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1 | INTRODUCTION

A number of valuable objects and structural elements, such as computer servers, art pieces, electrical transformers, por-
tions of masonry buildings, and bridge piers, exhibit rocking behavior during earthquakes. The dynamics of rigid blocks
have long been a subject of interest in the field of structural engineering. In particular, the rocking behavior of rigid blocks
has significant implications in the seismic assessment of slender structures/objects. The literature contains a large num-
ber of analytical studies on the dynamics of rigid blocks, starting with the study on a single block presented by Housner.!
Further studies” highlighted the complexity of the rigid block response to real earthquakes, pointing out the high sen-
sitivity to geometry and ground motion of this type of system. Recently, rigid block modeling has received attention for
the assessment of the seismic vulnerability*— of masonry structures®~® and nonstructural elements.'?"> Further, a variety
of experimental tests have been conducted to investigate the response of rocking objects during earthquakes, such as art
objects,'®!” and hospital cabinets.'®!

Base isolation technology can present a practical solution for the seismic protection of rocking objects. The subject of
base isolation technology used for seismic protection in general has received extensive attention in recent decades,?’~%*
and numerous investigations into response control and seismic isolation were conducted. Remarkable progress has been
achieved in advancing these technologies,’*?* which fall in the well-known “passive control” category of structural
control.

Seismic isolation technology used to protect rocking rigid objects received attention, mainly to preserve nonstructural
elements such as computer servers or art objects.”> %’ These studies generally confirmed the efficiency of the seismic iso-
lation technology.?® 3" Vassiliou and Makris®! explored the response of different base isolation technologies for rocking
rigid blocks subjected to earthquakes. Furthermore, it has been observed that increasing the size of the block can also
contribute to enhancing the performance of the base isolation.*” Recently, the emphasis has shifted to the investigation of
novel constitutive laws for the isolation system* or innovative protection technologies.**~** In addition to many theoreti-
cal studies, base isolation applications have also been documented, mainly oriented towards the protection of art objects.
Among them are the Hermes of Praxiteles at the archaeological museum of Olympia, Greece, the Gates of Hell by Rodin at
the national museum of Western Art in Tokyo, Japan, and some movable works of art at the J. Paul Getty museum in Los
Angeles, USA.% Friction pendulum devices were used in the first two cases and a device formed by springs in the third. An
application of vibration protection was also carried out in Italy for the Rondanini Pieta in the Castello Sforzesco in Milan,*
however the most relevant example is that of the Riace Bronzes, for which a novel marble antiseismic basement was used.®
Additional applications have focused on using floor isolation***! to protect crucial nonstructural objects (i.e., computers
servers and medical equipment). This technology proved to be effective because it allows the protection of specific rooms
that contain sensitive objects as opposed to isolating the entire building. Finally, other examples can be found for the pro-
tection of large electrical transformers,*>** equipment in nuclear power plants** and nonstructural elements in medical
facilities.*>4¢

Further, numerous studies were conducted in the last decades on the displacement-based procedure to design and
assess structures subjected to earthquakes.**® The success of this procedure is due to its simplicity and efficacy, while
accounting for the nonlinear response of the investigated system; researchers developed several displacement-based
methods to design and assess different structures, that is, frame structures and bridges.49 Further, many studies were
conducted to develop displacement-based procedures to design different seismic protection strategies, such as base isola-
tion technology.’’> Moreover, attempts were made in order to define simplified design/assessment procedure for rocking
rigid blocks subjected to earthquake’® assuming the rigid block as a system with one degree of freedom (DOF). The use of
response spectrum for rocking blocks idealized as a single DOF system was proven not be generally valid by Makris and
Konstantinidis.>* For this reason, the sensitivity of rigid block responses to seismic inputs was extensively investigated. In
particular, the simplification of seismic inputs, involving resonance conditions via single or multiple impulses,”~’ proved
to be particularly effective for replacing response-spectrum analysis and highlighting some features of the dynamic behav-
ior of this oscillator. Recently, simplified analysis procedures have been developed for rocking systems>® and for systems
exhibiting negative stiffness.”® However, there is currently no procedure available for designing base isolation associated
with rocking.

Despite the conclusions of Makris and Konstantinidis,** simplified design procedures, based on the response spectrum
analysis, to design isolation systems for rigid rocking blocks are proposed here. The assumptions that motivate this work
as well as the reasons why the equivalent elastic system is acceptable for this system and not generally applicable to the
fixed-base rigid block are: (a) the presence of an elastic-viscous system beneath the rigid block significantly influences the
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FIGURE 1 Configurations of the seismically isolated rigid block system: (A) system at rest (B) pure translation; (C) translation plus
rocking.

overall behavior; (b) in this study the displacement-based design approach is used, as opposed to the force-based approach
proposed by Priestley et al.>*; (c) the assumption of small rotations of the block and large displacements of the isolator
results in the system being primarily governed by a linear elastic oscillator that closely aligns with the response spectrum;
(d) in the proposed procedures rocking rotations are zero or small, hence far away from the unstable equilibrium position,
0 = a® close to which the high sensitivity of the rocking block to small variations of the system parameters was extensively
documented.?>*

Considering the previous assumptions, two displacement-based procedures to design isolation systems for rigid rocking
blocks are proposed in this paper: (a) the prevented rocking displacement-based design (PRDBD) procedure, which is
aimed at designing the isolator to prevent initiation of rocking motion during the design earthquake; (b) the controlled
rocking displacement-based design (CRDBD) procedure, which is aimed at designing base isolation devices for rocking
blocks, in order to allow a specified maximum rotation during the code earthquake. The proposed procedures are then
validated by examining the dynamic response of the system to a suite of spectrum-compatible accelerograms. Finally, some
practical examples using the proposed procedures are presented, and an assessment/protection procedure for slender
rocking objects is depicted.

2 | REVIEW OF THE ISOLATED RIGID ROCKING BLOCK MODEL
The analytical model of a rigid block placed on a base isolation device?®?%*! is summarized in this section. The system
consists of a rocking block with half height &, half width b, and mass m placed on a linear isolation device characterized
by mass my, stiffness k;,, and viscous damping ¢, (Figure 1A). A large frictional force that prevents sliding is assumed,
hence the block is limited to rock only about its corners, and instantaneous impacts are considered. The motion of the
system is described by two configurations; (a) the block and the isolator translate horizontally together (Figure 1B); (b)
the isolator is moving while the block is rocking (Figure 1C).

When the motion of the system is characterized by pure translation, the system is described by one DOF only: the
horizontal translation of the linear isolator u,. The equation of motion in this case is simply:

myiiy, = —upky — upcp — Xgmy, (€))

where m; = m + m,;, is the total mass of the system (sum of block mass and isolator mass), X, is the hori-
zontal component of the seismic ground acceleration, and the dot superscript indicates derivative with respect to
time.

If the sum of the horizontal component of ground motion and the base isolation acceleration, (X, + i), exceeds the
threshold (or uplift) acceleration, the block starts to rock (Figure 1C). In this configuration, the motion of the system is
characterized by two DOFs: the horizontal displacement of the isolator and the rotation of the rigid block, 8. The equations
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FIGURE 2 (A) Geometrical and mechanical properties of the isolated rigid rocking block system, (B) Displacement-based procedures
depicted in the ADRS plane. ADRS, acceleration-displacement response spectrum.

of motion for this configuration®2°*! can be expressed in matrix form as:

I + (b? + h?) m —m (h cos (6) + Sg b sin (6)) 6
sym m; ’ iip

m Xg (h cos (0) + Sg bsin(6)) + m g (hsin(6) — Sg b cos (9))
= , 2

2 ,
m(Sg b cos(6) —hsin(0)6 —up ky —up ¢, — Xy my

where I; is the mass moment of inertia of the block with respect to its centroid G, g is the gravitational acceleration and
Sg is the signum function:

Sg=1if0>00rSg =-1if 6 < 0;

Further, in the configuration where the rocking motion is initiated, impacts between the block and the iso-
lator may occur. The calculation of the postimpact velocities of the isolated-base case differs from that of
the fixed-base one because the base isolator also undergoes a change in velocity.’! Therefore, it is necessary
to evaluate the postimpact velocities for both the isolator and the rigid block. In this study, the procedure
proposed by Vassiliou and Makris®' is used to calculate the coefficients to be applied to preimpact veloci-
ties, usually called coefficients of restitution. From now, to reduce the dimensions of the problem, the char-
acteristics of the isolator are described using the period, T}, the mass ratio, y,, and the damping ratio, &,
(Figure 2A), as:

Ch
zwb mt ’

3

m
Ty =2\ my [ky; vp = " & =

where w, = \/k;, /m, is circular frequency of the isolator.
Similarly, the block is assumed rectangular in shape and is thus described by its slenderness angle « (the more slender,
the smaller the value of @), size parameter R (Figure 2A), and the frequency parameter p as follows:

o =tan"! <%>;R:\/b2+h2;p: 3g/4R 4)
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3 | DISPLACEMENT-BASED DESIGN PROCEDURES FOR ISOLATED ROCKING
STRUCTURES

Two simplified procedures to design isolation systems for rocking rigid blocks are described in this section: (a) Prevented
rocking displacement-based design (PRDBD); (b) Controlled rocking displacement-based design (CRDBD). The former
aims to design a base isolation device in order to prevent the initiation of rocking motion of the rigid block, while in the
latter the base isolation is designed to control the maximum rotation of the block.

The two procedures can be depicted using the acceleration-displacement response spectrum (ADRS), which allows a
prompt understanding of the problem. In Figure 2B, a free-field (or ground) response spectrum is used, but the proposed
procedure can be easily extended to floor spectra.®®> Two distinct periods of base isolation can be found in the spectrum
(Figure 2B): (a) T} pg, that corresponds to the threshold acceleration initiating rocking motion, g tan(a); (b) T cg, that
is the period for which the block, during the code earthquake, undergoes a specific absolute maximum rotation. These
two periods define three regions in the ADRS plane. The first area lies below T}, pr and it includes all those periods for
which the base isolation prevents initiation of rocking motion under the design earthquake. The boundaries of this region
depend on the seismic demand, on the damping of the isolator and on the slenderness of the block (but not on its size).

The region that lies between T}, pr and T}, cg includes all those periods of the base isolation for which the rocking
motion is triggered, and the absolute maximum rotation that the rigid block experiences should not exceed the capac-
ity of the block. The boundaries of this region are determined by the seismic demand, the damping of the isolator,
and the slenderness of the block (as is the case for the region below T, pg), but also by the size of the block (which is
from now described using the frequency parameter p). It is important to note that, due to the extreme nonlinearity of
rocking motion, the rotations of the rigid block during the code earthquake may exceed the assumed capacity of the
block (or even overturn it) also for isolators with period longer than T} . Similarly, the region above T} ¢ includes
all those periods of the base isolation for which the rocking motion is triggered, and large nonacceptable (NA) rotations
are expected. In this area overturning or rotations larger than the assumed maximum capacity of the block may occur,
therefore the procedures are no longer applicable. Also in this area, due to the nonlinearity of the rocking response, the
block placed on an isolator with period longer than T}, - might not overturn or exhibits rotation smaller than those
expected.

3.1 | Steps of the prevented rocking displacement-based design procedure

The PRDBD procedure has the goal of designing the base isolation system to prevent rotations of the rigid block.
This procedure (Figure 3) is particularly suitable for small to medium size objects (more vulnerable to earthquakes),
whose values may be inestimable (such as art objects), or whose operation is essential during earthquakes (such as
medical equipment). The slenderness angle of the block is assumed to be known, and consequently also the uplift
acceleration. In this procedure, the isolated block assembly can be simplified to a single DOF system with equiva-
lent mass coincident with the total mass m, of the system, equivalent stiffness coincident with the stiffness of the
isolator k;, and equivalent damping ratio coincident with the damping ratio &, of the isolator. The block is expected
not to rock when subjected to the design earthquake filtered by the isolator, hence the stiffness of the block, k;, can
be assumed infinite. Rocking motion can be avoided by imposing that the maximum spectral acceleration of the sin-
gle DOF system (Figure 3B) remains lower than the minimum uplift acceleration. The design of the isolator partially
follows the procedure of the displacement-based design for single DOF systems, with the difference that the damp-
ing is concentrated only in the base isolation device and the maximum spectral acceleration is limited to the uplift
acceleration.

In order to design the seismic protection device for slender rigid blocks the PRDBD procedure, schematically depicted
using the flowchart in Figure 4A, can be applied following these steps:

1) Identify the structural dimensions and define the characteristics of the equivalent single DOF system (Figure 3A and B).

2) Define the target displacement d, and the uplift acceleration of the block g tan(a) (Figure 3C). The former is related to
design requirements (and to the limits of the commercial isolators), while the latter depends only on the slenderness
angle of the rigid block.
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FIGURE 3 PRDBD procedure: (A) Properties of the system; (B) Equivalent SDOF system, (C) Displacement profile of the system and
acceleration-displacement curve of the nonisolated block; (D) Demand spectrum for different damping ratios and definition of the target
damping. FPS, friction pendulum system; HDRB, high damping rubber bearing; LDRB, low damping rubber bearing; LRB, lead rubber
bearing; PRDBD, prevented rocking displacement-based design.

3) Define the spectral demand on the ADRS plane and calculate the period T}, pg of the isolator for which rocking motion

is prevented as:
| d
T =2 _— 5
b,PR T g tan () 6)

4) Select the target damping necessary to avoid rocking motion (Figure 3D). If necessary, the seismic demand must be
properly scaled based on the equivalent damping ratio of the isolator.®

5) Design isolator: once the target damping is determined (Figure 3D) and the period T}, pg obtained, it is possible to
define all the mechanical properties of the isolation device.

3.2 | Steps of the controlled rocking displacement-based design procedure

The second procedure (CRDBD) has the goal of designing the base isolation system in order to allow a controlled
rocking motion of the rigid block under the code-level earthquake. This approach is suitable for medium to large size
blocks, and for those for which small oscillations are acceptable. The main advantage of this procedure is that the
maximum displacement of the isolator, can be reduced compared to the PRDBD method, although rocking motion
is triggered with all the consequences this may imply (e.g., impacts). This method uses the rotational capacity of
the block to increase the overall performance of the system. For the reasons already presented in the Introduction,
the procedure is based on the assumption that the displacement response of the isolated rocking rigid block system
matches that of a linear system, characterized by the period and damping of the isolator. Furthermore, the CRDBD
procedure can be considered as a viable alternative to connecting the block directly to the isolator, in order to avoid
excessive stress on the block caused by bolts, pins, or other anchoring systems that may lead to large (incompati-
ble) stresses on the block. The CRDBD method is depicted as a flowchart in Figure 4B, and consists of the following
steps:
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FIGURE 4 Flowcharts of: (A) PRDBD procedure; (B) CRDBD procedure. CRDBD, controlled rocking displacement-based design;
PRDBD, prevented rocking displacement-based design.

D
2)

3)

4)

Identify the geometrical parameters of the block, that is, & and R.

Define the capacity of the rigid block in terms of uplift acceleration (gtan(x)) and limit displacement (dcg). For
example, as recommended by the commentary to the Italian building code® for masonry structural elements, the
displacement capacity of the rocking rigid block may be assumed to be 40% of the block ultimate displacement d,,
(Figure 3C).

Select isolator properties to define the yield displacement d, (displacement of the isolator at the uplift acceleration)
and the damping ratio &,. Similarly, to the PRDBD procedure, these values are determined by the design requirements
and the limits of commercial isolators.

Calculate the period of the isolator, T}, o and the target displacement, d;, as shown in Equation (6). Finally, build the
capacity curve of the system (Figure 5A) assuming a uniform load profile.

Tl%,CR

d; = dcr + dpcr Where dj, cr = a(der) ——- (6)

T =27 )
b,CR 4772

y .
gtan(a)’

where d, o and a(dg) are respectively the displacement of the isolator and the static acceleration of the block at the
instant where the block reaches the assumed rotational capacity dcp.

In the second branch of the capacity curve, as the displacement of the block increases, the resisting force of

the system decreases. Consequently, as the rotation of the block increases, the linear isolator tends to return to
its rest position. When the block reaches its maximum displacement capacity, d,, the resisting force becomes
zero, and the isolator returns to its initial position. Considering this behavior, different scenarios may arise.
When the maximum capacity of the block, d, is smaller than the displacement of the isolator, dy, the second
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FIGURE 5 Acceleration-displacement curve for the isolated rocking rigid block system. (A) Definition of the curve. Particular cases of

the capacity curve for a system with: (B) d,, > d,; (C) d,, = d,; (D) d,, < d.

Sa (A) B)
Tycr clastic E.D. Rule
stiffness  /
capacity curve ! )
! ' negative stiffness
gtan(a)f--------- :
Ly P
dy S,p di S; dy doy = dyeg d

FIGURE 6

negative stiffness. CRDBD, controlled rocking displacement-based design.

CRDBD: (A) procedure to evaluate the spectral displacement demand; (B) equal displacement rule for a system exhibiting

branch of the capacity curve is characterized by a snapback behavior (Figure 5B). In this case, rocking cannot

be relied on as a consistent behavior in design; hence, controlled rocking is no longer an acceptable strategy for

systems exhibiting snapback behavior. If possible, a stiffer isolator should be used; alternatively, the PRDBD pro-
cedure should be pursued. Additionally, when d, = d, (Figure 5C), the response of the system transitions from
an unstable (Figure 5B) to a stable configuration, thus when d, < d, (Figure 5D) the CRDBD procedure can be

applied.

5) Calculate the seismic demand in terms of displacement (Figure 6A), S, p, applying the equal displacement rule
(Figure 6B). The displacement demand can be obtained as a function of the elastic stiffness k., hence from the period

Th,cr-

6) Check that the spectral demand, S, p, is smaller than the target displacement d,. If the previous control is satisfied,

design the mechanical properties of the isolator. If the control is not satisfied, repeat Step 3 after selecting a different
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acceleration-displacement response spectrum.

isolator. As in the previous case, the procedure can be modified, for example, to determine the necessary damping once
the target displacement is known.

Similarly to the PRDBD procedure, the proposed design procedure necessitates to scale the seismic demand according
to the equivalent damping ratio of the isolator. To this purpose many procedures are present in the literature,® and the
accuracy of the displacement-based methods strongly depends on which relation is used.>

4 | VALIDATION OF THE DISPLACEMENT-BASED DESIGN PROCEDURES

To validate the previous displacement-based procedures to design base isolation protection devices, the Getty Villa located
in Southern California, USA, which houses Greek and Roman artefacts in its open spaces, is considered. For that site, a
design response spectrum according to the ASCE Standard®® is derived using the following parameters®’: (a) site-adjusted
short period (0.2 s) spectral acceleration Spg = 14.61 m/s?; (b) site-adjusted one-second period (1.0 s) spectral acceleration
Spy = 6.57m/s?; and (c) transition period between constant spectral velocity and constant spectral displacement ranges of
the spectrum of T; = 8.0 s. A rubber bearing isolator with a 5% damping ratio is assumed. However, in the last section of
the paper two additional design examples are presented, which consider larger damping ratios. In the following analyses,
the mass ratio is assumed to be constant for all simulations and equal to y;, = 0.9. Additionally, the density of the block
remains constant, implying that the mass of the isolator always accounts for approximately 10% of the total system mass.
To validate the procedure, a suite of accelerograms was used; 11 spectrum-compatible records (Figure 7) were selected
using the software incorporated in the Pacific Earthquake Engineering Research Center database.’® The software uses the
mean squared error (MSE) to assess the match between a time series and a target spectrum. The MSE is determined by
comparing the spectral accelerations of the recorded data with those of the target spectrum, within an assigned period
range (in this case, 0.1 to 10 s). Additionally, the MSE is divided by a weight function, denoted as w(T};), which is used to
assign relative weights to different parts of the period range. The weight function is discretized at each period T;, where
the MSE is calculated. In the case at hand only unity weights were assumed, hence the MSE is not modified. Additional
information on the software for selecting earthquake ground motion time histories can be found in.®” Further, the selection
of records was confined to a specific range of moment magnitudes, between 6.5 to 7.5, as well as a range of average shear
velocities in the top 30 m, spanning from 360 to 760 m/s. The following subsections report parametric analyses that show
and validate the proposed design procedures.
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FIGURE 8 Lower quartile, median and upper quartile for the accelerograms suite in Figure 7A and in Table Al, of the maximum
absolute nondimensional rotations for rigid blocks, varying the frequency parameter p and the period of the isolator T,. o = 0.3 rad.

4.1 | PRDBD method

The PRDBD method is used to design base isolation devices in order to prevent the rocking motion of the upper block. In
the following analyses, a block slenderness angle o = 0.30 rad is assumed to validate the procedure. This angle involves
a minimum uplift acceleration of 2.95 m/s?, and the minimum period of the isolator that prevents rocking motion is thus
Tp pr = 2.20 s (from now called the “minimum isolator period”). The previous period is calculated using Equation (5), in
which the target displacement d; in the ADRS plane is assumed as the intersection of the minimum uplift acceleration
and the design spectrum. This calculation delivers a value of d; = 0.37 m, as shown in Figure 7B.

Several time history analyses are carried out for various block sizes using the suite of records in Figure 7A and Table Al.
The upper quartile, median, and lower quartile of the maximum absolute nondimensional rotations for the rigid block are
evaluated for the suite of accelerograms while varying the period of the base isolation between 1.00 and 2.50 s (Figure 8). To
understand the effect of the block size, a realistic range of frequency parameters (a measure of the dynamic characteristics
of the rigid block) is investigated (Figure 8): from p = 2 rad/s (i.e., a large electric transformer) to p = 8 rad/s (i.e., a
household brick). According to the PRDBD procedure, rocking motion cannot be triggered if an isolator with a period
equal or lower than T}, pg (calculated analytically) is used. To validate the procedure, the period of the isolator calculated
using the PRDBD procedure is compared with the smallest isolator period (among investigated frequency parameter p
values) obtained from the median response (over the bin of 11 records) of the time history analysis (Figure 8), for which
rocking motion is prevented. The median response of the numerical analysis shows that to prevent rocking motion the
period of the isolator should exceed 1.95 s (red dots in Figure 8), while according to the PRDBD procedure T, pg = 2.20 s.
The difference between these two values is small and is on the safe side for the equivalent static procedure. The median
response also reveals that the size of the block does not influence the minimum isolator period, as expected. Further, the
upper quartile response shows that even for the records that happen to generate a larger response near the analytically
obtained value of T, pr = 2.20 s, the rocking response is still very minimal up to T}, = 2.35 s (blue dots in Figure 8), and no
rocking occurs for longer periods. Meanwhile, the lower quartile response shows that rocking motion is prevented for an
isolator period below approximately 1.65 s (yellow dots in Figure 8).
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FIGURE 9 Median, upper and lower quartiles, for the suite of accelerograms in Table Al, of the isolator period T}, - (for which the
maximum rotation is approximately 40% of the maximum rotation capacity), varying the size (hence its frequency parameter p) and the
slenderness (hence its slenderness angle «) of the block: (A) a = 0.2; (B) a = 0.3 rad.

Although it is not in the scope of the PRDBD procedure, it is possible to make interesting observations by examining
the response of the system for isolator periods shorter than the numerical minimum isolator period, that is, when rock-
ing motion is initiated (Figure 8). In this case, increasing the size of the block (smaller p), the rotation decreases. This
observation confirms the well-known scale effect pointed out by Housner." As a result, for larger blocks isolators with
periods smaller than T}, pg may result in rotations that may be acceptable, while for small blocks, overturning may occur
for isolators with periods relatively close to T, pg.This indicates that for small objects, the prevented rocking approach
should be pursued.

In conclusion, the validation study demonstrated that the PRDBD procedure is generally applicable for designing base
isolation devices to prevent the rocking motion of a rigid block. For the considered suite of accelerograms, the study
revealed that (a) the method is particularly suitable for medium to small size objects with p greater than 2.8 rad/s (red curve
in the median response of Figure 8); (b) for large size objects with p < 2.8 rad/s, the procedure may be too conservative,
because rotations induced from the design earthquake may be acceptable. Indeed, for the median response, no overturning
occurs for any period of the isolator for large blocks; (c) as the block size decreases (or the frequency parameter p increases)
the transition from a nonrocking condition to overturning occurs for isolator period values getting closer to T, pg. For these
cases the PRDBD procedure should be used with an adequate safety factor to avoid any rocking motion.

4.2 | CRDBD method

The CRDBD procedure is aimed at designing base isolation devices for rocking blocks, in order to allow a specified maxi-
mum rotation of the rigid block during the design earthquake. Here, as recommended by the commentary to the Italian
building code,** this controlled rotation is expressed in terms of block center of mass displacement dg, assumed as 40%
of the block maximum displacement capacity, d,. The CRDBD procedure is based on the equal displacement rule, which
must be validated for the seismically isolated rocking-block system. Multiple time history analyses using the suite of
accelerograms in Table Al are carried out for this purpose. The dynamic response of several blocks differing in size (hence
having different frequency parameters p) is evaluated for two slenderness angle values: (a) « = 0.20 rad (Figure 9A); (b)
a = 0.30 rad (Figure 9B). The analysis is carried out for each block by varying the period of the isolator until the maximum
absolute displacement of the block over the suite of accelerograms approximately equals dc. The corresponding period of
the isolator is called the numerical controlled rocking period. Then the median, upper, and lower quartiles of the response
varying block size and slenderness angle are calculated (Figure 9). The median response of the blocks with slenderness
angle a = 0.30 rad (Figure 9B) shows that for large blocks (p < 2 rad/s) the numerical controlled rocking period tends
to zero (i.e., the dots on the left edge of the inset figure). This behavior indicates that the system does not exceed the dis-
placement limit imposed by the CRDBD procedure for any period of the isolator, so no isolator is required. As the size
of the block decreases (thus increasing p), the numerical controlled rocking period increases, approaching the isolator
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FIGURE 10 (A)Comparison, in the displacement-period plane, between analytical displacement demand (design spectrum) and

numerical results obtained from the capacity curves built using time history analysis for three cases: (B) @ = 0.3 rad and p = 2.0 rad/s; (C)
a =0.3rad and p = 2.7rad/s; (D) @ = 0.3 rad and p = 5.0 rad/s.

period for which rocking motion is prevented (approximately 1.90 s). Similar observations can be made when assuming
a = 0.20 rad (Figure 9A). In this case, the numerical controlled rocking period tends to zero (i.e., the dots on the left edge
of the inset figure) for larger blocks (p < 1.5 rad/s) than in the previous case. Again, as the size of the block decreases
(i.e., p increases), the numerical controlled rocking period moves closer to the isolator period for which rocking motion is
prevented. In this case, the block is more slender, resulting in a larger period (approximately 2.70 s). These results confirm
that the CRDBD method strongly depends on the size of the block, as well as on its slenderness. Further, the relationship
between T, cg and p in terms of median, lower, and upper quartile response shows that the record-to-record sensitivity
of the system changes as the slenderness of the rigid block increases (or the slenderness angle decreases).

Next, in order to validate the proposed CRDBD method, capacity curves are built (for blocks differing in size and slen-
derness) using the properties derived from the time history analysis. In particular, the first elastic branch of the capacity
curve is obtained using the numerical controlled rocking period for which the maximum displacement of the block over
the suite of accelerograms is d-y (Figure 10A). The elastic branch is then extended up to the acceleration capacity g tan(a),
which is a function of the block slenderness. Next, the second branch exhibiting negative stiffness is added as described
in the previous section and, finally, the target displacement is calculated as in Equation (6).

The validation process of the CRDBD method relies on the applicability of the equal displacement rule in the examined
system, and to this purpose, the next steps are followed: (a) the median, lower and upper quartile responses (i.e., Figure 9)
are used to derive the numerical controlled rocking period and the target displacement, for blocks with a range of sizes
(i.e., p values); (b) the derived period and the characteristics (size and slenderness) of the corresponding block are used
to build the capacity curve (as explained in the previous paragraph) and therefore to obtain the target displacement; (c)
the design spectrum and the results are presented in the displacement-period plane (e.g., Figure 10A), where each dot
represents a different p value and each color set represents a different quartile (lower, median, upper); (d) in order to
validate the equal displacement rule, the displacement demand for the system is identified as the intersection between
the vertical line passing through the period T}, o (obtained numerically) and the design spectrum; (e) the effectiveness of
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FIGURE 11 Comparison between analytical displacement demand (i.e., design spectrum) and capacity obtained numerically plotted in
the displacement-period plane for blocks with & = 0.2 rad and various sizes.

the CRDBD method can be graphically evaluated based on the difference between the target displacement d; (obtained
numerically) and the spectral displacement demand for the same period T}, cg.

To clarify the validation procedure, three particular cases are examined in Figure 10. Assuming, for instance, a block
with R =1.00 m (p = 2.7 rad/s), and o = 0.3 rad (Figure 10C), the numerical analysis shows that the (median) numer-
ical controlled rocking period is T}, ¢ = 1.62 s. In this case, the displacement capacity of the block is dog = 0.12 m and
the elastic displacement of the isolator is d, = 0.20 m, hence the target displacement is d; = 0.23 m. Then, by applying
the equal displacement rule, it is possible to determine the displacement demand as the point where the period of the
isolator intersects with the design spectrum: for this case, the displacement demand is S; p = 0.26 m. Finally, to evalu-
ate the effectiveness of the procedure, displacement demand and numerical capacity are compared. The results show a
reasonable agreement between the two values (Figure 10C), providing a displacement demand slightly greater than the
numerical capacity. When a larger block than the previous one is considered, with R = 1.84 m (p = 2.0 rad/s), it is possible
to observe that the median numerical controlled rocking period of the isolator is equal to zero (Figure 10B): this value
means that the maximum rotations (for any period of the isolator) do not overcome the assumed displacement capacity of
the block. Further, if a small block with R = 0.30 m (p = 5.0 rad/s) is considered (Figure 10D), an additional scenario can
be observed: the capacity curve exhibits a snapback behavior. As shown in the previous section, this snapback behavior
happens when the isolator elastic displacement of the isolator at the uplift acceleration is larger than the displacement
capacity of the block. In this case, the equal displacement rule is no longer applicable, hence the results are not included in
the validation. Furthermore, for the case where d, < d, and the CRDBD procedure is applicable (Figure 10C), if the upper
quartile response is observed, it can be noticed that the contribution of the block displacement to the total displacement of
the system decreases. On the other hand, when the lower quartile response is observed, the capacity of the block strongly
contributes to the total displacement of the system. Hence, it can be stated that, when the displacement demand is small,
the contribution of the allowed rocking to the global performance of the system becomes particularly important, reducing
the demand on the isolator. Therefore, it can be affirmed that when the displacement demand is small, the contribution of
the block controlled rocking towards enhancing the overall system performance becomes more appreciable. As a result,
the burden on the isolator is reduced, meaning that the effectiveness of the CRDBD procedure increased. In this context,
the effectiveness of the procedure refers to its ability to reduce demand in terms of period and damping ratio of the isolator,
when compared to the characteristics required to prevent rocking motion.

Successively, the response was investigated for blocks with various sizes and a = 0.20 rad. The results show generally
a reasonable agreement between the median target displacements obtained numerically (red dots in Figure 11) and the
analytical displacement demand (determined from the design spectrum). The method is particularly effective for medium
to large size blocks, for which p ranges from 1.6 to 2.2 rad/s (Figure 11) and the corresponding numerical controlled rocking
period ranges from 1.8 to 2.3 s. For blocks with p > 2.3 rad/s the capacity curves exhibit a snapback behavior. For these
cases the CRDBD procedure is no longer applicable due to the unstable response of the system, as described in the previous
section. Consequently, the results for these blocks are not included. For large blocks with p < 1.5 rad/s the numerical
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FIGURE 12 Comparison between analytical displacement demand (i.e., design spectrum) and capacity obtained numerically plotted in
the displacement-period plane for blocks with & = 0.3 rad and various sizes.

controlled rocking period tends to zero (hence, the dots on the left edge of Figure 11), indicating that the block does not
exceed the 40% of the maximum rotation capacity imposed by the procedure for any period of the isolator. Consequently,
it implies that no isolator is required. The upper and lower quartile responses (blue and yellow marks in Figure 11) are
generally located above and below the design spectrum, respectively, as expected. The upper quartile response highlights
the necessity of using isolators with a longer period than that of the median response in order to deliver the assumed
controlled rotation for same block size. In this case, no isolator is required for blocks with p < 1.2 rad/s and the snapback
behavior is observed for blocks with p > 1.6 rad/s. Conversely, the lower quartile response requires isolators with a period
slightly shorter than that of the median response (for the same block size). In this case, the snapback behavior is observed
for blocks with p > 2.5 rad/s while no isolator is required for blocks with p < 1.8 rad/s.

The validation procedure for a = 0.30 rad (Figure 12) yields results similar to the previous case (a = 0.20 rad). The
median response (red dots in Figure 12) confirms the effectiveness of the procedure for medium-sized blocks, for which
p ranges from 2.0 to 3.0 rad/s (Figure 11) and the corresponding numerical controlled rocking period ranges from 1.10 to
1.70 s. In this case, snapback behavior is observed for blocks with p > 3.0 rad/s while no isolator is required for blocks
with p < 2.0 rad/s. The upper and lower quartile responses (blue and yellow marks in Figure 12) confirm the previous
results (i.e., for a« = 0.20 rad), with an even smaller difference between the two responses. This finding was also observed
in Figure 9, where a reduction in record-to-record variability for the upper quartile was observed for squatter blocks. The
upper quartile response highlights that no isolator is required for blocks with p < 1.7 rad/s, while the capacity curves of
the blocks with p > 2.8 rad/s exhibit snapback behavior. On the other hand, the lower quartile response pointed out that
base isolation is not necessary for blocks with p < 2.5 rad/s and that blocks with p > 4.0 rad/s exhibit snapback behavior.

The CRDBD procedure has been found to be generally effective, and the main conclusions can be summarized as fol-
lows: (1) the equal displacement rule can be applied for isolating medium to large-size objects, that is, for blocks with
1.6 < p < 2.2rad/s and a = 0.20 rad, as well as for blocks with 2.0 < p < 3.0 rad/s and a = 0.30 rad; (2) the applicability
of the CRDBD method is limited for systems exhibiting a capacity curve with a snapback behavior; (3) the effectiveness
of the CRDBD method increases for larger blocks because the contribution of the block displacement to the target dis-
placement increases, allowing for the use of isolators with smaller periods (and therefore smaller isolator displacements)
compared to the PRDBD method; (4) the procedure effectiveness increases for earthquakes with smaller displacement
demand because the contribution of the block to the overall performance of the system increases.

5 | EXAMPLES AND DESIGN STRATEGIES

This section provides illustrations of two practical design examples, along with their respective validations, utilizing the
PRDBD and CRDBD procedures for the seismic protection of real objects. The main purpose of these examples is to pro-
vide a pragmatic application of the proposed methods, highlighting their advantages and disadvantages in real scenarios.
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FIGURE 13 Design examples: (A) Isolator design for a Roman bust using the PRDBD method; (B) Isolator design for a computer server
using the CRDBD method. CRDBD, controlled rocking displacement-based design; PRDBD, prevented rocking displacement-based design.

Finally, a protection strategy for objects, whose behavior can be modelled as rigid blocks when subjected to earthquakes, is
presented. The strategy employs the proposed displacement-based methods and provides a rapid assessment to determine
if protection strategies are necessary. The strategy emphasizes the use of base isolation technology for seismic protection.

5.1 | Example of PRDBD equivalent static design and nonlinear dynamic analysis

In this example, it is assumed that a Roman bust (Figure 13A) must be protected from earthquakes using base isolation
technology. The real-life object is approximated as a rigid block with appropriate parameters (2b = 0.22 m and 2h = 0.75 m;
p =4.35rad/s). Considering that the object is fragile and extremely valuable, the isolator must be designed to avoid rocking
motion, hence the PRDBD procedure must be used. Although the method has been described and validated for rectangular
rigid blocks, this procedure can be applied with good safety level for a large variety of shapes, provided that the minimum
uplift acceleration is known. In this example, the mass ratio is y;, = 0.9, and the density of the block is 20 kN/m?>. The uplift
acceleration is 2.88 m/s?, while the target displacement is assumed to be d; = 0.15 m. Therefore, the period of the isolator
to prevent rocking motion is calculated as T}, pg = 1.45 s. Finally, the code spectrum (Figure 7) must be scaled until d;, =
Sa4.p, in order to calculate the damping ratio of the isolator that prevents the uplift of the object. Various procedures are
available in the literature to perform this task; however, the one proposed in the European code’ is used here, in which
the spectrum is scaled using the factor #:

; (7

To prevent the initiation of rocking motion, the required damping of the isolator can be obtained by inverting the
previous equation after calculating 7 as the ratio between the target displacement and the displacement demand. The
values of 7 and &}, can be calculated as follows:

7
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Once the period and the equivalent damping of the isolator are calculated, the base isolation device can be designed.
Then, to validate the analytical design procedure, time history analysis using a suite of spectrum-compatible accelerograms
isrequired: Table Al records are used in this case. Numerical analyses are performed with the center of mass of the isolator
assumed as the control point for displacement. The results show an absolute maximum displacement of 0.12 m (median),
0.09 m (lower quartile), and 0.16 m (upper quartile). The numerical study demonstrates the validity of the method in
terms of median maximum displacement, which is suitable since it is conservative. To validate the PRDBD procedure, it
is also necessary to control the activation of rocking motion over the suite of records. In this case, it was observed that the
median and lower quartile responses did not exhibit any rocking motion, while the upper quartile response showed that
the block was overturned. This confirms that small blocks are more sensitive to input signals as highlighted previously. In
light of these results, while the PRDBD procedure is efficacious in preventing rocking motion for the median response, it
may be advisable to use a safety factor on the period of the isolator to further increase the protection level of the system.
In this case, a safety factor of 1.50 was sufficient to prevent rocking for all earthquake records.

5.2 | Example of CRDBD equivalent static design and nonlinear dynamic analysis

A computer server (Figure 13B) must be protected because it is sited in a high seismicity area, such as the site previously
studied. In this case, neglecting the effect of the containing structure, it is assumed acceptable the initiation of rocking
motion during the code earthquake provided that the rotations do not exceed 40% of the maximum capacity. A typical
45 unit computer server rack has 2b = 0.60 m and 2k = 2.00 m (p = 2.65 rad/s), hence the slenderness angle of the
system is o = 0.30 rad. The displacement capacity (40% of the maximum capacity) is calculated as d-g = 0.12 m. Once the
capacity of the block has been determined, the isolator must be selected. In this case, the yield displacement is assumed
d, =0.10m (< dy) and the damping £}, = 10%. Therefore, the controlled rocking period of the isolator is T}, ;g = 1.20 s, and
the target displacement is d, = 0.18 m. After building the spectrum that accounts for the damping of the selected isolator,
the spectral demand S, , is calculated using the equal displacement rule as the intersection between the period T}, cg
and the damped spectrum. Equation (9) indicates that the displacement demand is smaller than the target displacement,
which means that the isolator is suitable for the required performance level.

d;=018m; Syp =0.16m —d; >Syp 9)

Finally, the outcome of the analytical design procedure must be validated using time history analysis. To perform
the numerical analysis for validation, it is necessary to define a set of spectrum-compatible accelerograms. In this case,
the records of Table Al are used, and the center of mass of the block is assumed as the reference point for displace-
ment control. According to the numerical analysis conducted over the suite of records, the system exhibits a control
point maximum displacements of 0.13 m (median), 0.10 m (lower quartile), and 0.16 m (upper quartile). Compared to
the displacement demand, the median maximum displacement of the system is conservative. When using the CRDBD
procedure, it is critical to check the maximum rotations of the rigid block, regardless of the displacement of the isola-
tor. Based on the suite of accelerograms used in this study, the maximum rotation was found to be 41% (median), 13%
(lower quartile), and 63% (upper quartile) of the maximum rotation capacity of the block. The median maximum rota-
tion obtained from the numerical analysis aligns with the rotation capacity assumed during the design phase, however
the results are slightly not conservative. To ensure a sufficient safety margin, an appropriate safety factor for the isolator
period could be employed before finalizing the design. For example, suppose the designer desired the upper quartile
rocking rotation to remain at 40% or below. For this example, a safety factor of 1.10 on the isolator period would be
required.

To evaluate the difference between the CRDBD and PRDBD approaches, this second example was also designed using
the PRDBD procedure. The resulting isolator had &, = 32%. Compared to CRDBD, the isolator requires a 220% increase
in damping ratio. Further, assuming the same damping ratio as the previously selected isolator (£, = 10%), the inverted
PRDBD procedure allows for calculating the period of the isolator (1.80 s) and the target displacement (0.25 m) required
to prevent rocking motion. In this case, when compared to the CRDBD approach, the isolator designed using the PRDBD
procedure required a 50% longer period and a 150% larger yield displacement of the isolator. From these comparisons, it
becomes evident that the CRDBD approach offers several advantages over the PRDBD method, including a more efficient
design with a smaller damping ratio (or shorter period and smaller total displacement) for the isolator.
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FIGURE 14 Seismic assessment and protection strategy flowchart.

5.3 | Seismic assessment and protection strategy procedure

This section proposes a procedure for seismic assessment of rigid blocks and for the potential design of the earthquake
protection system, with a focus on base isolation. The flowchart for this procedure is shown in Figure 14, and the main
steps are summarized below.

The first phase requires the definition of the geometry and capacity of the block, followed by the description of the
seismic demand. Then, two options are possible (as shown in Figure 14): (a) rocking motion is not allowed; (b) rocking
motion is allowed. To assess the seismic performance of the block (placed on a rigid foundation), the procedures provided
by the commentary to the Italian building code®* are used. Specifically, if rocking motion is not allowed, it is necessary to
check if the uplift acceleration of the block is greater than the acceleration demand, S, p. If rocking motion is allowed, it
is necessary to ensure that the displacement rocking capacity of the block is larger than the displacement demand, S, p,
which is obtained according to the commentary to the Italian building code.®* If the previous controls are not satisfied,
seismic protection is required, and either PRDBD or CRDBD can be used, depending on whether rocking is allowed or
not. After applying one of the two procedures, it must be checked if the device can be assembled using current technology
(Figure 14). If this is not feasible, other protective systems such as anchoring devices can be used instead. Additionally,
if CRDBD is used, an alternative option is to reduce the slenderness (e.g., by enlarging the base) or to increase the size
(e.g., by adding a substantial pedestal) of the object and repeat the procedure. If the isolator is feasible in practice, a suite
of spectrum-compatible records must be derived and used to validate the designed isolator using numerical simulations.
This final step can be taken according to different codes and for different performances of the system.

6 | CONCLUSIONS

In this paper, two simplified methods to design base isolation devices for seismic protection of rocking rigid blocks are
proposed. First, the analytical model of the system formed by a rocking block placed on a linear seismic isolation device
is illustrated. Then, two procedures are introduced: (a) Prevented rocking displacement-based design (PRDBD); (b)
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Controlled rocking displacement-based design (CRDBD). In the PRDBD procedure the isolator is designed to prevent
the activation of rocking motion under the code earthquake. Conversely, the CRDBD procedure focuses on designing
the isolator to allow a controlled rocking motion, enabling a specific maximum rotation of the block for the code ground
motion. This method exploits the rotational capacity of the block to increase the overall performance of the system. The
two procedures are successively validated by investigating the response of the system to a suite of accelerograms, thereby
demonstrating the general effectiveness of the simplified methods.

The results for the PRDBD method reveal that the procedure is particularly efficacious for medium to small size objects
(p > 2.8 rad/s). Furthermore, the analysis reveals a significant sensitivity of the system to the input signals. The analysis
showed that the well-known scale effect pointed out by Housner! also applies to isolated rigid blocks. This result highlights
that the PRDBD procedure is particularly suitable for small size objects where the transition from a nonrocking condition
to overturning may occur suddenly.

The validation of the CRDBD procedure demonstrated its general applicability to seismically isolated rocking block sys-
tems, despite their negative stiffness. Moreover, this study found the equal displacement rule to be applicable for medium
to large size blocks with 1.6 < p < 2.2 rad/s and a = 0.20 rad, as well as for blocks with 2.0 < p < 3.0 rad/s and o = 0.30 rad.
However, for systems with a frequency parameter exceeding the upper limit of these ranges, capacity curves exhibiting
a snapback behavior were observed. In such cases, rocking cannot be relied upon as a consistent behavior for design.
The effectiveness of the CRDBD method increases with the size of the block, as its rotation significantly contributes to
the overall performance of the system. This contribution becomes particularly evident when decreasing the earthquake
displacement demand. Finally, practical design examples using the proposed procedure are illustrated and a simplified
design of a protection strategy for these objects/structural elements is proposed.

Future studies might explore the impact of different base isolation devices on the proposed procedures. Additionally,
alternative approaches, like the equal energy rule, could be investigated for the CRDBD method. Furthermore, research
could be conducted to investigate the effect of different damping related spectra scaling procedures (e.g., use of conditional
mean spectra) for this kind of systems. Finally, safety factors, obtained from a direct comparison between the procedures
analytical results and numerical data, might be established based on fully probabilistic studies. Moreover, record-to record-
variability of the system should be estimated as well, considering a large variety of record ground motions.
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APPENDIX A

TABLE A1l Spectrum compatible records.

M,,* Viso®
ID Earthquake name Year (-) (-) Station name (m/s) Record SF€ ()
la San Fernando, CA, USA 1971 6.61 Santa Felita Dam 389 FSD172 5.95
2a Imperial Valley, CA, USA 1979 6.53 Cerro Prieto 472 CPE147 3.72
3a Irpinia, Italy 1980 6.90 Calitri 456 CTRO000 3.50
4a Corinth, Greece 1981 6.60 Corinth 361 COR-L 2.72
5a Loma Prieta, CA, USA 1989 6.93 Coyote Lake Dam—Southwest Abutment 561 CYC195 3.72
6a Northridge, CA, USA 1994 6.69 Sunland—Mt Gleason Ave 402 GLE170 4.32
7a Duzce, Turkey 1999 7.14 Lamont 1061 481 1061-N 6.52
8a Manjil, Iran 1990 7.37 Abbar 724 ABBAR-L  1.43
9a Landers, CA, USA 1992 7.28 North Palm Springs Fire Sta. #36 368 NPF090 3.98
10a  Chuetsu-oki, Japan 2007 6.80 Joetsu Yasuzukaku Yasuzuka 655 65004NS 3.81
lla  Iwate, Japan 2008 6.90 Kurihara City 512 48A6INS 1.26

*M,, = Moment magnitude.
V50 = Average shear wave velocity of top 30 m of the site.
¢SF = Scale factor.
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