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Abstract

The paper detects the role of affecting parameters in the performance of a stress
control technique based on disconnecting seismic masses during strong
earthquakes. Such a technique assumes that rigid-plastic connectors are inserted
between structural and non-structural floor masses to detach portions of active
mass as soon as a pre-set level of horizontal load is reached. By means of a wide
numerical investigation on linear and non-linear single-storey frames acted upon
by different strong recorded ground motions, the present paper highlights the
ranges within which the governing parameters should be set to make the stress
control effective. In view of a practical application of the considered technique, a
simple procedure is also provided to derive the stress reduction from the EC8
design response spectrum for given values of the key parameters.

Keywords: plastic disconnection of floor mass, seismic vibration control, inertia
limiters, rigid-plastic connectors, prediction of stress reduction.

1 Introduction

Reducing seismic stress on buildings is of great concern for civil engineers. A
classical way to achieve this purpose is by designing ductile structures, as
prescribed by seismic codes. Well-established techniques are also based on
energy dissipaters inside the structure [1] or isolators at its base [2]. The
principal feature of base-isolation techniques is, in fact, that of reducing
stiffness, which is expected to reduce earthquake-induced accelerations.
Alternative approaches [3, 4] are based on reducing the active mass of buildings.
Among them, the plastic disconnection of floor masses method (PDFMM),
investigated in [5-8], assumes that rigid-perfectly-plastic devices (very stiff in
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the elastic range, in practice) are interposed between structural and non-structural
floor masses. Under strong earthquakes such connectors may plastically yield
and thus disconnect portions of seismic mass. This is expected to reduce inertial
loads on storeys and therefore seismic stress on columns.

The effectiveness of the PDFMM can be assessed by means of two quantities:
the stress reduction that may be achieved and the peak relative displacement of
the disconnected mass. The value of these quantities depends on different
interrelated parameters: the portion of mass disconnected, the yield limit of
connectors, the natural period and damping ratio of the system and the
earthquake acting on it. By broadening the contribution given in [8], the present
paper assesses the role of key parameters and identifies the ranges within which
they should be set to make the PDFMM effective. To this end, a wide-ranging
numerical investigation was performed with different recorded earthquakes and
tens of linear and nonlinear systems. Results highlight a strong influence of both
percentage of mass disconnected and connector yield limit. A slight influence of
damping ratio is found instead. Whilst a more marked dependence from the
natural period of the corresponding elastic system is generally observed. Quite
small relative displacements are generally found even for high stress reduction.

An approximate method for estimating the stress reduction from the
earthquake elastic response spectrum is provided in [6]. Based on it, the present
paper derives a simple procedure to obtain the stress reduction from the
Eurocode 8 (EC8) design response spectrum. This procedure could be associated
to the one derived in [7] that estimates the peak displacement of disconnected
masses from the earthquake rigid-plastic spectrum, a single curve diagram
introduced in [9].

Although further investigations are certainly required to definitely assess the
effectiveness of the PDFMM, the results presented in this paper highlight the
potential of this technique of stress control, thereby encouraging further in-depth
investigations with a view to design details for its practical application.

2 Analytical model

Reference to a shear-type single-storey frame of mass m, lateral stiffness k& and
damping ratio £ will be done here (fig. 1). Frame floor mass m is assumed to be
divided into two parts, say an underlying mass m; and an upper mass m (so that
mi+my=m), joined together through a set of inelastic connectors. For practical
purposes, connectors are assumed to be as stiff as possible in the elastic range
(rigid-plastic connectors). They are all taken into account through an equivalent
rigid-plastic connector, the behaviour of which is depicted in fig. 1, where F,
denotes the absolute value of the reaction Fy at yield.

The frame in fig. 1 is a two degree-of-freedom nonlinear system. Under a
given ground acceleration i, (7), its motion equations can be written as (cf. [5—

8]):
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Figure 1:  Shear-type frame with rigid-plastic connectors between floor
masses.

Elastic range
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and sign(u,) = sign(u,)
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Hereu, =u,(¢), u, =u,(t); v, =u,(t), v, =u,(t); i, =i (t), i, =1ii,(t) are
displacement, velocity and acceleration of masses m; and m,, respectively (all
relative to the ground). On the contrary, i (¢) = ii, (1) +ii, (1) denotes the total

acceleration (inertial) of mass m,. Parameter a,is defined as a, = F| / m, and

y
represents the absolute value of the total acceleration of mass m, at yield (yield
acceleration), while p,, =m, /m is the mass ratio quantifying the percentage of
disconnected mass. The following dimensionless parameter, referred to as the
yield ratio, may be more usefully introduced in place of a,, :

Py=—r “4)
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Quantity il appearing in eqn (4) denotes the peak total acceleration of the
equivalent elastic frame of mass m, stiffness & and damping & . It could be also
taken here as the peak total acceleration that mass m, would reach under the

given earthquake should connectors be perfectly rigid. The yield ratio p, may
vary within the range 0 < p,, <1, the end values of which meaning that mass m,
is completely detached from mass m (p, =0) or that mass m, is rigidly
connected to mass my (p, =1) respectively. Of course, both of these extreme

situations have no practical interest.

3 Role of key parameters on stress control

To investigate the effectiveness of the PDFMM, the following two quantities
may be considered, see [6—8]:

u
As = Ag(Pys Py, §.T) = —2 1 (5)
Ug
Uz 1max = U21max (p/1z’py’§’T) = |max[u2 (t) U (t)]| (6)

Here u,, = max| u, (t)| denotes the peak displacement of mass m;, as obtained

by solving eqns (3a)—(3b), while u; is the peak displacement of the equivalent
elastic frame of mass m, stiffness & and damping & . Ratio Ag may be referred
to as the stress reduction factor, while u, ;... is the peak relative displacement of
massm, with respect to mass m;. Both Ag and u,;,,. depend on four
parameters: pm,py,cf and 7.

By referring to the recorded strong earthquakes listed in Table 1 and to linear

and nonlinear systems, an in-depth numerical investigation was performed to
obtain the values of both Ay and u,,., for different values of the key
parameters. Some results are given in figs 2—5. Diagrams of fig. 2(a) show that to
obtain an effective and realistic stress reduction, p,, should be set between 0.2
and 0.5; there is no practical interest in further increasing its value due to a sort
of “knee” exhibited by all the curves. Fig. 3(a) shows that a suitable range for
p,may be 0.05< p, <0.2. In particular, fig. 3(a) shows that a stress reduction

even up to 50% can be obtained in this range, provided that one third of the mass
is disconnected. From fig.3(a) it can be also inferred that the stress reduction may
even overcome the 60% when one half of the mass is disconnected.

Whatever the earthquake, however, there is no convenience in setting the

value of p, out of the above mentioned range. Apart from practical reasons that

would dissuade this choice, a value of p, lower than 0.05 would actually imply
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an increase in relative displacements (due to the drop in plastic energy
dissipation) against a slight increase in stress reduction. On the other hand,
values of p, higher than 0.2 would drastically reduce the beneficial effects of

mass disconnection.

Table I:  Ground motions considered in the investigation.
Code Recorded earthquake PGA (m/s?)
El Parkfield (California), 90, 2004 5.80
E2 Chi-Chi (Taiwan), CHY041N, 1999 6.30
E3 El Centro (California), 1940 3.20
E4 Kocaeli (Turkey), ATS000, 1999 2.49
E5 Irpinia (Italy), A-STU270, 1980 351

Even if a slightly larger stress reduction is found for lower values of ¢, this
parameter have generally a quite small effect on the effectiveness of the method,
see fig. 4(a). On the contrary, a much greater influence of the natural period 7" on
Ay 1is highlighted by Fig. 5(a). It can be noted, finally, that in all of the instances

considered rather low values of u,,,,, are found, figs 2(b), 3(b), 4(b), 5(b).
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Figure 2:  Impact of p,, on (a) stress reduction; (b) peak relative displacement.
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Figure 3:  Impact of p, on (a) stress reduction; (b) peak relative displacement.
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Figure 4: Impact of & on (a) stress reduction; (b) peak relative displacement.
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Figure 5:  Impact of T on (a) stress reduction; (b) peak relative displacement.

4 Stress reduction from the EC8 design spectrum

A good estimate of the stress reduction factor may be obtained from the
following formula, derived and assessed in [6]:

& 2

2 2 2
Ag = (%—EJ 4 PyPm_ LeeVon | @)

(1-p,)

Ug

Here u,; =u,;(T;,&) denotes the peak displacement of a linear elastic system

with natural period I, = 27r\/m1 Jk=T \/(1— pP,) and damping ratio
& :§/ JA=p,,), whilst u; =u,(T,&)is the peak elastic displacement of a
system with natural period 7 and damping ratio £ . Of course, both the values

of u;; and u; may be taken from the elastic response spectrum.

Eqn (7) will be herein exploited to estimate the stress reduction from the
design response spectrum. To this purpose, the pseudo peak accelerations
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iy = i g (1,&) = (k/my Yuy; and iy =iy (T,&) = (k /m) u are considered. As

a function of the ratio R, =i, /ii, , eqn (7) can be put as:

2

7ﬂ-§
2 2
Mg = [(1-p, 2 RL+ 220 Ly elent | ®)
(1-p,)

With reference to EC8 [10], the spectral accelerations Sy (7;,&) and Sy (T,¢)
are now taken into consideration. As a function of them, the ratio
R, =8p(T1,&)/ Sg(T,&) can be obtained as:

for0<T <Tj

/ 5

S+——=——
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(5+¢) T

—Io p,- L e
VA =py) ! ,/(l—pm)\/(5+cf/1/(l—pm))TD

for T,<T<

J0=p.) b srerfaan)

for T>——D g, = 2PnNG+E) (15)

The value of £ should be introduced in percent into the above formulas.

Once that ratio R, is obtained from eqns (9)—(15) and put into eqn (8), the
stress reduction relevant to the design earthquake may be derived. An instance of
how Ag can be estimated from the EC8 design spectrum by means of eqn (8) and
eqns (9)—(15), is provided in fig. 6. It shows that a stress reduction between 40%
and 60% may be attained for oscillators with natural period lower than 0.3s,
provided that one half of the floor mass is disconnected and the connector yield
limit is set as to have p, < 0.05.
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Figure 6:  An instance of how stress reduction can be obtained from the EC8
elastic response spectrum by means of eqns (8)—(15).

5 Conclusions

The role of affecting parameters in the performance of the plastic disconnection
of floor mass method for seismic control has been assessed in the paper. By
means of a wide numerical investigation the paper shows that whatever the
earthquake the technique considered may be effective when (i) a portion between
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one fifth and one half of the total floor mass is disconnected); (ii) the yield limit
of connectors is set between 5% and 15% of the peak elastic force. Results also
show that there is no convenience in further increasing the portion of
disconnected mass or decreasing the yield limit. A slight influence of damping
ratio was found, whilst a more marked dependence on the natural period was
detected instead. For the purpose of practical application of the method, the
paper provides some formulas for estimating the stress reduction directly from
the ECS8 design response spectrum for any given value of the key parameters.
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