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Abstract

Some aspects, related to the 3D base isolation of structures to control the effects of both the horizontal and vertical
components of ground motion, are presented in this paper. A massive structure (a Nuclear Power Plant building)
equipped with a traditional horizontal base isolation system is numerically studied. The base isolation system uses
rubber bearings (low and high damping) coupled with a tuned mass damper (TMD) in the vertical direction. Possible
positive and negative aspects from the implementation of the proposed hybrid strategy are investigated.

Numerical analyses show that the presence of the TMD mitigate the vertical effects of the three-dimensional ground
motion coupled with the elastomeric bearings, reducing both the vertical and the horizontal absolute acceleration in the
superstructure under certain conditions. Vertical acceleration in the superstructure appears related to the horizontal
motion, due to the building’s centroid position that induces rocking.
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1. Introduction

Seismic base isolation to mitigate the horizontal seismic response of a structure has by now become a mature
and well established strategy [1-3]. It consists in the insertion of specifically designed deformable devices
(isolation bearings) within an interface between the structure to be controlled (the superstructure) and the
foundation slab to shift the fundamental period of the superstructure above the predominant period of the
ground motion.

The standard implementation of base isolation is focused on the lateral movement mitigation of the
superstructure, and, therefore, employs laterally flexible isolators to shift the superstructure fundamental
period typically in the range from 2 to 4 seconds. Besides, since the isolation effect is performed at the costs
of large horizontal relative displacements between the foundation and the superstructure, a form of energy
hysteretic damping (energy dissipation) is usually implemented to control such effects. Base Isolation with
respect to the lateral motion has been the subject of a vast amount of published research and has become an
accepted and standardized approach in several seismic design codes (e.g. [4]).

The concept of controlling the vertical motion in seismic isolated systems has, instead, received much
less attention. The first proposals were mainly based on mechanical devices. Full-scale tests on shaking
tables pointed out a less satisfactory performance than that associated, at the time, to horizontal isolation.

More recently, the idea of controlling the vertical motion of a building has surfaced again in relation to
the protection of Nuclear Power Plants (NPPs). Isolation in vertical direction, coupled to horizontal base
isolation, is known in the nuclear community also as “3D isolation”. Control of the vertical motion can be
implemented either by using integrated isolation solutions, in which a single device provides isolation with
respect to all three ground motion components, or by adding a localized vertical isolation component, or
damping, in series to a device that provides isolation with respect to the horizontal motion components [5,6].
In this work, the vertical motion is controlled by selectively tune TMDs active in vertical direction, which
are also beneficial in reducing the rocking motion.

2. Methodology

An integrated isolation solution for a NPP is herein dealt with and consists in elastomeric bearings. Such
rubber isolators can be classified as Low Damping Rubber Bearings ((LDRBs) or High Damping Rubber
Bearings (HDRB), depending on the damping capabilities of the rubber they are made of. The stiffness and
energy dissipation of high damping bearings is highly nonlinear and depends on the level of shear strain. The
effective damping of these devices can reach 10 to 15 % of the critical. The low damping bearings exhibit an
almost linear characteristic with damping values in the range of 2 to 5 % of critical in the lateral direction.
These values decrease if the vertical direction is analyzed. These typologies are both considered in this
preliminary study.

This work focuses first on the vertical motion of the superstructure and on providing the required
amount of damping in the vertical direction by means of a properly tuned Tuned Mass Damper (TMD). Then
we focus on a complete 3D representation of the NPP building and base isolation system (Figure 1) to
analyze the way to mitigate the rocking motion and the vertical seismic response.
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Figure 1: a)-d) Simplified model of the NPP building and location of the TMDs. ¢) Linear dynamic model for the
vertical motion of the superstructure with mass m and the TMD.

The Tuned Mass Dampers used to passively control the superstructure consist in a mass attached to the
superstructure with a spring and a damper (Figure 1c). The control exerted by the TMDs can be classified as
passive, since the TMDs work as passive energy dissipation devices, providing the damping required to
control the vertical motion. The damper in the TMD dissipates energy whenever the mass of the TMD
oscillates relatively to the superstructure. In order to ensure this motion, the TMD is carefully tuned so that
its natural frequency is close to one relevant frequency of the base isolated system. The energy transferred
from the superstructure to the TMD generates large oscillations of the mass of the TMD, to the point that this
aspect can become a limiting one in the design of the TMD.

Due to the quasi-resonance required between the controlled mode of the base isolated system and the
TMDs, required for having an effective control, the TMDs operates efficiently only in a narrow frequency
band. That is the frequency of the harmonic input or, in case of wide frequency input, the main natural
frequency of the structure. Therefore, the TMDs mitigates only the vibration mode it are tuned to [7].
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One of the earliest theory for the design of TMD was presented by Den Hartog in his well-known
book [8], where the optimal parameters (natural frequency and damping ratio) of a TMD that minimizes the
displacement of the primary structure (here the superstructure) where obtained by means of the so called
fixed-points method. The primary structure is supposed to have vanishing structural damping. Optimal
parameters for a wider list of minimization objectives, also obtained by the fixed-points method, were later
reported in [9], also for vanishing damping of the primary structure. Empirical formulas for several
minimization objectives were given by loi and lkeda [10] while approximate, analytical closed-form, and
series solution for the case of non-vanishing damping of the primary structure can be found in [11] for mono-
frequency and white noise input.

Optimization of the TMDs parameters in the case of earthquake type excitation was presented in [12]
for an earthquake excitation modelled by a stationary stochastic process with a power spectral density of the
Kanai-Tajimi type [13, 14]. By properly selecting the frequency @y and damping ¢y of the Kanai-Tajimi
filter, different spectral density shapes can be represented. For fitting of real earthquake accelerations it has
been found that the frequency @y has to be in the range 3-12 Rad/s. The value of the frequency ay and the

damping gy associated to the EC8 [4] elastic response spectra can be found in [15, 16], along with a closed
form expression for the elastic response spectra derived from this PSD.

3. Dynamic Equations of the base isolated IRIS-NPP equipped with five TMDs

The considered NPP building is the IRIS medium power (335 MWe) pressurized light water reactor whose
preliminary design has been developed by an international consortium which includes more than 20 partners
from 10 countries. In a tentative design, the introduction of an isolation system was considered; the system is
made by 120 HDRB (High Damping Rubber Bearings) devices installed between the foundation slab and the
base [2]. The isolators are made of alternated rubber layers and steel plates, bonded through vulcanization.
Damping factors intrinsic to this technology ranges generally from 10% to 20%, while shear modulus lies in
the 0.8-1.4 MPa range.

With reference to Figure 1a, the equations of motion of the 3D IRIS base isolated NPP model with 6
degrees of freedom are presented in the following (Equations 1-11) within a Lagrangian approach. The
TMDs are active in the vertical direction and are applied one at the geometric center of the isolation plane
and four at the extremities of the x and y axis of the same, in a cross-shape configuration.

Coordinates g1, g2, qs (parallel to the global reference system x, y, z) represent displacement
components of the centroid of the main structure, while coordinates g4, s, Qs are rotations around
respectively the gs, g2, q: directions. Coordinates gz — qu1 are the vertical displacement component of the
TMD masses (Figure 1c).

The following equations of motion arise:

(m+zimTMDi)ql+_Zn:Ffli :(m+zimTMDi)ahl 1)
(m+zimTMDi)q2 +iFf2i :(m+zimTMDi)ah2 (2)
4
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where a “G” subscript denotes quatities relative to the centroid of the NPP building, while the following
symbols apply: Ffli and Ffzi are the horizontal restoring forces exerted by the i-th isolator; ky, cyare the

isolator vertical stiffness and damping coefficients; m, IGI, IGZ, IG3 are the mass and moments of inertia of

the isolated portion of the building; mrmpi, Ktvpi, Crvoi are  the  TMD  mass, stiffness and damping
coefficients of the i-TMD; a,,, a,,,a, are the components of ground acceleration; Xy, Yrmpi COOrdinated

of the i-TMD; X;, Y are the coordinates of the centroid.
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4. Preliminary unidirectional analysis on the base isolated IRIS-NPP with TMDs

The preliminary analysis of the NPP building has been performed focusing on the response in the vertical
direction by the direct integration of the equation of motion of a simplified model of the NPP. The 2DOFS
model in Figure 1c has been adopted to this end with the relevant parameters for the direction of motion in
guestion as reported in [2]. The seismic input in the vertical direction has been fixed to 1g Peak Ground
Acceleration (PGA) with the aim of possible generalizations due to the intrinsic linearity of the numerical
model. The ground motion has been selected so that it is compatible to the USNRC 1.60 response spectra, as
in [2].
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Figure 2: NPP with HDRBs (parameters from [2]): parametric study following the Den Hartog [22] tuning equations
for different levels of TMD damping (&). Horizontal axis: TMD mass over the system mass; vertical axis: ratio between
the system response with and w/o TMD; legend: ratio between the system and the TMD circular frequency.

Figure 2 reports the results of a parametric study in terms of the ratio of the response parameter of
interest for the building with and without the control of vertical motion exerted by the TMD. The study
follows the Den Hartog [22] tuning equations and spans different levels of TMD design parameters. The
selected response parameters are the extreme value of the absolute vertical acceleration (A) of the
superstructure, and the extreme value of its vertical relative displacement (S). As it can be appreciated from
Figure 2, due to the already sufficiently large amount of damping provided by the HDRB devices [2], the
introduction of a TMD resulted in a deterioration of the response both in terms of acceleration and
displacements. However, the extensive use of low damping rubber bearings in existing structures suggests to
consider the TMDs in association to natural rubber bearings [23, 24].

Figure 3 reports the results for a damping of the isolators that is 1/10th of that of Figure 2 Figure 3
depicts the outcome in terms of the same response parameters of Figure 2 obtained with a reduced intrinsic
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damping of the rubber brearings (about 1%), highlighting the benefits that can be provided by the
implementation of a TMD system.
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Figure 3: NPP modelled as in Figure 1 with data from [2] with reduced damping in the rubber bearings (LDRB):
parametric study following the Den Hartog [22] tuning equations for different levels of TMD damping (&£). Horizontal
axis: TMD mass over the system mass; vertical axis: ratio between the system response with and w/o TMD; legend:
ratio between the system and the TMD circular frequency.

5. Preliminary 3D analysis of the IRIS-NPP base isolated building with TMDs

An issue that arose in the past studies about IRIS nuclear building with base isolation [2, 17] is related to the
large variation in axial forces in the same due to rocking motion sustained by the horizontal motion and the
vertical distance between the NPP center of gravity and the isolation plane. In this work a preliminary 3D
model (see Figure 4) of the NPP building has been developed inside the SAP2000 finite element code to
address this issue. It has been studied if multiple TMDs, active exclusively in the vertical direction, are able
to mitigate the rocking motion, and consequently to reduce the axial tensile force in the bearings because of
the relative vertical displacement between the bearings’ connection points.

Due to inherent modelling limitations, the bearings are represented though elastic-plastic spring
elements (for the horizontal response) and as linear springs and dashpots (in the vertical direction). The
parameters of the elastic-plastic springs have been identified on the base of the experimental outcomes in [2].
They are: elastic stiffness Ke = 20000 kN/m, yielding strength f, = 187 kN, ratio r of post-elastic stiffness to
elastic stiffness, r = 0.43. The choice of an elastic-plastic model leads to a lower energy dissipation with
respect to the prototype in [2], and, as a consequence, the actual horizontal displacements are expected to be
of lower value than the ones predicted by the SAP2000 numerical model (Figure 5).
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In the vertical direction the devices are modelled with elastic springs in parallel to viscous dampers.
The stiffness of the vertical spring, representing the vertical stiffness of the isolators, has been selected to
match the experimental response of the tested specimen [2] (K, = 7884615 kN/m). The damping constant of
the viscous damper was selected to reach the nominal damping of 10% (Cy = 14596 kNs/m). The mass of the
NPP is 81060 kNs?*/m, while the centroid inertial moments are 22039000 kNs?m, 22039000 kNs’m,
25331250 kNs?m, respectively for Iy, I, 15 (Figure 1).

Figure 4: Preliminary SAP model

2000
(kN]

-200 200

-2000

Figure 5: Hysteretic signature in SAP and comparison with the original implementation in [2]
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The NPP building described in [2], with base isolation modelled as previously reported, has then been
equipped with 5 TMD as indicated in Section 3. Each couple of TMDs at the extremities of the x (or y) axis
provide 20% of the inertia moment of the whole NPP building about the other centroidal horizontal axis. The
mass of each TMD results to be about 4% of the total NPP mass, while is providing 10% of the NPP inertia
moment. The TMD stiffness is computed to achieve a frequency ratio of 0.97 (with respect to the horizontal
isolation frequency, which is about 1.63Hz), while the damping coefficient is equal to 9105 kNs/m in order
to have a damping relative to the critical of 13%. The central TMD has been designed to control the vertical
motion of the NPP. It has a mass equal to 10% of the total NPP mass, a stiffness that has been selected to
have a frequency ratio of 0.97 with respect to the modal frequency (about 17.1 Hz) related to the vertical
oscillation of the NPP, a damping that has been set to 13% relative to the critical.

Figure 6 reports the comparison between the original isolation arrangement with HDRBs of the IRIS
reactor, modelled in SAP2000, and the solution that implements the 5 TMDs in parallel. The comparison is
in terms of vertical relative displacements accross the isolators at the extremities of the x and y axis. It can be
noted the contribution of the TMDs in mitigating the rocking motion.

In light of the lack of consensus on the value of the damping in the axial (vertical) direction in HDRB,
a new analysis has been then performed assuming a damping, relative to the critical, of 3% in the vertical direction.
Figure 7 reports the comparison between the original base isolation solution for the IRIS NPP (now with 3%
damping in vertical direction) and the one supplemented with 5 parallel TMDs. No reasonable difference can
be noted, since the vertical motion is mainly driven by the horizontal one, and this results unchanged since
only the vertical characteristic of the devices was modified.

%x10°  Vert. disp. Z TMD x=0, y=25 4 %102 Vert. disp. Z TMD x=25, y=0

0 5 10 15 20 o 5 10 15 20
[s] [s]

%10 Vert. disp. TMD1 x=25m, y=0m

1.5¢

N
T

o
©

Periodogram PSD
=} =}
D

Periodogram PSD

[Hz] [Hz]

10

© The 17th World Conference on Earthquake Engineering - 2g-0060 -



The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

Figure 6 — Vertical relative displacements at the extremities of the x and y axis. Comparison between standard base
isolation and 3D base isolation (5 TMDs) in SAP2000. Isolation system design as in [2]
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Figure 7 — Vertical relative displacements at the extremities of the x and y axis. Comparison between standard base
isolation (3% damping in vertical direction) and 3D base isolation (5 TMDs) in SAP2000.

6. Conclusions

This paper deals with a preliminary study indagating the possibility to control rocking and vertical motion of
base isolated NPPs which adopt rubber bearings. An innovative solution that consists in the implementation
of a TMD in the vertical direction, in parallel to traditional base isolated systems, is used to mitigate the
vertical response. This leads to a 3-D base isolation with uncoupled reaction components.

The results show that the implementation of TMDs can be somewhat beneficial to reduce the relative
displacement across the isolation bearings and vertical absolute accelerations. However, the level of the
inherent damping in the base isolation bearings drive the effectiveness of the proposed solution. Besides,
when the rocking motion becomes critical, the horizontal isolation stiffness mainly affects the response.
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