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Abstract

A storey comprised of free-standing columns that may uplift under ground motion excitations
can be regarded as a seismic isolation technique. These columns are referred to the literature
as “kinematic bearings” and have been used in Russia and the wider region of the former So-
viet Union over the past 40 years. Despite the extensive use of kinematic bearings, there are
only limited studies based on the results obtained by the analytical solution of the dynamic
response of such structural systems. From this point of view, in the present study the dynamic
response of multi-storey structures placed on the top of a kinematic storey is examined. For
this purpose an analytical model that describes the dynamic response of such structures is
introduced. As long as the curved configuration of the ends of the kinematic bearings can af-
fect the post-uplift stiffness of the kinematic storey, modal analysis is performed and the dy-
namic properties after the uplift are demonstrated. Subsequently, dynamic time history
analyses are performed and the effect of post uplift stiffness of the kinematic storey on the
displacement response of the base is investigated. Finally, the seismic demands of the super-
structure, as well as their distribution throughout the storeys are examined.
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1 INTRODUCTION

The dynamic response of rigid blocks rocking on a rigid ground was first studied by Hous-
ner [1], who highlighted the parameters that affect the stability of rigid bodies which can be
uplifted under horizontal excitations. Since then, with the recognition of the remarkable prop-
erties of the rocking response, various forms of rocking systems have been studied, such as
flexible rocking oscillators on solid [2-6] and flexible ground [7, 8], rocking structures on the
foundations [9], rocking bridge piers [10-12], rocking frames[13-17], coupled conventional
structures with rocking walls [18-20] and seismic isolation by forming a rocking floor at the
base [21-24]. Despite the remarkable stability of free-to-rock large-scale systems, the basic
requirement for the practical application of rocking systems is the prevention of overturning
[25]. Along with the study of free rocking structural systems, the dynamic response of con-
trolled and energy dissipative rocking systems have also been studied. Pre-tensioned tendons
[26-29] and energy dissipation mechanisms [30-32] have been implemented onto rocking sys-
tems in order to limit the seismic demands and increase the deformation capacity. At the same
time, due to the strongly non-linear behavior of the rocking motion, small changes in both the
rocking system and the ground motion parameters can lead to large variations in the response,
so that the study of the phenomenon under a probabilistic framework yields more reliable
conclusions [33]. To this end, various intensity measures have been proposed to describe the
influence of ground excitations on the response of rocking systems [34-39].

Although the rocking isolation design strategy has been implemented in a limited number
of bridges [40, 41] and tall chimneys [42], hundreds of rocking podium structures (RPSs)
have been constructed over the past 40 years in Russia and the wider region of the former So-
viet Union [43]. RPSs are comprised of a superstructure placed on the top of a rocking story.
The freestanding columns of the rocking story, referred to as "kinematic bearings" in Russian
literature, can uplift under earthquake excitations, limiting the earthquake-induced loads on
the superstructure. A complete presentation of the application of kinematic bearings in con-
junction with energy dissipation mechanisms in Russia is provided by Smirnov et al. [44],
while practical recommendations for the design of structures with kinematic foundations can
be found in Cherepinskiy's book on kinematic foundations [45].

The first detailed study of the dynamic response of structures seismically isolated using a
purely rocking floor at the base, considering that the superstructure behaves like a single de-
gree of freedom elastic oscillator, was carried out by Bachmann et al. [21]. The developed
analytical model has also been verified by experiments [22]. Through the analytical model,
the forenamed study concentrates mainly on the investigation of parameters related to the sta-
bility of such systems, under pulse-type and natural seismic excitations. Based on the sdof
model of the superstructure, Bantilas et al. [23] investigated the parameters that affect the
elastic demands of RPSs. Later studies of Bantilas et al. [24] highlighted the critical effect of
the higher vibration modes on the dynamic response of RPSs consisted of multiple degree of
freedom (mdof) elastic superstructure. Due to the coupling between rocking and elastic vibra-
tions, RPSs present a more complex response compared to solely rocking oscillators.

At this point, it should be emphasized that despite the wide use of kinematic bearings, their
dynamic response differs from that of purely rocking systems, since the bearing base of the
former is configured concave in opposition to the flat base of the latter. The aforementioned
configuration of the rocking base results in a rolling response of the kinematic bearing onto
the foundation, with positive or negative stiffness, before it starts to purely rock. An analytical
model of the dynamic response of rigid bodies rolling and rocking on rigid ground is present-
ed by Bachmann et al. [46] and Bachmann et al. [47].
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In the present study an analytical model that describes the dynamic response of multi-
storey structures placed on the top of a rocking base comprised of kinematic bearings is pre-
sented. As long as the curved configuration of the ends of the kinematic bearings can affect
the post-uplift stiffness of the rocking storey, modal analysis is performed and the vibration
mode properties after the uplift are demonstrated. In addition, dynamic time history analyses
are performed on three typical multi-storey structures using the proposed analytical model.
Considering three different rocking columns configurations, the effect of post uplift stiffness
of the rocking storey on the response of the base is investigated. Finally, of particular interest
are also the determination of the magnitude and the distribution of the seismic demands
throughout the storeys of the superstructure. For this purpose the seismic demands of the nine
structural systems are also presented.

2 DYNAMIC RESPONSE OF ROCKING PODIUM STRUCTURES

In the present section, the analytical model of the dynamic response of frame structures,
seismically isolated using kinematic bearings, is presented. The model is based on the as-
sumption that the superstructure can be described by a mdof elastic oscillator, fixed on the top
of a rocking frame comprised of kinematic bearings. The rigid frame consists of a cap beam

with mass mp and N freestanding columns with mass me, semi-diagonal lengthR =+ H’ + B*,
rotational moment of inertia around its center of mass Iem, and slenderness a = atan(B/H).
During the dynamic response, the rocking columns are considered to be in contact with the
cap beam and the ground, while the friction coefficient at the contact surfaces is large enough
to prevent any sliding. The idealization of the model is illustrated in Figure 1(a).

1, ity e

I
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Figure 1: (a) Schematic representation of the analytical model, (b) geometric configuration of a typical kinematic
bearing, and (c) static pushover curves of the kinematic storey.

A typical configuration of the kinematic bearings that comprise the rocking storey is pre-
sented in Figure 1(b). After the uplift occurrence, the curved extensions at the ends of the
rocking columns result in the rolling response of the base storey before it starts to rock purely.
With reference to Figures 1(b) and 1(c), the post uplift stiffness during rolling response de-
pends on the radius of curvature r of the extensions, while the wedge’s angle B3 sets the limit
between rolling and rocking response. According to Bachman et al. [47], the critical rotation
of the rocking storey is given by the following equation:
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arctan tan o , p <p,, (overturning during rolling)
-2p
0, = )
tana' . . .
arctan ——— , p > p_, (overturning during rocking)

1-2p(1—cosf)

where p=r/(2H) is the non-dimensional radius of curvature of the extensions;
P, =0.5(1-tano/tana'); B = arcsin((tanoc'— tan (x)/(Zp)) ;and tan o' = B'/H (see Figure 1(b)).

The equations of motion of the RPS, as it is depicted in Figure 1 are expressed as follows:

. g (Xg 27]"{\] A2
AD=-BE(1+2y+2ny)-C| =£(1+2y)-=* | _ph 2
w (1+2y+2my) (R( +27) MmlRJ 2)
Mii, +Ci, +Ku, =-M3da, +Kdu, +Cdu, 3)

where A, B, C, and D are the coefficients listed in Table 1 for rolling and rocking response; y
is the mass ratio of the cap beam (mp) divided by the total mass of rocking columns (Nmc); 1
is the mass ratio of the superstructure (Miot) divided by the mass of cap beam (mv); a is the
slenderness of rocking columns; u,,u, and ii, are the displacements, velocities, and accelera-

tions of the mdof oscillator with respect to the undeformed configuration of the system (see
Figure 1(a)); K and C are the stiffness and damping matrices of the mdof oscillator, respec-
tively; & is the influence vector of the ground motion (6=1); ag is the ground acceleration; and
u, and u, are the cap beam displacement and velocity, respectively. The base shear of the

superstructure (V) is given by:

V =5"K (u, —u, )+6"C(, —5u, ) (4)
Rolling Phase Rocking Phase
_ 4pcosoc(cos((x—[3)—cosoc)
_ 4pcosa(cos(+o.—0)—cosa) I +(1+4y) +
I, +(1+4y) + +8p” cos” a(1—cosP)
AT +8p” cos” o.(1—cos6) .
. R a1 sin(xo—0) +
+4y(1+n(sm(ioc—6)+2pc05asm6) ) IRtinaN +2pcos a(sin(+B—0)+sin6)
B sin (+0.—0)+2pcosasin® sin (0. —0) +2pcoso(sin(£B—0)+sin0)
ct cos(ioc—@)-i—chosa(l—cose) cos(ia—9)+2pcosa(cos(i[3—9)—0056)
in (+0—0) +2 in)-
(sm( a-0)+ pcosocsme) —(cos(ia—6)+2pcosoc(cos(i[3—9)—cose))-
Df ) (1+4)-4 cos(+o.—0) (o 0)42 (4804 sin®
/| 2pcosa - . +o— +B—
P Y)—4ny 2pcosacoshd (sm( o.—0)+2pcosa(sin(£B—0)+sin ))
ul 2(R(sin(ia)—sin(ia—6))+r(6—sin9)) 2(R (sin (o) - sin (ot~ 0) )+ r(+p - sin 0 —sin (B —0)))
ul 2(Rcos(+0.—0)+r(1-cos0))0 Z(Rcos(ia—9)+r(cos(il3—6)—c0s9))9

T = IO/(mCRZ) and 1, is the rotational inertia of the column with respect to the pivot point.
T The upper and lower signs define rolling/rocking around the right (6>0) and left (9<0) pivot points.

Table 1: Coefficients of the rocking storey equation of motion.

Until uplift occurs, the rocking base is assumed to remain inactive (6 =6 =0). Thus the su-
perstructure behaves as a fixed base mdof oscillator, and the equations of motion are given by
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Eq. (3), considering u, =u, =0. When the horizontal overturning actions overcome the re-

storing forces of the RPS, uplift occurs, and the rocking story starts to roll. The uplift criteria
can be summarized as follows:

o
T=E> (1+ ali Jtan(x P2y (5)
g 1+2y (1+2y)M,g

where V is the superstructure’s base shear given by Eq. (4) considering u, =1, =0. The upper
and lower signs define rolling initiation around the right (6>0) and left (6<0) pivot points.

In the particular case where the superstructure is rigid, Eq. (2) and the coefficients of Table
1 results in the equation of motion of rigid rolling and rocking frames[47], whose cap beam
mass is equal to the sum of the mass of the superstructure and the mass of the cap beam of the
RPS. On the other hand, if p=0, Egs. (2) and (3) are equivalent to the equations of motion of
pure rocking RPSs [24].

In the rolling/rocking response of rigid blocks, energy dissipation occurs during impact
when the tilt angle of the rocking columns reverses the sign. The solution of the impact prob-
lem results in the coefficient of restitution of the rocking base, as well as in the post-impact
velocities of the floors of the superstructure as follows [24]:

. 2 2
c:[e—] :{I—ZSinza_—} and u:=u;-52Rcosoc(l—\/E)9’ (6)

where u; and u, are the superstructure’s absolute velocity vectors before (-) and after (+) im-
pact, respectively.

Rolling Phase (I) Rocking Phase (II)
ML Nm_1 /4+m +M_ o’ 0 Nm_T /4+m,+M o> 0
0 M 0 M
c 8'Cs -8'C 3'Cé -8'C
v Ccy C -Cé6 C
+m, + +m, +
8TK6 _ch/2 mb Mtot g (2p_1) -6TK 6TK8 _ch /2 mb Mtot g -6TK
KL 2R 2R
-Ko K -Ko K
Nm, /2+m, Nm, /2+m,
B,
¢ M3 M3
o [(ch 24m,+M,, )g a} [(ch /2+m,+M,, ) g a'}
0 0

Table 2: Linearized matrices of Eq. (7) during rolling and rocking phase.

3 THE EIGENVALUE PROBLEM

In order to obtain the linearized equations of motion of a RPS once uplift occurs, the non-
linear terms of Egs. (2) and (3) expand into Taylor series about the static rest position of the
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system (=0, 6=0, u, =0, u, =0) and the higher order terms are omitted. The linearized equa-
tions of motion can be represented as follows:

MM, +Ci"ay +K{"ay =-BMa, () FFM (7)
where ur, = [upr u¢]’ and upr=2R0 is the displacement of the cap beam in direction perpen-
dicular to the diagonal of the rocking columns. The linearized matrices of mass (ML), damp-
ing (Cvr), stiffness (Ki) as well as the load vectors (Bug) and (Fr) during rolling (I) and
rocking (II) are given in Table 2.

The eigenvalues and eigenvectors that correspond to the vibration modes of the superstruc-
ture after uplift occurrence, as well as the eigenvalues correspond to the rocking and rolling
vibration modes are calculated following the process applied for RPSs consisted of purely
rocking columns by Bantilas et al. [24].

4 VIBRATION PRPOPERTIES

In order to study the modification of dynamic properties of typical structures of one to 10
floors isolated using kinematic bearings, the eigenvalue problem is solved numerically. Su-
perstructures with shear displacement profile are considered. The construction of mass (M),
stiffness (K) and the damping (C) matrices is based on the procedure presented by Thermou
et al. [48] and has been also applied in RPSs [24]. Assuming that the superstructures are fixed
on the top of a typical rocking frame, which consists of rectangular columns (1, =4/3) of size

R = 1.5 m, slenderness tan (o) = 0.15 and tan(a”) = 0.30, y = 10 and cap beam mass m» equal
to the mass of the standard floor m (n = n), the linearized matrices (My.), (Kv), and (Cy) are
constructed. Then, the eigenvalue problem is solved and the dynamic properties (wu.i and &u,i)
of the uplifted structures are determined. The amplification factors of the natural frequency
(ou,i/mo.i) and damping (&ui/&o.i) that correspond to the first (i = 1) vibration mode of typical
superstructures from one to 10 floors (n = 1 + 10) are presented in Figures 2. The amplifica-
tion of the natural frequency is more intense during rolling phase compared to rocking phase.
Regarding the nondimensional radius of the curved extensions, superstructures placed on the
top of a rocking base with negative (p=per) or zero stiffness (p=0.5) during rolling present
identical modification of their dynamic properties. However, kinematic bearings with positive
stiffness (p=1.5) results in higher values of amplification. Regardless the radius of the curved
extensions, the damping amplification factors take lower values compared to corresponding
frequency ones.

2
~_ L& :
i, Rolling Phase, p=p_

- o
= 14 ¥ Rolling Phase, p=0.50 |

x Rolling Phase, p=1.50

Rocking Phase
1 .: i i i i I‘E i i i i
2 4 (4] b 10 2 4 3] b 10
number of storeys (n) number of storeys (n)

Figure 3: Amplification factors of the natural frequency (left) and damping ratio (right) of the first vibration
mode, as a function of superstructure storeys (n) for rocking podium structures.
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In Figure 4 (a) the eigenvalues (p,,) that correspond to the rolling and the rocking mode

for RPSs with columns with nondimensional radius of curvature p={per, 0.5 and 1.5}, as a
function of size R, are presented. It has to be mentioned that these values correspond to the
frequency parameter of the rocking base during rolling and rocking. Moreover, in Figure 4 ()
the frequency parameter during rolling phase is presented as a function of the radius of the
curved wedges. The eigenvalues correspond to a six strorey superstructure (n = 6) with shear
deformation profile. In Figure 4 is also depicted, with dashed lines, the frequency parameter
(p..) of a rigid rocking frame with cap beam mass is equal to the sum of the mass of the su-
perstructure and the mass of the cap beam of the RPS (ywr=y(1+n)). The frequency parameter
D.. is given by the following expression:

Do = B[] 5)

where p the frequency parameter of a rigid rocking frame without curved extensions at the

rocking columns; and k; =2p—1 the dimensionless stiffness of the rocking base during rolling.

It is observed that the frequency parameter p_,, which is calculated by the modal analysis,
is estimated with high accuracy by the frequency parameter p,, of the rigid rocking frame, in
cases of negative and zero stiffness (p < 0.5) during rolling phase. In case of systems with
positive stiffness, the frequency parameter values differ from the analytically calculated pa-
rameter, especially for small rocking columns (R < 1.5 m) with large radius of the curved ex-
tensions (p > 1.5). Moreover, in structural systems with radius of curvature p < 0.5 the
frequency parameter take lowers values in rolling than in rocking phase. In the special case
where p=0.5 (zero stiffness), the frequency parameter take value p,, = 0.

(@) 5.0 v v T @) 5.0
40k p=1.5, Rolling phase . 40k

/ p=p.r, Rolling phase
R T Rocking phase 1

R=1.5m
R=1.0 m

R=20m  R=3.0m]
(11| S AR —— 0.0 . . N . ]
1.0 1.5 20 2.5 EXI] P 0.5 1.0 1.5 20 2.5 30
R [m] non dimensienal radius p

Figure 4: Frequency parameter: () as a function of size R and (B) as a function of the wedge’s radius (p), of a
seismic isolated six storey shear structure (y = 10, 1 = 6, tan (o) = 0.15, tan (a") = 0.30 andi:4/3 ).

The effect of the superstructures flexibility on the frequency parameters is presented in Figure
5 (a) and (B) for negative (p=per) and positive stiffness (p=1.5), respectively. The frequency
parameter values of isolated shear superstructures with structural features R={1.00, 1.50, 2.00
and 3.00} m, y =10, n =n, tan(a) = 0.15, tan(a’) = 0.30 and T =4/3, are illustrated as a func-

tion of the number of the floors (n). In dashed lines the frequency parameter (p,,) of a rigid

rocking frame with curved extensions and beams mass ywt=y(1+n) is also provided in the Fig-
ures. The flexibility of the superstructure do not affect the frequency parameter values in case
of negative stiffness systems. However, in systems with positive stiffness during rolling, as
the flexibility of the superstructure increases the frequency parameter of the rigid rocking
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frame differs substantially from the values of the analytical solution, especially for rocking
columns of small size.

Negative Stiffness (p=p.,) Positive Stiffness (p=1.5)

(@) 1.8 B 3.5 .
1.6 ___R:I.Om = y . ._._,Bii?.l.n;....._._: ...............................
3.0 B S
14 Retism | = R=1.5m
=, R I J
= _R=2.0m N o R=2._0m
1LOF R=3.0m 1 20F R=3.0m e =4
0.2F
A i A i I-S A i A i
2 4 i # 10 2 4 i1 # 10
number of storeys (n) number of storeys (n)

Figure 5: Frequency parameter as a function of the number of the floors (n), of rocking base with (o) negative
and (b) positive stiffness during rolling phase.

The vibration mode eigenvectors of a typical three-story RPS (n = n = 3) isolated using
kinematic bearings are presented in Figure 6. Specifically, the vibration modes during rolling
phase, considering wedges with nondimensional radius of curvature p={pcr, 0.5 and 1.5}, and
rocking phase are displayed. The dashed black lines correspond to the full-contact eigenvec-
tors of the superstructure, while the continuous black lines correspond to the horizontal com-
ponents of the uplifted state eigenvectors of the RPS. The elastic components of the uplifted
state eigenvectors are also presented in Figure 6 with continuous red lines. The calculation of
the horizontal components of the eigenvectors herein is presented by Bantilas et al. [24].

The vibration mode eigenvectors of the uplifted structures present a compound shape that
comprises an elastic component and a rigid body displacement due to the oscillation of the
superstructure and the rocking action, respectively. Moreover, during the pure rolling/rocking
vibration mode the elastic component eigenvector is negligible. Regardless the radius of the
curved extensions the eigenvectors are identical during rolling and rocking phase. In any case,
the magnitude of both the rigid body displacements of the uplifted state eigenvectors and the
natural frequency amplification factors indicate the coupling between the response of the
rocking base and the elastic vibration modes of the superstructure.

5 SEISMIC RESPONSE UNDER NATURAL GROUND MOTIONS

In this section, the seismic response of multi-storey structures seismically isolated using
kinematic bearings subjected to natural ground motions is examined. Specifically, the effect
of the stiffness of the rocking storey on the overall response of the PRS is investigated. For
this purpose, the three sets of ground motions proposed by FEMA P695 [49] are used to per-
form dynamic time history analyses.

Dynamic time history analysis are performed on three typical shear structures with number
of storeys n={3, 6 and 9}. The fundamental vibration period of the mdof oscillators is as-
sumed to be given by the empirical relation Tt1 = n/10. Rayleigh damping with critical damp-
ing ratio £=5% for the first two vibration modes is considered for the mdof oscillators. The
mass (M), stiffness (K) and damping (C) matrices are constructed based on the procedure ap-
plied by Bantilas et al. [24]. Every superstructure is considered to be fixed on the top of a

rocking storey comprised of rectangular columns (I = 4/3) with semi-diagonal length R =
1.50 m, slenderness tan(a)={0.10, 0.15 and 0.20}and tan(a")=2-tan(a), and curved extensions
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with nondimensional radius of curvature p={pcr, 0.5 and 1.5}. Moreover, mass ratios /Tt = 10

and y = 10 are considered.

—a— yplifted state cigenvector clastic component of the uplifted state cigenvestor <<-----+ full contact eigenvecton
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:9 E x\\ *;//
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Figure 6: Vibration modes of a typical three-storey rocking podium structure (TU =4/3,R=15m,y=10,1=3,
tan(o)=0.15 and tan(a.")=0.30).

The effect of curvature of the free standing column’s curved wedges on the seismic re-
sponse of the rocking base is presented in Figure 7. Specifically, the maximum rocking re-
sponse of rocking base with curved extensions (|Omax|/a)ext, compared with the response of
rocking base without curved extensions (|Omax|/a)nat is displayed. For small rocking rotations
(|Omax|/a)fat < 0.5 the maximum response is almost identical. In general, the structures with
curved extensions present increased stability. Due to the high nonlinearity there are only few
cases where the structure without curved extensions develop finite rocking rotations
(|Omax|/a)fat < 1, while the structure with curved extensions overturns. However, enhanced dis-
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placement capacity is achieved using columns with curved extensions. In Table 3 the rocking
overturn probabilities of the examined structural systems are listed. It is obvious that rocking
columns with curved extensions lead to significantly decreased probabilities of overturn.
Moreover, the increase of the stiffness of the rocking base (larger radius of curvature), as well
as the increase of the flexibility of the superstructure results in greater stability.

® tan{o)=0. 10

o tan(o)=0.15
Zero Stiffness (p=0.5)

® tan{o =0,

20

Positive Stiffness (p=1.5)

Negative Stiffness (p=p.,)

............................... a ".,"..".._.."..".."."..* .
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Figure 7: Comparison of the maximum rocking rotations between the isolated systems with with (|Omax|/0)ext and
without (|6max|/0)sac curves extensions, under the 100 natural ground motions of FEMA P695.

tan(a) Negative Stiffness Zero Stiffness Positive Stiffness  Without
(pP=pe.r) (p=0.5) (p=1.5) Wedges
3 0.37 0.34 0.29 0.67
0.10 6 0.32 0.33 0.30 0.52
9 0.31 0.30 0.23 0.49
3 0.20 0.13 0.09 0.39
0.15 6 0.17 0.13 0.09 0.29
9 0.16 0.12 0.07 0.25
3 0.06 0.02 0.02 0.17
0.20 6 0.08 0.02 0.01 0.15
9 0.03 0.01 0.01 0.13

Table 3: Rocking overturn probabilities of the examined structural systems under the 100 natural ground motions

of FEMA P695.

1650



Kosmas E. Bantilas, loannis E. Kavvadias, Lazaros Vasiliadis, Anaxagoras Elenas

Since rocking initiation, the seismic demands of RPSs present a lower bound of Vs [23].
Thus, Figure 8 presents the normalized seismic demands of the podium systems (Vb/Vst)pod as
a function of the maximum tilt angle of the rocking base (|Omax|0cr). In cases where fairly
small rocking rotations are developed (|Omax|0cr = 0), the normalized seismic demands of the
superstructure take values Vo/Vst = 1. As the rocking rotation of the base increases, the de-
mands of the superstructure also increase until saturation occurs (0/0cr)sat. In order to illustrate
the effect of the dynamic characteristics of the superstructure on the elastic response, without
a mean to quantify the problem, the seismic demand-tilt angle relationship is summarized in
Figure 8 through a bilinear curve. The values of the normalized seismic demands (Vb/Vst)sat
and the critical tilt angle (6/0cr)sat beyond which the slope (ks) changes, are also presented. It is
observed that in cases of kinematic bearings with negative and zero stiffness the seismic de-
mands are stable (ks= 0) for rocking rotations (|Omax|/0cr) > (6/0cr)sat. On the other hand, in case
of kinematic bearings with positive stiffness the seismic demands increases (ks> 0) beyond
(0/6cr)sat. Additionally, in case of rocking storey with positive stiffness, increasing the flexibil-
ity of the superstructure leads to higher values of the slope coefficient ks. In all cases, as the
stiffness of the superstructure increases, the critical tilt angle (6/0cr)sat increases too, regardless
the stiffness of the rocking base.
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Figure 8: Normalized seismic demands (Vi/V)pod 0f the nine multi-storey podium structures as a function of the
maximum tilt angle of the rocking floor (Bmax/c).

The effect of the rocking base stiffness on the distribution of the elastic seismic demands
throughout the superstructure is also examined. Figure 9 presents the storey shear (Vi) of
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structures isolated with kinematic bearings of slenderness tan(a) = 0.15 and tan(a”) = 0.30.
The black and red lines correspond to the average and maximum values of the storey seismic
demands, respectively. In the same figure, the seismic demands of the fixed-base superstruc-
tures are presented with dashed lines. The results obtained by ground motions that cause over-
turning of the rocking base are omitted. In the case of isolated systems, the differences
between the mean and maximum values of the storey shear are much smaller than those of the
fixed-base systems. Regarding the distribution of seismic demands throughout the superstruc-
ture, the maximum shear of the RPSs is developed on the intermediate floors, in contrast to
the fixed-base structures in which the maximum seismic demand appears at the base. The
completely different distribution pattern of the seismic demands presented by podium struc-
tures, regardless the rocking base stiffness, indicates the excitation of higher modes of the su-
perstructure during impact [24]. Moreover, the differences between the mean and the
maximum values of the storey shears are lower in cases of zero and negative stiffness than in
case of positive stiffness of the base. That fact emerges due to the dependence of the elastic
demands on the maximum rocking rotations, in case of rocking base with positive stiffness.
Although positive stiffness of the rocking base results in slightly higher values of seismic de-

mands in the superstructure, it should be preferable due to the fact that it significantly de-
creases the overturning probability.
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Figure 9: Average and maximum storey shear profiles (Vi).
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CONCLUSIONS

In the present study, the dynamic response of seismic isolated multi-storey structures using
kinematic bearings was studied. For this purpose, an analytical model that describes the dy-
namic response of multi-storey podium structures under rolling and rocking phase of the base
was proposed. In addition, the effect of the radius of the curved extensions on the response of
the rocking base and the seismic demands of the superstructure was investigated. The conclu-
sions of the present work can be summarized as follows:

1.

The uplift of the rocking base results in an increase in both the natural frequency and the
damping ratio of the first vibration mode of the superstructure. During rolling phase the
dynamic properties amplification depends on the curvature of the columns’ curved exten-
sions.

. The curved extensions of the kinematic bearings results in enhanced stability. Moreover,

as the stiffness of the rocking base increases the seismic stability increases too.

. The magnitude of seismic demands depends mainly on the slenderness of the rocking

columns. In case of a rocking base with negative or zero stiffness the seismic demands
are independent of the features of the curved extensions. On the other hand, considering
rocking base with positive stiffness, the elastic seismic demands depends on the radius of
the curved extensions and on the developed displacements of the base.

. Since rocking initiation, the distribution of the seismic demands throughout the super-

structure differs substantially from that of a fixed-base structure, regardless the stiffness
of the kinematic bearings.
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