

The structural materials adopted are concrete C25/30 and reinforcement of steel grade
B450C. According to Eurocode 8, the value of the period of vibration to be used for
preliminary design is:

T = 0.075 H3* = 0.075-18%/* = 0.65 s (32)

where H is the total height of the frame.

With reference to the design spectrum for stiff soil conditions (soil class A of Eurocode 8)
and by assuming a behaviour factor q equal to 3.9, the horizontal seismic forces are those
depicted in Figure 5.
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Figure 5: Structural scheme of the designed frame

In the following, the numerical development of the design steps for the structural scheme
described above is provided.

a) Selection of the design top sway displacement

The selection of the maximum top sway displacement up to which the global mechanism
has to be assured is a very important design issue, because the value of this displacement
governs the magnitude of second order effects accounted for in the design procedure. A good
criterion to choose the design ultimate displacement &, is to relate it to the plastic rotation
supply of beams or beam-to-column connections by assuming &,, = 6,, - h,,s (where 6,, can be
assumed equal to 0.04 rad).
As a consequence, the design value of the top sway displacement has been assumed equal to:

8, =0.04-h,, =004-18 = 0.75m (33)

b) Design of beam sections to withstand vertical loads.
The load acting on the frame in the vertical load combination is:

Qsiy = 1.3 G, + 1.5 Q = 43.35 kN/m (34)
For the design of the beams has been considered a bending moment equal to:

Qsuu L2
Mmax = % (35)

Therefore, by imposing the base of the section equal to b=30 cm, is possible to calculate
the height of the beam through the following design relation:
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d=r

Msq
b

(36)

Assuming & = 0.25 and p = 0.25 a value of r = 0.19 is obtained. As a consequence the

amount of reinforcement is given by:

A4$d

0.85-h-fiy

Obviously the number of steel bars in the beam is such that:

Mpq > Msq
¢) Computation of the axial load acting at collapse state in the columns.

(37)

(38)

According to the global mechanism, axial forces in the columns at collapse state depend
both from the distributed loads acting on the beams and from the shear action due to the
development of plastic hinges at the beam ends, as depicted in Figure 6 (with reference to the

earthquake from left to right).

Y Y Y Y Y Y YT Y Y Y Y Y YTV Y Y Y YTV YYYYYYYYYYYYYYIYY

Di_rec_tion qf Mbi 4 Mb.jk u M k‘
seismic action \
® oo N
\ N
W Mb.jk
— “f=:= =;‘
Nwme m m M
v v
A A A A
Noe | | 91 q | gl

Figure 6: Loads transmitted by the beams to the columns at collapse state

2 Muj

ql
2

So that, the total load transmitted by the beams to the columns is the sum of two
contributions. The first one, N, g, is related to the vertical loads acting in the seismic load
combination (i.e. the sum of ql/2 type contributions). The second one, Ny, g, is related to the
shear actions due to the plastic hinges developed at the beam ends (i.e. the sum of 2M,, ;; /1
type contributions). In Table 2, the two contributions N, g, Ny, £ are reported for each storey
both for internal columns and for external columns.
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STOREY Columns A and E Columns B and D ColumnC
Ngg [KN]  Nyg [kN] | Ngg[KN]  Nyg [kN] | Ngg[KN]  Nyg [kN]

Im

1 346.50 523.55 762.30 143.73 831.60 0
2 288.75 436.29 635.25 119.78 693.00 0
3 231.00 349.03 508.20 95.82 554.40 0
4 173.25 261.77 381.15 71.87 415.80 0
5 115.50 174.52 254.10 47.91 277.20 0
6 57.75 87.26 127.05 23.96 138.60 0

Table 2: Axial forces acting at collapse state in the columns

d) Computation of the slopes of mechanism equilibrium curve Vi(ntl)'
By means of Egs. (16), (18) and (20) the slopes of mechanism equilibrium curves are
computed. These values are reported in Table 3:

STOREY i, y v v
1 0.0225 0.0030 0.0225
2 0.0106 0.0034 0.0197
3 0.0067 0.0039 0.0175
4 0.0048 0.0049 0.0157
5 0.0037 0.0069 0.0143
6 0.0030 0.0131 0.0131

Table 3: Slopes of mechanism equilibrium curves (cm™)

In particular it is important to underline that the slope value corresponding to the global

mechanism y (@) = yl(z), is the minimum among all the Vi(n? values:

@ =0.003029 cm™? (39)

e) Computation of the required sum of plastic moments of columns at first storey M, ;.

As previously pointed out, the required sum of plastic moments of columns at first storey is
provided by Eq. (21). In the examined case, this sum is equal to M., = 2801.17 kNm and
has to be distributed among the columns proportionally to their number. Therefore the
required bending moment for each column M.;,, the section, the upper and lower
reinforcement, the axial force for both directions of the earthquake are reported in Table 4.

STOREY | Column | M., [kNm] | bxh | A=A, | Npin [KN] | Npax [KN]
A 30x60 | 5@ 28 -177.05 870.05
B 30x70 | 5® 20 618.57 906.03
1° C 560.23 30x80 | 6@ 16 831.60 831.60
D 30x70 | 5@ 20 618.57 906.03
E 30x60 | 5@ 28 -177.05 870.05

Table 4: Design of the column sections at first storey

The sum of obtained column plastic moments at first storey is: Mgy, = 3206.08 kNm
which is greater than the required one.

f) Computation of seismic horizontal forces corresponding to the ultimate design
displacement.

The value of a'?’ obtained from Eq. (4) is equal to a\? = 2.8165.
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g) Computation of the required sum of plastic moments of columns Mc(?m at any storey, to
avoid undesired mechanism by means of equations (27) (28) and (29).

STOREY i, MC), [kNm] M2 [kNm] ME), [kNm]
1 3206.08 - 3206.08
2 3433.29 1729.90 2581.60
3 4043.52 420.41 2231.96
4 4153.69 -555.71 1798.98
5 3597.12 -1031.79 1282.66
6 2207.14 -841.13 683.00

Table 5: Sum of plastic moments of column required at each storey to avoid undesired mechanism

h) Computation of the maximum value of M_ ;,.

The sum of the plastic moments of columns governing the column design at each storey is
given in Table 5 by the underlined values. It can be recognized that, in the examined case, the
need to avoid type-1 mechanism always governs the design of columns.

1) Design of column sections at each storey.

The required sum of column plastic moments M.;; , the section, the upper and lower
reinforcement, the axial force for both directions of the earthquake are reported in Table 6.

STOREY Column | Mg [KNm] | bxh | Ay=A4% | Npin [KN] | N [KN]
A 30x70 | 5® 28 - 147.54 725.04
B 30x60 | 6@ 24 515.47 755.03
2° C 686.65 30x70 | 7®20 693.00 693.00
D 30x60 | 6® 24 515.47 755.03
E 30x70 | 5@ 28 - 147.54 725.04
A 30x70 | 5@ 32 -118.03 580.03
B 30x70 | 5® 28 412.38 604.02
3° C 808.70 30x60 | 4@ 32 554.40 554.40
D 30x70 | 5®28 41238 604.02
E 30x70 | 5@ 32 -118.03 580.03
A 30x70 | 5@ 32 -88.52 435.02
B 30x70 | 5®28 309.28 453.02
4° C 830.73 30x70 | 5®28 415.80 415.80
D 30x70 | 5®28 309.28 453.02
E 30x70 | 5®32 - 88.52 435.02
A 30x70 | 5®28 -59.02 290.02
B 30x60 | 4 @32 206.19 302.01
5° C 719.42 30x60 | 5 @28 277.20 277.20
D 30x60 | 4@ 32 206.19 302.01
E 30x70 | 5®28 -59.02 290.02
A 30x50 | 6®24 - 2951 145.01
B 30x50 | 624 103.09 151.01
6° C 441.42 30x50 | 624 138.60 138.60
D 30x50 | 624 103.09 151.01
E 30x50 | 6®24 -29.51 145.01

J)  Checking of technological condition

Table 6: Design of column sections at each storey
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By observing Table 4 and Table 6 it can be noted that there are some column sections at
the first storey which are smaller than the corresponding ones required at the second storey,
therefore, this condition generates a technological condition at the first storey. As a
consequence, the value of M.z, ; needs to be updated and the procedure needs to be repeated
from the step e). In Table 7 the new value of required sum of plastic moments of columns

t
M C(l)m at any storey are reported:
STOREY iy, MS,), [kNm] M) [kNm] ME), [kNm]
1 3299.17 - 3299.17
2 3382.14 1801.51 2591.83
3 4010.78 471.55 2241.17
4 4136.30 -522.98 1806.65
5 3590.98 -1014.40 1288.29
6 2207.14 -834.99 686.07

Table 7: Sum of plastic moments of column required at each storey to avoid undesired mechanism

With reference to Figure 6, that is, to the earthquake from left to right, the axial force
corresponding Nyg; i and the obtained bending resistance M. rq ; i are reported in Table 8.

STOREY | Column | M., [KNm] | bxh |A; = A, | Nigiim [KN] | M, pa;im [KNm]
A 30x70 | 6®24 | -177.05 624.88
B 30x70 | 5®20 | 61857 564.77
1° C 560.23 30x80 | 6@ 16 | 83L60 600.50
D 30x70 | 5020 | 906.03 613.87
E 30x70 | 624 | 870.05 895.14
A 30x70 | 5®28 | -147.54 72552
B 30x70 | 7020 | 51547 699.78
2° C 676.42 30x70 | 7020 | 693.00 736.67
D 30x70 | 7020 | 755.03 747.81
E 30x70 | 5®28 | 725.04 962.94
A 30x70 | 5®32 | -118.03 970.87
B 30x70 | 6®24 | 41238 804.06
3° C 802.15 30x70 | 6®24 | 554.40 837.54
D 30x70 | 6 D24 | 604.02 848.21
E 30x70 | 5®32 | 580.03 1170.38
A 30x70 | 5®32 | -8852 980.27
B 30x70 | 5®28 | 309.28 867.90
4° C 827.26 30x70 | 5®28 | 415.80 896.16
D 30x70 | 5®28 | 453.02 905.33
E 30x70 | 5®32 | 435.02 1136.93
A 30x70 | 5®28 | -59.02 753.74
B 30x60 | 4032 | 206.19 736.41
5° C 718.19 30x60 | 5®28 | 277.20 724.63
D 30x60 | 4®32 | 302.01 759.55
E 30x70 | 5®28 | 290.02 862.57
A 30x50 | 6®24 | -2951 462.44
B 30x50 | 6®24 | 103.09 491.33
6° C 441.42 30x50 | 6®24 | 138.60 499.05
D 30x50 | 6024 |  151.01 501.73
E 30x50 | 6®24 | 14501 500.43

Table 8: Design of column sections at each storey for earthquake from left to right
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With reference to the earthquake from right to left, the axial force corresponding
Ngy: im and the obtained bending resistance M rq ; im are reported in Table 9.

STOREY Column | Mg [KNm] | bxh | Ay = AL | Nepiim [KN] | Mca;im [KNm]
A 30x60 | 5@ 28 870.05 895.14
B 30x70 | 5®20 906.03 613.87
1° C 560.23 30x80 | 6@ 16 831.60 600.50
D 30x70 | 5®20 618.57 564.77
E 30x60 | 5 @28 -177.05 624.88
A 30x70 | 5@ 28 725.04 962.94
B 30x60 | 6D 24 755.03 747.81
2° C 686.65 30x70 | 7®20 693.00 736.67
D 30x60 | 6 @24 515.47 699.78
E 30x70 | 5 @28 - 14754 725.52
A 30x70 | 5@ 32 580.03 1170.38
B 30x70 | 5 @28 604.02 848.21
3° C 808.70 30x60 | 4 @32 554.40 837.54
D 30x70 | 5 @28 412.38 804.06
E 30x70 | 5@ 32 -118.03 970.87
A 30x70 | 5@ 32 435.02 1136.93
B 30x70 | 5 @28 453.02 905.33
4° C 830.73 30x70 | 5@ 28 415.80 896.16
D 30x70 | 5@ 28 309.28 867.90
E 30x70 | 5®32 - 88.52 980.27
A 30x70 | 5@28 290.02 862.57
B 30x60 | 4 @ 32 302.01 759.55
5° C 719.42 30x60 | 5 @ 28 277.20 724.63
D 30x60 | 4 @32 206.19 736.41
E 30x70 | 5@28 -59.02 753.74
A 30x50 | 6D 24 145.01 500.43
B 30x50 | 6 @24 151.01 501.73
6° C 441.42 30x50 | 6D 24 138.60 499.05
D 30x50 | 6 @24 103.09 491.33
E 30x50 | 6@ 24 - 2951 462.44

Table 9: Design of column sections at each storey for earthquake from right to left

4. VALIDATION OF THE DESIGN PROCEDURE

In order to validate the design procedure, a static non-linear analysis (push-over) has been
carried out to investigate the actual seismic response of the designed frame by means
SAP2000 computer program [36]. This analysis has the primary aim to confirm the
development of the desired collapse mechanism typology and to evaluate the obtained energy
dissipation capacity, testing the accuracy of the proposed design methodology.

Regarding the structural modelling, the mechanical non-linearities, have been concentrated
at beam and column ends by means of plastic hinge elements. The constitutive law of such
plastic hinge elements is provided by a rigid plastic moment-rotation curve. The type of hinge
depends on the element considered i.e. by its internal action. In fact, for the beams and the
columns M3 and P-M3 hinge type have been considered, respectively. In case of P-M3 hinge
type, the interaction domain P-M has been evaluated for each column and used in SAP2000
computer program. The results of the push-over analysis are mainly constituted by base shear
— top sway displacement curve which is depicted in Figure 7.
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In the same figure also a straight line is given, i.e. the one corresponding to the linearized
mechanism equilibrium curve of global mechanism whose expression, for the designed frame,
is:

a = 2.8165 — 0.003029 & (40)

Obviously, the base shear depicted in Figure 7 is, in this case, obtained by multiplying the
value of a, given by Eqg. (40), for the design base shear corresponding to a« = 1. The
comparison between the capacity curve and the above straight line provides a first
confirmation of the accuracy of the proposed design procedure.
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Figure 7: Push-over curve with the global mechanism equilibrium curve

A further confirmation, even the most important, of the fulfilment of the design objective is
represented by the pattern of yielding developed at the occurrence of the design ultimate
displacement. In fact, developed plastic hinges are shown in Figure 8 and their pattern is in
perfect agreement with the global mechanism.

In order to fulfill the serviceability requirements the interstorey drift have been checked
with reference to the limit reported in the Eurocode 8. In particular the considered limit refers
to buildings having non structural elements of brittle materials attached to the structure:

d, v < 0.005h

If this serviceability requirement is not verified the structural stiffness can be improved by
increasing the beam sections or the ultimate design displacement. In fact, in both cases the
final results will be a more rigid structure with respect to the one obtained in the worked
example herein presented. In Table 10 the final results are reported.

(41)

STOREY dg [mm] d, [mm] v d,v 0.005h
1° 6.9238 0.8140 0.4070 1.5
2° 6.1097 1.0598 0.5299 15
3° 5.0499 1.2805 05 0.6402 1.5
4° 3.7693 1.4740 ' 0.7370 15
5° 2.2953 1.4624 0.7312 1.5
6° 0.8328 0.8328 0.4164 1.5

Table 10: Limitation of interstorey drift
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Figure 8: Pattern of yielding of the designed frame at § = §,,

To provide a more robust validation of the design methodology, non-linear incremental
dynamic analyses have been developed with reference to the same structural model used for
push-over analyses.

Record-to-record variability has been accounted for considering 7 recorded accelerograms
selected from PEER data base [37].

In Table 11 main features of the records (name, date, magnitude, ratio between PGA and
gravity acceleration, length and step recording) are given. These earthquake records have
been selected to approximately match the linear elastic design response spectrum of Eurocode
8, for type A soil.

Moreover, in order to perform IDA analyses, each ground motion has been scaled to obtain
the same value of the spectral acceleration S, (T;) corresponding to the fundamental period of
vibration T; of the structure (T; = 0.65).

Earthquake (record) Component Date PGA/g Length Step recording

Coalinga (Slack Canion) H-SCNO045 1983/05/02 0.166 29.99 0.01
Imperial Valley (Agrarias) H-AGR003 1979/10/15 0.370 28.35 0.01
Kobe (Kakogawa) KAKOOO 1995/01/16 0.251  40.95 0.01
Palm Springs (Soboba) HO8000  1986/07/08 0.250  26.00 0.005
Santa Barbara (Courthouse) SBA132  1978/08/13 0.102 12.57 0.01
Spitak Armenia (Gukasian) GUKO00 1988/07/12 0.199 19.89 0.01
Victoria Mexico (Chihuahua) CHI102  1980/06/09 0.150 26.91 0.01

Table 11: Accelerogram characteristics
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This is the seismic intensity measure (IM) adopted for IDA analyses where S, (T;) values
have been progressively increased until the occurance of structural collapse, corresponding to
anyone of the following ultimate limit states: column buckling or to the complete
development of a collapse mechanism, attainment of the limit value of plastic rotation of
beams or columns. In Figure 9, the maximum interstorey drift ratio (MIDR) versus spectral
acceleration curve is reported. MIDR curves appears quite regular and increasing without
dynamic instability. In addition, for each record the obtained pattern of yelding has been
monitored for increasing values of S,(T;) by checking that plastic hinge development is
always in perfect agreement with the global mechanism. This results testifies the accuracy of
the proposed design procedure even under actual seismic actions.
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0.09 E —e— IMPERIAL VALLEY ,/‘
E’ —=— KOEE
= - -- - PALMSPRINGS
0.08
= —+— SANTABARBARA

—+— SPITAK ARMENIA
——-VICTOFIA MEXICO
— A VERAGE

0.07 -1

0.06

0.05

0.04

0.02

0.02 ez

0.01 1------1-- %l

a 0.1 0.2 1] 04 0.5 0.6 0.7 0.8 09 1 11 12 13 14 15 16 17 18 19 2

Figure 9: Maximum interstorey drift ratio versus S, (T;)

0.00

As an example, Figure 10 provides the distribution of plastic hinges for increasing value of
S, (Ty) with reference to Santa Barbara earthquake record. As a consequence of the obtained
design goal, the spectral acceleration values leading to collapse, given in Table 12, are very
high and compatible with the adoption of the designed structure even in the case of
destructive earthquakes.

Earthquake (record) Sa_ /g PGA_./g
Coalinga (Slack Canion) 0.94 0.52
Imperial Valley (Agrarias) 0.89 0.73
Kobe (Kakogawa) 1.10 0.83
Palm Springs (Soboba) 0.84 1.51
Santa Barbara (Courthouse) 0.88 0.63
Spitak Armenia (Gukasian) 0.89 0.52
Victoria Mexico (Chihuahua) 0.87 0.32
Mean value 0.91 0.72

Table 12: S,(T;) and PGA values corresponding to attainment of the structural collapse
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As depicted in Figure 10 the frames present some spurious hinges at the column ends of
some storeys. Indeed these hinges are displayed by the SAP but their plastic rotation is very
close to zero then they do not partecipate in the development of the collapse mechanism of
global type. In paticular, drawn the limit line of the ultimate plastic rotation provided by
hinges (0.04 rad). In addition the average value of S, (T;) leading to collapse is near to 0.91g
while the average PGA is about 0.72g.

Sa (T1)/g=0.8 Sa(T1)/g=1.3

]
B L

Sa(T1l)/g=2.0 Sa(T1)/g=2.4

" /ff/ ///
A D

Figure 10: Pattern of yielding of the designed frame for increasing value of S,(T,) with reference to Santa
Barbara earthquake record

5. CONCLUSIONS

In this paper a methodology called “Theory of Plastic Mechanism Control” for the design of
reinforced concrete moment resisting frames has been presented. On the base of the extension
of the kinematic theorem of plastic collapse to the concept of mechanism equilibrium curve,
the Theory of Plastic Mechanism Control allows to evaluate the sum of plastic moments of
the columns required at each storey in order to develope a collapse mechanism of global type.
The closed form solution of the design conditions makes the design procedure very easy to be
applied even by means of hand calculations and, therefore, it could also be suggested for code
purpose by definitely solving the problem of collapse mechanism control whose importance
in seismic design is universally recognised. Beam-column hierarchy criterion, commonly
suggested by seismic codes, appears only as a very rough approximation when compared to
TPMC and its theoretical background. The reliability of the proposed design procedure has
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been also demonstrated through its application to a four-bays, five-storeys frame, leading to
the fulfilment of the design objective, i.e. the development of a collapse mechanism of global
type, as it has been confirmed by the results of both push-over static inelastic analysis and
incremental dynamic analyses. The proposed methodology can be considered as belonging to
the Performance Based Seismic Design philosophy [38]. In fact, in order to satisfy the limit
states of “Life Safe” or “Near Collapse” the designer has to promote a dissipative collapse
mechanism avoiding the so called “soft storey mechanism”. In addition, it is useful to
underline that the proposed procedure constitutes a rigorous application of the capacity design
principles. In fact, beams are designed in order to bear external loads, while columns are
designed according to the maximum internal actions transmitted by the dissipative zones. As
already stated in point b) of the design algorithm, the limit of the procedure herein presented
is constituted by the simmetry considered both for the structural scheme and for the beam
sections. In fact, only symmetric structures characterized by symmetrical beam sections with
symmetrical reinforcement have been considered. This represents the main limit of the
procedure and the its overcoming is the main objective of the future developments of the
work.

REFERENCES

[1] EN 1998-1, “Eurocode 8: Design of Structures for Earthquake Resistance — Part 1:
general Rules, Seismic Actions and Rules for Buildings”, CEN, 2004.

[2] New Zealand Standard Code of Practice for the Design of Concrete Structures, NZS
3101: Part 1; Commentary NZS 3101: Part 2; Standard Association of New Zealand,
Wellington, New Zealand, 1982.

[3] Lee H.S., “Revised rule for concept of strong-column weak-girder design”, J. struct.
eng. ASCE, 122, 359-364, 1996.

[4] Paulay T., “Seismic design of ductile moment resisting reinforced concrete frames,
columns: evaluation of actions”, Bull. New Zealand Natl. Soc. Earthquake Eng., 10, 85-
94, 1977.

[5] Paulay T., “Deterministic Design Procedure for Ductile Frames in Seismic Areas”, ACI
Publication SP-63, American Concrete Institute, Detroit, pp. 357-381, 1980.

[6] Kappos A.J., “Evaluation of the Inelastic Seismic Behaviour of Multistorey Reinforced
Concrete Buildings”, PhD Thesis (in Greek), Scientific Annual of the Faculty of
Engineering, Aristotle University of Thessaloniki, 1986.

[7] Panelis G.G., Kappos A.J., “Earthquake-Resistant Concrete Structures”, E&FN Spon,
an imprint of Chapman & Hall, 1997.

[8] Mazzolani F.M:, Piluso V., “Plastic Design of Seismic Resistant Steel Frames”,
Earthquake Engineering and Structural Dynamics, Vol. 26, pp. 167-191, 1997.

[9] Longo A.; Montuori R.; Piluso V., Theory of Plastic Mechanism Control for MRF-CBF
dual system and its validation. Bulletin of Earthquake Engineering (BEEE), 2014.

3409



Muscati Roberta

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

Giugliano M.T., Longo A., Montuori R., Piluso V., Failure mode and drift control of
MRF-CBF dual systems The Open Construction and Building Technology Journal, 4,
121-133, 2010.

Montuori R., Piluso V., Troisi M., Theory of plastic mechanism control of seismic-
resistant MR-frames with set-backs. Open Construction and Building Technology
Journal, vol. 6, pp. 404-413, 2012.

Longo A., Montuori R., Piluso V., Theory of Plastic Mechanism Control of Dissipative
Truss Moment Frames, Engineering Structures, VVol. 37, pp. 63-75, 2012.

Longo A., Montuori R., Piluso V., Failure Mode Control and Seismic Response of
Dissipative Truss Moment Frames, Journal of Structural Engineering, Vol. 138,
pp.1388-1397, 2012.

Montuori R., Piluso V., Troisi M., Innovative structural details in MR-frames for free
from damage structures Mechanics Research Communications — Vol. 58 pp. 146-156,
2014.

Montuori R., Nastri E., Piluso V., “Advances in Theory of Plastic Mechanism Control:
Closed Form Solution for Mr-Frames”, Earthquake Engineering and Structural
Dynamics, 2015.

Montuori R., Piluso V., Plastic Design of Steel Frames with Dog-Bone Beam-to-
Column Joints, Third International Conference on Behaviour of Steel Structures in
Seismic Areas, STESSA 2000.

Longo A., Montuori R., Piluso V. Failure mode control of X-braced frames under
seismic actions. Journal of Earthquake Engineering, 12: 728-759, 2008.

Longo A, Montuori R, Piluso V., Plastic design of seismic resistant VV-Braced frames.
Journal of Earthquake Engineering, vol. 12: 1246-1266, 2008.

Longo A, Montuori R, Piluso V., “Influence of design Criteria on the seismic Reliability
of X-Braced Frames”, Journal of Earthquake Engineering, Vol. 12, Issue 3— p.406-431,
2008.

Montuori R., Nastri E., Piluso V., “Rigid-plastic analysis and moment—shear interaction
for hierarchy criteria of inverted Y EB-Frames” Journal of Constructional Steel
Research vol. 95 71-80, 2014.

Montuori R., Nastri E., Piluso V., Theory of Plastic Mechanism Control for
Eccentrically Braced Frames with inverted Y-scheme, Journal of Constructional Steel
Research, Volume 92, pp. 122-135, 2014.

Giugliano M.T., Longo A., Montuori R., Piluso V., Plastic design of CB-frames with
reduced section solution for bracing members. Journal of Constructional Steel Research.
Vol. 66 pp 611-621, 2010.

Montuori R., Nastri E., Piluso V. Theory of plastic mechanism control for the seismic
design of braced frames equipped with friction dampers - Mechanics Research
Communications — Vol. 58. pp. 112-123, 2014.

Longo A., Montuori R., Piluso V., Seismic reliability of VV-braced frames: Influence of
design methodologies. Earthquake Engineering and Structural Dynamics, vol. 38 p.
1587-1608, 20009.

3410



Muscati Roberta

[25]

[26]

[27]
[28]
[29]

[30]

[31]

[32]

[33]

[34]
[35]
[36]
[37]

[38]

Longo A., Montuori R., Piluso V., Seismic Reliability of Chevron Braced Frames with
Innovative Conception of Bracing Members, Advanced Steel Construction, an
International Journal - VVol. 5, No. 4, December 20009.

Montuori R., Nastri E., Piluso V., Rigid-plastic analysis and moment—shear interaction
for hierarchy criteria of inverted Y EB-Frames. Journal of Constructional Steel
Research, vol. 95 pp.71-80, 2014.

Longo A., Montuori R., Nastri E., Piluso V., On the use of HSS in seismic-resistant
structures Journal of Constructional Steel Research, Vol. 103, p. 1-12, 2014.

Montuori R., Nastri E., Piluso V., “Seismic Design of MRF-EBF Dual Systems with
Vertical Links: Ec8 Vs Plastic Design”, Journal of Earthquake Engineering, 2015.

Montuori R., Nastri E., Piluso V., “Seismic Response of EB-Frames with Inverted
Yscheme: TPMC Versus Eurocode Provisions”, Earthquakes and Structures, 2015.

Longo A., Montuori R., Piluso V., Moment Frames - Concentrically Braced Frames
Dual Systems: Analysis of Different Design Criteria, Structure and infrastructure
engineering, 2015.

Montuori R., Nastri E., Piluso V., Advances in theory of plastic mechanism control:
closed form solution for MR-Frames. Earthquake Engineering & Structural Dynamics,
DOI: 10.1002/eqe.2498

Montuori R., The Influence of Gravity Loads on the Seismic Design of RBS
Connections”. Open Construction and Building Technology Journal, January 2015
Pages 248-261 DOI: 10.2174/187483680140801024.

Montuori R., Piluso V., “Analysis and modelling of CFT members: Moment curvature
analysis”. Thin-Walled Structure. Volume 86, January 2015, Pages 157-166.
DOI:10.1016/j.tws.2014.10.010.

Montuori R., Muscati R., “Plastic Design of Seismic Resistant Concrete Frame”,
Earthquakes and Structures, Vol. 8, No. 1, pp. 205-224, January 2015.

Park R., “Ductile Design Approach for Reinforced Concrete Frames”, Earthquake
Spectra, EERI, 2(3), pp. 565-619, 1986.

CSI 2007. SAP 2000: Integrated Finite Element Analysis and Design of Structures.
Analysis Reference. Computer and Structure Inc. University of California, Berkeley.

Pacific Earthquake Engineering Research Center, PEER Strong Motion Database,
http://peer.berkeley.edu.

SEAQC. Vision 2000 - A Framework for Performance Based Design, VVolumes 1, 11, 11I.
Structural Engineers Association of California, Vision 2000 Committee. Sacramento,
California, 1995.

3411



