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Abstract
A 3-D base isolation system to control the structural effects of both the horizontal and vertical
components of ground motion has been recently presented in literature and it is herein briefly
summarized. A building model is used to test the 3D base isolation arrangement that consists
of elastomeric bearings acting both in the horizontal and vertical directions, and an innovative negative stiffness devices acting only in the vertical direction. The elastomeric bearings
horizontal reaction force is reproduced through the implementation of a linearized approach.
The negative stiffness device in the vertical direction can be considered as an adaptive passive protection system, which can apparently change the stiffness of the structure.
Numerical analyses show that the presence of the negative stiffness devices in the vertical direction coupled with the elastomeric bearings reduces both the vertical and the horizontal
absolute acceleration in the structure. Nevertheless, accordingly with the passive control theory, the relative displacements increase. The adoption of supplemental damping from the implementation of high damping rubber bearings allows to mitigate such amplification effects
without introducing specific dampers.
Keywords: 3D base isolation, vertical mitigation, three dimensional ground motion, building,
numerical simulation, nonlinear behavior.
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INTRODUCTION

From decades seismic base isolation focuses the attention of the structural engineering
community. Indeed, it plays a special role in mitigating the seismic effect on structures. Base
isolators turn out to be able (i) to shift the main structural natural frequencies away from the
most dangerous seismic frequencies; (ii) to act as an internal fuse for the interaction forces;
(iii) to dissipate part of the introduced energy; (iv) to supply additional damping. Therefore, it
is widely accepted (and standardized) that base isolation gives the best architectural impact
(being almost invisible) and has a better seismic performance among the other structural protection techniques.
Despite it has long been assumed that the effect of the vertical component of the earthquakes could be ignored for seismic reliability of structures, it has been demonstrated how the
effect of the vertical component should be considered along with the horizontal one.
This paper is focused on a mechanical arrangement [1] able to reduce of the structural and
non-structural dynamic effects associated to the vertical component of the ground shaking.
When coupled with traditional horizontal base isolation devices, the proposed solution overcomes the present limitation of standard base isolation systems that exclusively mitigate the
horizontal seismic forces. The concept negative stiffness is implemented in the vertical direction to provide effective vertical vibrations absorption in constrained bistable structures.
2

LITERATURE REVIEW

A common perception among the professional engineers is still that the vertical component
of the ground motion is lower than the horizontal component, thereby V/H ratio (ratio of vertical to horizontal peak ground acceleration) is assumed to remain less than unity. Many codes
worldwide [2,3] still suggest the use of a spectral shape for the vertical component derived
from the horizontal component, using an average V/H ratio (e.g. 2/3), as originally proposed
by Newmark et al. [4]. As a result, all components of motion have also the same frequency
content. The frequency content, however, is demonstrably different and the fixed ratio rule for
V/H is unconservative in the near-field and over-conservative at large distances from the epicenter [5]. The V/H ratio was confirmed to be > 1.0 within a 5 km radius of the earthquake
source, > 2/3 within 25 km radius and dependent on earthquake magnitude. Table 1 below
shows some events and stations close to the fault with significant V/H ratio.
Event
Gazli, USSR 1976
Imperial Valley 06 1979
Kobe, Japan 1995
Loma-Prieta, USA 1989
Nahanni, Canada 1985
Northridge-01 1994
Palm Springs 1986

Station (Mw)
Karakyr (6.8)
El Centro Array #6
Port Island (6.9)
LGPC (6.9)
Site 1 (6.8)
Rinaldi (6.7)
Cabazon (6.1)

H1(g)
0.61
0.41
0.31
0.56
0.98
0.84
0.22

H2(g)
0.72
0.44
0.28
0.61
1.1
0.47
0.21

V(g)
1.26
1.6
0.56
0.89
2.09
0.85
0.36

V/H
1.76
3.77
1.79
1.47
1.9
1.02
1.67

Distance*
5.5 km
1.4 km
3.3 km
3.9 km
9.6 km
6.5 km
7.8 km

* Closest distance to fault

Table 1: Events and stations close to the fault with significant V/H ratio.

Therefore, despite it has long been assumed that the consideration of the effect of the horizontal component of earthquakes suffices for seismic reliability of structures, it has been
shown in many cases (e.g. near-field strong ground motion) that the vertical component
should be consistently considered along with the horizontal one. This issue becomes a great
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concern for conventional seismic isolation system that are able to reduces the structural effects of the horizontal component of an earthquake, while the vertical component is transmitted directly into the structure. As such, there is considerable and increasing research interest
worldwide in vertical and three-dimensional (3D) isolation systems to protect a wide range of
structures and valuable facilities such as heritage assets and specialized equipment. Indeed,
they are not only unique and expensive, but also critical to safe operation [6-9].
Current standard EN 1998-1 [10] cover the design of seismically isolated structures in
which the isolation system, below the main mass of the structure, aims at reducing the seismic
response of the lateral-force resisting system. Again, EN 15129 [11] specifies that isolators
provide isolation against only horizontal seismic actions.
Structural base isolation against vertical vibrations in parallel with standard horizontal base
isolation remains a challenge in both research and practice.
Some attempts of 3D base isolation systems can be found in literature. A 3D isolation system has been introduced in 1990 [12] and it consists of helical steel springs that are flexible
horizontally and vertically. The spring is essentially undamped so it needs to be used in conjunction with supplemental dampers. The system has been applied in two buildings in California. Limitations can be identified in the coupling between the horizontal and the vertical
motion due to geometric nonlinearities. Similarly, 3-D seismic isolation devices that employ
laminated rubber bearings for the horizontal direction and helical springs or seal type air
springs in the vertical direction are also studied [13-16,9]. The issue of concern for these solutions is the pitching and rolling effects, so an additional rocking suppression system should
be also provided.

Figure 1: 3D isolation system.

This paper deals with the challenge of how realize a 3D base isolation system for protecting a wide range of structures and valuable assets.
A weakening vertical behavior simulates the yielding of the global system without changing the real stiffness of the structure. It allows moving the structural response away from dangerous amplification. Therefore, the mechanism decouples the vertical ground shaking from
the superstructure, generating the vertical base isolation. In the same way that standard isolators decouple the horizontal component of the ground motion (Figure 1).
The mechanism that allows to isolate the superstructure from the vertical component of the
earthquake consists in a mechanical assembly of passive components (i.e. springs, rods, piv-
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ots). The concept of negative stiffness [17] drives the concept. Vibration control can be carried out by modifying the self-stress level of the structure in order to shift the natural frequencies away from excitation [18]. Recent research has shown that constrained bistable structures
can provide effective horizontal vibrations absorption capacity [19,20].
3

PROPOSED NEGATIVE STIFFNESS DEVICE

Figure 1 reports the general scheme as “radial section” of the proposed negative stiffness
device to isolate the superstructure from the vertical components of the earthquake motion.
More details can be found in [1].
The horizontal prestressed spring remains at rest until the vibrations induced by the vertical
component of the earthquake change the alignment between the lever and the spring. Then the
vertical component of the prestressed spring force generates a bending moment, on the left
and around the pivot, which is in balance with the moment to the right of the pivot. Being the
arm to the right of the pivot smaller than that one on the left, the force acting on the superstructure will be greater than the vertical component of the prestressed spring force. In this
way the reduction of the vertical rigidity of the system (weakening) is generated, which has
the effect of amplifying the displacement induced by the vertical component of the earthquake.
This mechanism decouples the vertical ground shaking from the superstructure, generating the
vertical base isolation. Preliminary results highlight how the vertical isolation mechanism is
effective in reducing the vertical acceleration of the superstructure and promising for further
development and implementations on a wide range of structures.
The mechanism for vertical base isolation adopts consolidated mechanical solutions. Differently from current approaches [13-16,9] that are based on linear elastic springs (helical and
air spring), it is able to show a nonlinear weakening behavior that is essential for limiting the
external forces that could be transmitted directly to the superstructure.
4

METHODOLOGY

The isolation mechanism should be able to generate a force that pushes the isolated structure in the same direction of the seismic induced relative displacement between the base and
the ground (not in the opposite as in the case of positive stiffness). It simulates an apparent
weakening without changing the real stiffness of the structure, in order to move the system
appropriately far from the resonance condition. In other words, a pseudo yielding is created,
that is below the real yielding of the superstructure.
F

NS

HDRBs damping

Gap

∆
Gap

HDRBs spring

(a)

(b)

Figure 2: (a) charactersitics of the negative stiffness device. (b) Force-displacement laws of the isolation mechanism.
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The displacement level at which the pseudo yield occur (called Gap) can be fixed so that
the negative stiffness (NS) transfers almost zero forces to the structure until the displacement
is smaller than the Gap. Assuming a linear stiffness for the HDRBs and considering their inherent damping, the assembly is described by the following schemes.
When the displacement is within the Gap, the negative stiffness mechanism is not activated.
When the Gap threshold is overcome, the negative stiffness component is transferred to the
structure (Figure 2a). Actually, the apparent reduction of stiffness produces an increment of
displacement that could be necessary to be controlled. Therefore, a small amount of damping
could be needed and it can be provided by the HDRBs.
A further positive characteristic of the assembly is that it is able to re-center when the external forces are removed. Therefore, residual deformations at the base isolation level are restored, unless the main structure itself developed plastic deformations due to yielding. More
details on the proposed negative stiffness device can be found in [1].
5

APPLICATION

The effectiveness of the proposed concept for the mitigation of the vertical vibrations is
now assessed using a simple structure. It consists in a 2-D frame not related to a specific application, with two columns, a rigid horizontal beam and a rigid horizontal base floor [1]. It
has the following characteristics: span L = 9.15 m and height h = 3.96 m, distributed mass on
the beam and base floor m = 160000 kg (each one), frame’s total horizontal stiffness KH =
77000 kN/m for a corresponding vibration period TH = 0.28 s, frame’s total vertical stiffness
KV = 5.7×106 kN/m for a corresponding vertical period of TV = 0.033 s, assumed damping ratio ξ=5% through Rayleigh damping matrix. T, N, M are the internal forces in the columns:
respectively shear force, axial force, bending moment. E is the Young modulus, A and I are
the cross section area and inertia modulus of the columns respectively. xi, yi, θi are the Lagrangian coordinates, xg, yg the ground motion displacements components in the horizontal
and the vertical direction respectively. The rocking motion is now disregarded at the isolation
level. At the end, five degrees of freedom are considered in the structure.
Each isolator is assumed with linear elastic behavior and has a fixed damping ratio of 15%.
This value is typical for high damping rubber bearings, or lead rubber bearings, at larger cycles of hysteresis [7]. Two configurations are considered: (i) isolated structure without the
vertical isolation mechanism and (ii) the complete 3D isolation.
The structure in the second configuration is arranged with the vertical isolation mechanism
uncoupled from the horizontal one (rubber bearings). Thus, it acts in the vertical direction only and provides no force in the horizontal direction. Hence, in the horizontal direction the rubber bearings ensure the base isolation, while the total vertical Force-Displacement law at the
isolator level is the sum of both the NS and the HDRBs contributions as they act in parallel.
The vertical isolation mechanism is designed to get a specific Force-Displacement law as
depicted in Figure 2b. It is nonlinear elastic and the parameters that characterize the behavior
are the following:
The stiffness of the first branch, equal to the total vertical isolators stiffness KNS.
The stiffness of the second branch, equal to 10% of KNS.
The gap-displacement δ when the NS is engaged.
Focusing on the rubber bearings devices, assuming a starting range of horizontal stiffness
for the isolators, the goal is to find the stiffness at which the vertical isolation mechanism is
more efficient in mitigating the vertical acceleration of the superstructure. The first assumption is to consider a stiffness range that correspond to a horizontal period of vibration between
1 s and 4 s. Then, for identifying the total vertical stiffness of the isolators, the assumption is
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to have a ratio between the vertical and the horizontal reactions equal to 1000 (representative
of the most of the rubber devices available on the market).
For the selection of the optimal vertical stiffness, tests are performed in the vertical direction using a suite of ten earthquake records with high vertical components of ground motion.
For each record, and for each stiffness, a range of values of gap-displacement δ are assumed.
Following the first-step analyses, the value δ = 1mm results satisfactory in terms of vertical
acceleration mitigation. Therefore, for the aim of this preliminary study, this value is adopted.
The second step of the analysis concerns the design of the rubber isolators. After the selection
of the optimal vertical stiffness, the purpose is to design an isolation system that is able to
withstand the displacements and the stresses induced by the seismic loading. The design must
take in to account some requirements and verifications that appear in most codes (e.g. [21]).
Next Figure 3 shows the comparison of the mean values and standard deviations of the
maximum vertical accelerations, for traditional base isolation vs 3D base isolation and for different vertical stiffnesses, of all the ground motions considered. A transition zone in the mean
values is observed where the behavior of the two isolation typologies is equivalent. This is
due to the relative displacements are smaller. Hence the vertical isolation mechanism is engaged only few times. Instead, when the stiffness is small, a significant reduction of accelerations is obtained. Nevertheless, tensile displacements are also highlighted at the lowest
stiffness values.

Figure 3: comparison of the mean values and standard deviations of the maximum vertical accelerations in
the isolated system, for traditional base isolation (grey bars) vs 3D base isolation and for different vertical stiffnesses (black bars).

6

CONCLUSIONS
 The paper deals with an innovative solution from literature that consists in the implementation of negative stiffness devices in parallel with traditional rubber bearings in a base
isolated building to mitigate the vertical response. Therefore, a 3-D base isolation with
uncoupled reaction components is achieved.
 To test the proposed procedure with respect to traditional isolated ones, a simple SDOF
case study is considered. The results show that the implementation of negative stiffness
devices in the vertical direction reduces the vertical accelerations. However, consistently
with the base isolation theory, there are increments of displacements at the isolator level.
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Thus, the implementation of additional damping at the isolation level is advisable to limit
relative displacements.
 Internal forces in the vertical mitigation device are 2-3 times larger than the structural
weight. Therefore, the design concept may result difficult to be implemented in practical
applications and likely restricted to special conditions (light highly sensitive equipment
or sculptures and artistic masterworks).
 Next research will be focused on the development of a prototype to evaluate the practicability and the effectiveness of the proposed solution.
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