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Abstract

Seismic isolation reduces the induced seismic loads, particularly in low- to
medium-rise buildings, by avoiding resonance, with the predominant frequencies
of earthquake excitations, thanks to flexibility introduced at the isolation level.
This earthquake resistant design approach significantly decreases the shear
forces, interstory deflections, and floor accelerations of a building, avoiding
damage of its structural and non-structural elements as well as damage of its
contents. The size of the seismic gap, which must be provided around a
seismically isolated building, in order to facilitate the expected large relative
displacements at the isolation level, is usually finite, due to practical limitations,
giving rise to the possibility of poundings of the building with adjacent structures
during strong earthquakes. Therefore, understanding how the effectiveness of
seismic isolation is affected from potential poundings of seismically isolated
buildings with adjacent structures due to strong ground motions is vital. This
research work aims to address this issue using numerical simulations and
parametric studies in an effort to investigate how the maximum floor
accelerations, story shear forces and interstory deflections of these buildings are
affected by impacts and the relevant design parameters and conditions.
Numerical simulations demonstrate that poundings may substantially increase
floor accelerations, especially as the stiffness of the impact is increased, and,
hence, may cause damage to the contents of a seismically isolated building,
significantly reducing the effectiveness of seismic isolation. In addition to the
presentation of results from parametric studies for some of the influencing
conditions, the possibility of using bumpers, as a practical measure to mitigate
the adverse effects from potential poundings, is considered.
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1 Introduction

In recent years, there has been an increasing demand to minimize structural and
non-structural damage, avoid functionality disruption and protect sensitive and
expensive equipment in buildings even under extreme earthquake excitations,
which is very difficult to achieve with conventional earthquake-resistant design.
Seismic isolation [10], 11, 14, 18], an alternative design approach, introduces
flexibility at the isolation level to avoid resonance, in low- to medium-rise
buildings, with the predominant frequencies of earthquakes, and hence
significantly reduces the induced floor accelerations and the possibility of
damaging the contents of the building. In addition, interstory deflections are
considerably reduced due to the almost rigid body motion of the superstructure,
which is relatively very stiff compared to the flexibility of the isolation system,
avoiding, or at least minimizing, structural and non-structural damage. The
deformations are confined at the isolators, which are specifically designed to
withstand several inelastic cycles of deformation and to accommodate the large
relative displacements at the isolation level.

A practical limitation for the utilization of seismic isolation is the seismic gap
(fig. 1.(a)) that must be provided around the building to facilitate the expected
large relative displacements at the isolation level. Considering that there are
often certain restrictions to the size of the provided seismic gap, a reasonable
concern is the possibility of poundings of seismically isolated structures during
strong earthquakes. Therefore, it is important to investigate that possibility and
understand how the maximum floor accelerations and interstory deflections of
seismically isolated buildings are affected by the various design parameters and
conditions during impacts with adjacent structures.

Pounding incidences between fixed-supported buildings during strong
earthquakes motivated pertinent research [1], 4-6, 8, 15-17], which led to
reforms of relevant seismic-code provisions in order to mitigate the risks from
poundings of fixed-supported structures. However, limited research studies [9],
12, 13, 19] have been conducted for poundings of seismically isolated buildings,
which have different characteristics and a sizable seismic gap. Furthermore, there
have been incidences of seismically isolated structures, such as the Los Angeles
FCC building during the 1994 Northridge earthquake [13] that experienced
poundings during strong earthquakes.

Therefore, this aspect of seismic isolation merits further research as it is
important to understand the effects of potential poundings, considering that the
dynamic characteristics and response of seismically isolated structures are quite
different from those of fixed-supported structures. Poundings happen mostly due
to the large relative displacements at the isolation level and not due to the
deformation of the superstructure, as in the case of fixed-supported buildings. In
addition, since seismic isolation is used in many cases in order to reduce the
floor accelerations and the induced story shear forces, there may be stringent
requirements that need to be satisfied and checked against the possibility of
poundings and their consequences.
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The goal of this ongoing research work is to investigate how the effectiveness
of seismic isolation is affected by poundings that may occur during strong
earthquakes using parametric studies. The following section describes the
simulation assumptions and approach that have been used and demonstrates the
problem through the dynamic analysis of a typical 5-floor seismically isolated
building under a strong earthquake. Next, simulation results are presented for
some aspects that have been considered, such as the flexibility of the isolation
system, the impact stiffness, the flexibility of the superstructure, and the size of
the seismic gap. A discussion of potential benefits from employing
collision-bumpers follows, and the paper closes with a brief summary of the
conclusions.

2 Problem and simulation approach

A large number of simulations of seismically isolated buildings with a variety of
characteristics have been conducted under a range of earthquake excitations in
order to systematically investigate the influence of certain parameters and
conditions on the maximum floor accelerations, interstory deflections, base shear
forces and relative displacements at the isolation level, during poundings.

2.1 Modeling of seismically isolated buildings considering poundings

The governing equations of motion of a seismically isolated building (fig 1(a)),
considering potential poundings, have the following general form, where F}, Fp
and Fy, are the inertia, damping and elastic forces of the structure, while < and
F; are the damping and elastic contact forces, respectively:

F+Fp+F) S +F+F.C =0

The contact forces are non-zero whenever the relative displacements at the
isolation level exceed the seismic gap, leading to poundings with the moat wall,
which is assumed to move with the ground during an earthquake.
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Figure 1: Modeling of a seismically isolated building (a) building and
seismic gap (b) shear beam lumped-mass model (c) bilinear force-
displacement relation due to impacts.

The superstructure is modeled as a shear beam with lumped masses at the
floor levels (fig 1(b)), assuming that it remains elastic during an earthquake
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excitation, which is realistic considering the intention of seismic isolation to
avoid inelastic deformations of the superstructure.

The inertia, damping and elastic forces depend on total accelerations, relative
velocities and relative displacements, respectively. The damping and elastic
forces at the isolation level depend on the type and mechanical characteristics of
the isolation system, which in this work is simulated with a linearized model
using an effective stiffness, K. and damping, C,: Nevertheless, when
poundings occur, the dynamic response of an isolated building is inherently
nonlinear as a result of sudden changes of the stiffness due to impacts (fig 1(c)).
In this study, a simplified model using equivalent contact springs and dashpots
are employed to simulate poundings between a seismically isolated building and
the moat wall.

The contact springs and dashpots are automatically formed as soon as impact
is detected, kept as long as the building remains in contact with the moat wall
and removed as soon as the bodies are detached from each other. The magnitude
of the contact forces starts from zero, when the building and the moat wall first
come in contact, and increases as they “interpenetrate” each other up to a
maximum value and then start decreasing and eventually becomes equal to zero
when they detach from each other. Some overlapping of the building with the
moat wall is allowed, which is justified by the deformability of the wall.
Dashpots are used at contact points parallel to the contact springs in order to
model the energy dissipated during impact either in the form of local
deformations or stress waves that will be generated upon impact.

Based on the above assumptions, specialized software has been specifically
developed in order to perform efficient dynamic simulations of seismically
isolated buildings during poundings. The developed software utilizes advances in
computing and software engineering, such as Java technologies [4], taking into
account the significant advantages that these technologies offer.

2.2 Practical application

A 5 -story building has been considered under the following three different
circumstances: (a) as fixed-supported, (b) as seismically isolated without the
possibility of impacts, and (c) as seismically isolated with a 0./0m seismic gap,
to illustrate the pounding effects on the response of a seismically isolated
building. In particular, the building has 5 floors, each having a 400 tons mass and
1 GN/m stiffness (T;=0.44s), while in the case of being seismically isolated it
has an additional 500 tons mass at the isolation level and a 30 MN/m effective
stiffness (7,=1.85s). Rayleigh damping ratio is assumed defining 5% and /5%
damping ratios for the fixed-supported and the seismically isolated buildings,
respectively. The impact stiffness is assumed to be k;,,,=500 MN/m, and the
damping coefficient C;,,,=1 MN sec/m.

For each of these three cases, a non-linear dynamic analysis of the building is
performed, using an explicit direct integration of the equations of motion, for the
El-Centro SOOE component scaled to have a PGA=0.5g.
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The results confirm that the interstory deflections and, therefore, the story
shear forces increase in the case of a seismically isolated building when impacts
occur (fig 2(c) vs. fig 2(b)). However, the interstory deflections of a fixed
supported building (fig 2.(a)) are still much higher than those of the seismically
isolated building even when poundings occur.

Obviously, the large relative displacement at the isolation level is reduced

when there is a finite seismic gap with size less than the relative displacement at

isol _

that level. In this case it is reduced from U,,,,

155mm , in the no-impact case,

to US'=117mm , in the case of limited seismic gap, which leads to poundings

with the moat wall. The excess of the width of the seismic gap by the isolated
building is allowed considering the expected deformations of the moat wall.
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Figure 2: Interstory deflections of the first floor during the El-Centro SO0E
scaled to PGA=0.5 g (a) fixed-supported building (b) seismically
isolated building without impacts (c) seismically isolated building
with impacts (gaps=gapyign=0.10 m).

Comparing the absolute floor accelerations of the building during the same
excitation, the influence of poundings in the response of a seismically isolated
building are much more pronounced as the peak acceleration at the isolation
level (fig 2(c)) is 4 times more than the maximum acceleration at the top floor
of the same building without any pounding incidence (fig 2(c)), approaching the
magnitude of the top floor acceleration of the fixed-supported building. In
addition, due to the poundings at the isolation level the seismically isolated
structure may experience maximum floor accelerations at the isolation instead of
the top floor of the building, changing the mode of deformation.
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Figure 3:  Absolute floor accelerations during the El-Centro SOOE scaled to
PGA=0.5 g: (a) top floor of fixed supported building (b) top floor
of seismically isolated building without impact (c) isolation-level
of seismically isolated building with impact.

3 Parametric studies and numerical results

Simulation results of seismically isolated buildings using single degree of
freedom (SDOF) systems with the equivalent stiffness of the isolation system
and the total mass of the superstructure are very close to results using more
refined models, such as multi degree of freedom (MDOF) systems as long as
there are no pounding incidences. This is evident from the response of its
fundamental eigenmode and the almost rigid body motion of the superstructure.
However, when poundings occur, higher eigenmodes are excited, their
contribution can no longer be assumed insignificant, and simulations need to be
performed using MDOF systems in order to more accurately capture the
consequences of impact. The following paragraphs present results from the
ongoing research, which concern only some of the many influencing parameters
and conditions that should be taken into account.

3.1 Effect of the flexibility of the isolation system

The flexibility of the isolation system for a typical 5-story building is varied in
order to obtain seismically isolated buildings with fundamental periods in the
range from /.0 to 5.0 s. Each of these MDOF systems is simulated for the El-
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Centro SOOE component, scaled to PGA=0.5 g, considering three different gap
sizes: 10 cm, 15 cm and oo, equal on both sides of the building.

Considering that, for the same excitation, the corresponding fixed-supported
building with a fundamental period of 0.44s experiences a maximum interstory

deflection of 19.7 mm, a maximum total acceleration of 13.5 m/s°=2.76xPGA,
and a maximum base shear force of /9.7 MN, which approximates the weight of
the structure, the following graph presents the maximum interstory deflections,
maximum absolute floor accelerations and the maximum base shear forces of
seismically isolated systems as the flexibility of the isolation system varies, with
and without poundings.

(b)

W relative displacerments (o)

M ax total floor accelerationsf PGA

: : : : naimpact :
1 2 1 2 3 4 L5
Fundamental period [sec] Fundamental period [sec] Fundamental period [sec]

Figure 4: Response of seismically isolated MDOF systems with varying
stiffness of the isolation system, with and without impact, for the
El-Centro SOOE scaled to PGA=0.5 g.

In most cases although the interstory deflections and, consequently, the
corresponding story shear forces increase due to poundings, they remain
relatively low compared to the values of the corresponding fixed-supported
buildings. It is evident that the major consequence of poundings on a seismically
isolated building is the substantial increase of the floor accelerations and inertia
forces, which can be detrimental for the contents of the building, especially if the
latter are sensitive to accelerations.

3.2 Effect of the impact stiffness and damping

Considering the 5-story building that has already been defined, the impact
stiffness K, is varied from a small fraction up to 2 times the stiffness of a story
of the superstructure. As the impact stiffness varies, the damping coefficient Cj,,
is adjusted in proportion to the square root of the ratio of the change of the
impact stiffness according to formulas that express the damping coefficient [2].
These systems are simulated for different sizes of the seismic gap and the
maximum values of the relative displacements at the isolation level, the
maximum values of total floor accelerations normalized with the PGA and the
maximum story shear forces normalized with the total weight, w, of the structure
are presented in fig. 5.
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Figure 5: Response of seismically isolated MDOF systems with varying
impact stiffness and damping, for various gap sizes, under the
El-Centro SOOE scaled to PGA=0.5 g.

Increasing the impact stiffness the relative displacements at the isolation level
(fig 5(a)) approach the size of the seismic gap, but the maximum floor
accelerations (fig 5(b)) and consequently the inertia forces increase substantially
due to poundings and may become much higher than what the building would
experience without seismic isolation. The maximum interstory deflections and
the base shear forces (fig 5(¢)) also increase with the impact stiffness, but remain
much lower than what a corresponding fixed-supported structure would
experience. The substantial increase of the floor accelerations with the impact
stiffness indicates that the latter should not be more than a fraction of the
stiffness of the superstructure, especially when the contents of the building are
very sensitive to large accelerations.
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Figure 6: Response of seismically isolated MDOF systems with varying
stiffness of the superstructure, for various gap sizes, under the
El-Centro SOOE scaled to PGA=0.5 g.
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3.3 Effect of the superstructure’s stiffness

Varying the stiffness of the superstructure and examining different sizes of the
seismic gap, while maintaining other factors constant indicates that by increasing
the flexibility of the superstructure the interstory deflections (fig 6(a)) are
significantly increased, the total floor accelerations (fig 6(b)) are slightly
increased, while the story shear forces (fig 6(c)) are reduced.

4 Impact mitigation measures

A potential practical measure to alleviate the detrimental effects of poundings
could be the installation of flexible material with damping properties that would
protrude at certain locations in order to act as collision bumpers. Adding such
material, which can simply be pieces of elastomeric compounds, to the moat wall
or to the seismically isolated building can smooth the sudden changes of the
stiffness during poundings and therefore prevent, to some extent, the acceleration
peaks due to impacts.

The building under consideration in the previous paragraphs, can be used as a
practical example to examine the effect of using bumpers, assuming that a gap of
12cm is available between the building and the stiff moat wall. Instead of

letting the building collide with the moat wall when the /2cm gap is exceeded, a

softer material with impact stiffness and damping /0% and 90%, respectively, of
the corresponding values for the moat wall is alternatively considered. The
relation between the relative displacements and the sum of the elastic and impact
forces at the isolation level becomes trilinear in this case as it is shown in
fig 7(a).
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Figure 7: (a) Displacements vs. sum of the elastic and impact forces at the
isolation level of a seismically isolated MDOF system with and
without bumpers for /0 ¢m and 12 cm gap sizes, under the El-
Centro SOOE scaled to PGA=0.5 g (b) absolute floor accelerations
at the isolation and top floor for the three cases.

WIT Transactions on The Built Environment, Vol 87, © 2006 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



566 Structures Under Shock and Impact IX

The 5 -story building is analyzed again for the El-Centro SOOE component,
scaled to PGA=0.5 g, considering three cases: (a) a seismic gap of /0cm (b) a

2cm bumper at /0cm (c) a seismic gap of /2c¢m. The peak values of the

relative displacements at the isolation level, the interstory deflections, the floor
accelerations, and the maximum inertia, elastic and impact forces (fig 7(b))
demonstrate the positive effect of the presence of the bumper, which is also
shown the absolute floor accelerations at the isolation level and the top floor for
the three cases (fig 8(a)-(c)). In practice, the material of the bumper should be
selected to have such properties that would optimize the benefits from the
presence of the bumper during poundings.
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Figure 8:  Absolute floor accelerations at the isolation level and at the top

floor for a seismically isolated MDOF system, under the El-Centro
SOOE scaled to PGA=0.5 g, with: (a) 10 cm gap (b) a bumper
between /10 cm and 12 cm (¢) 12 cm gap.

5 Conclusions

The paper discusses the effects of poundings on seismically isolated buildings
during strong earthquakes in an effort to gain insight into this complicated
problem, considering only some of the many influencing parameters. It is shown
that the effectiveness of seismic isolation can be significantly affected, especially
when sensitive equipment is housed in a seismically isolated building, due to the
substantially increased floor accelerations. In addition, due to poundings other
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modes of deformations are excited resulting in higher interstory deflections
instead of the almost rigid body motion of the superstructure, which is
accomplished using seismic isolation. Understanding the consequences of
potential poundings of seismically isolated buildings with adjacent structures is
essential in order to rationally take into account the possibility of impact, which
realistically cannot be excluded.

The potential advantages of using bumpers have also been discussed as a
measure to alleviate the negative effects of poundings. Bumpers in the form of
pieces of flexible viscous material, such as elastomeric compounds, can be
attached at particular locations in the perimeter of the building as shock
absorbers to mitigate the consequences of potential collisions with adjacent
structures and avoid the acceleration spikes that are observed during impacts.
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