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Abstract. The loss of functionality of health care facilities, which should be guaranteed par-
ticularly in the aftermath of moderate-to-severe earthquake ground motions, is typically
caused by damage to nonstructural elements, such as freestanding cabinets. The assessment
of the seismic fragility of such components assumes a key role in the evaluation of the perfor-
mance of a healthcare facility.

The present work is aimed to assess the adequacy of the rigid block modeling approach in
predicting the seismic response of freestanding nonstructural components with rocking-
dominated response. The outcomes of the numerical analyses show that the considered mod-
eling technique can provide a reliable prediction of the occurrence of rocking mechanism and
predict the occurrence of the overturning. In particular, the overturning PFA is slightly un-
derestimated in case a 1.0 coefficient of restitution is considered. But the question then arises
as to which intensity measure (IM) is well correlated to the seismic performance of rigid
blocks. A fragility study on a number of rigid blocks is therefore conducted in the present pa-
per. Comprehensive incremental dynamic analyses on different rigid blocks highlight that the
dimensionless intensity measure PGA/(g tana) is an efficient intensity measures to predict
rocking occurrence in a generic rigid block. The intensity measure pPGV/ (g tana) is the most
efficient one only for large, say R larger than 2.0 m, rigid blocks. Very small, say R<I.0 m,
rigid blocks tend to overturn as soon as they start rocking and are therefore ‘‘PGA-
dominated’’. PGA/(g tana) is therefore more efficient for such blocks. The use of these inten-
sity measures allows assessing a unique fragility curve for rigid blocks characterized by dif-
ferent geometries, which may serve as a simple tool for the estimation of the damage occurred
in rigid blocks after earthquakes.
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1 INTRODUCTION

Post-earthquake surveys carried out world-wide in building structures have shown (e.g. [1; 2],
among others) that widespread damage affects non-structural components, especially building
contents, mechanical and electrical services. Overturning of slender cabinets, e.g. containing
medical files with patient details or allocating drug boxes, the failure of electronic units, such
control panels, rooters and monitors, have been typically observed in hospitals and medical
facilities, especially at intermediate and top floors in multistory structures. The failure of such
components generates tremendous losses, which, in turn, impose high economical and societal
pressure on the affected communities. Furthermore, they may endanger the functionality of
critical facilities which should be designed to remain fully operational in the aftermath of ma-
jor earthquakes.

To date, the seismic design and performance assessment of building contents in referral medi-
cal facilities is poorly addressed (e.g. [3], among others). The existing codes of practice for
new (e.g. [4; 5]) and existing structures (e.g. [6; 7] ) provide scarce provisions primarily for
unanchored components. Consequently, there has been extensive experimental and theoretical
research ([3; 8; 9; 10]) focusing on the seismic performance of a variety of medical appliances
and service utilities of typical hospital buildings and pharmacies. The seismic behavior of
such components is not straightforward because of the complexity and variety of connections
and functioning, thus requiring the use of experimental methods. However, the use of testing
facilities is often time-consuming and costly. Conversely, numerical models may be an effi-
cient means to simulate the dynamic response of building contents, as proved especially by
studies focusing on sliding-dominated components [11; 12; 13]; their use should be promoted
also for routine design office applications.

The aim of the present analytical work is three-fold: (i) use of rigid block analysis for free-
standing medical components, (ii) identification of the most efficient seismic intensity meas-
ure for rigid blocks and (ii1) the influence of the geometric properties of rigid blocks on their
dynamic performance. The results of the comprehensive numerical study are presented in
terms of fragility analysis.

2 DESCRIPTION OF CASE STUDIES

Two rigid block models are considered herein to assess the most efficient IM. Rigid block
no. 1 is the block representative of a single-window cabinet, with & = 0-717m ,pq
h/b = 3.9 (Fig. 1); rigid block no. 2 is taken from Yim et al. [14] and is characterized by a
3.05 m (10 feet) R and an aspect ratio h/b equal to 5 (Fig. 1). The two blocks are respectively
representative of a typical cabinet and a large rigid block, in order to investigate the influence
of the geometry of the block on the seismic response. The blocks are subjected to incremental
dynamic analyses, using the set of earthquake strong motions included in ATC 63 [15]. Two
different datasets are considered herein: (a) a far field and (b) a near field dataset. Far field
and near field record sets are used to study the rigid block dynamic behavior. The amplitude
of vibration decreases with increasing distance from the epicenter in far field input, and the
strong motion record moves to lower frequencies for the effects of selective absorption. The
decay of the amplitude does not occur with regularity and the characteristics of the shaking
are governed mainly by the focal mechanisms in near fault conditions.

In the comprehensive parametric analysis, additional four rigid blocks have also been con-
sidered for each of the two rigid blocks by modifying alternatively their slenderness h/b and
dimension &. The four rigid blocks obtained from the single window cabinet are characterized
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by (a) R=1.43m and h/b=3.91; (b) R=0.359m and h/b=3.91; (¢) R=0.717m and h/b=7.83; (d)
R=0.717m and h/b=1.96. The four rigid blocks corresponding to the block by Yim et al. [14]
are characterized by (a) R=1.52m (5 feet) and h/b=5.0; (b) R=4.57m (15 feet) and h/b=5.0;
(¢) R=3.05m (10 feet) and h/b=2.5; (d) R=3.05m (10 feet) and h/b=7.5.

3 RIGID BLOCK ANALYSIS

Medical components, such as the metallic slender cabinets tested with shaking table in [3],
typically exhibit a rocking behavior as the seismic intensity increases. Thus, rigid block mod-
el becomes a good candidate to model the dynamic response of these components.

In the present analytical study, tested cabinets are modeled as equivalent rigid blocks and
subjected to the experimental base accelerations; the ability to predict the occurrence of both
rocking mechanism and overturning is verified. Given the adequate model fidelity, the re-
search outcomes presented hereafter are aimed at the identification of the most efficient seis-
mic intensity measure (IM) for rigid blocks and the influence of the geometric properties of
rigid blocks on their dynamic performance.

3.1 Numerical modelling

As previously discussed, tested cabinets may be also modeled as rigid blocks, whose dy-
namic behavior was extensively investigated in past decades (e.g. [16-21], among many oth-
ers). A rigid block may be set into rocking or move rigidly with the ground, depending on its
geometric features; if it sets into rocking, it will oscillate about two centers of rotation at its
base corners. In this study it is assumed that the block and base surfaces in contact are perfect-
ly smooth so that the block will rock around the edges and no intermediate location. Moreover,
the coefficient of friction is assumed to be sufficiently large so that there will be no sliding
between the block and the base. This assumption is typically valid for the tested cabinets, giv-
en their slenderness and interface material with the floor. It is assumed that the mass is uni-
formly distributed within the cabinet.

The equation of motion is developed and adopted in several existing studies (e.g. [3],
among others). In this study it is solved through Runge-Kutta Ordinary Differential Equations
(ODE) solver, available in Matlab [22].

Rocking mechanism occurs alternatively around O and O’ (Fig. 1). It is assumed that the
rotation continues smoothly from point O to O’, when the angle of rotation reverses [18]. A
reduction of the angular velocity is imposed when the rotation reverses, to account for the en-
ergy loss at every impact [21]. Such a reduction is evaluated by equating angular momentum
about O just before and immediately after the impact.

The coefficient of restitution, i.e. the ratio between angular velocities after and before the
impact, is evaluated as 1 — 1.5 sin’a. The sample single-window cabinet is modeled as a rigid
block characterized by 0.36 m base (2b in Fig. 1) and 1.39 m height (Zh in Fig. 1); the critical
angle is 0.250 rad.

3.2 Fragility analysis

The experimental-to-numerical comparison described in [23] demonstrates that hospital build-
ing cabinets overturning can be modeled by means of rigid blocks. The question arises as to
which IM is well correlated to the seismic demand on rigid blocks.

From a performance-based earthquake engineering perspective, the identification of an effi-
cient IM which is valid for a generic rigid block assumes a key role, as well as the assessment
of fragility curves for loss assessment [24]. A fragility study of rigid blocks is therefore con-
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ducted aimed at two different objectives: (a) assessment of the most efficient IM; (b) influ-
ence of geometric properties of the rigid block on its performance. The assessment of the
most efficient IM is conducted on the two sample rigid blocks, as discussed earlier, consider-
ing both near- and far-field earthquake records.

| 2b '

Fig. 1. Rigid block geometry and parameters.

Two Damage States (DSs) are defined to study the rigid block fragility during the numerical
simulation: a rocking damage state and a collapse damage state.

The rigid block reaches the rocking damage state when the rotation is larger than a conven-
tionally small value, say 0.01a \hereas it attains the collapse damage state when the rotation
is larger than the critical angle & (Fig. 1).

Porter method “A” [25] is employed to create the lognormal fragility curves according to the
different intensity measures. Different IMs are adopted to plot the fragility curves [23] among
the ones typically adopted in literature studies [26]. Several typical IMs are considered among
the most commonly adopted in earthquake engineering. Three IMs are taken from literature:
they are defined as dimensionless slenderness IMs.

Fragility curves in terms of peak ground acceleration (PGA) and velocity (PGV) are shown in
Fig. 2 for both the damage states and the suite of sample accelerograms. Input type may influ-
ence the fragility curve: it is shown that median IM values required to reach a given damage
state may significantly vary from far field to near field input motions. The influence of the set
of accelerograms on the fragility curve could be more/less evident depending on the damage
state, as shown in Fig. 2 for both PGA and PGV.

An IM is efficient when it induces a small variability of a damage measure given IM [27]; an
efficient IM would allow reducing the number of nonlinear dynamic analyses required to as-
sess the fragility curve with adequate precision [28].

The efficiency of an IM is typically assessed from the dispersion of the engineering demand
parameter (EDP) at a given IM level (e.g. [29] among many others).

For rigid blocks, it should be considered that the occurrence of rocking or overturning is far
more important than the attainment of a given engineering demand parameter, e.g. rigid block
rotation ?. The behavior of (and the consequences on) the rigid block is not significantly in-
fluenced by the amplitude of the rigid block motion, provided it is smaller than the critical
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angle @. Thus, IM efficiency can be directly measured from the standard deviation B of the
fragility curves: the lower the standard deviation the more efficient the IM.
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Fig. 2. Rigid block fragility curves for far-field and near-field inputs considering both (a) PGA and (b)
PGYV as IM for rigid block no. 2.

Table 1 includes the logarithmic standard deviation B of the different fragility curves, as-
sessed for the different IMs and sets of accelerograms. The values listed in the table show that
PGA gpg IM 2, which is derived from P GA, are well correlated to the occurrence of the rock-
ing mechanism. Such response is due to the rocking mechanism which is observed when
overturning moment exceeds stabilizing moment due to gravity loads; simple equilibrium cal-
culations yield that the minimum acceleration required to let the block rock is /h-g , which
is consistent with the observed median values of the fragility curves for the rigid blocks.
Median PEAIM; yalyes are about 20% larger than expected from rotational equilibrium, due
to (a) the dynamic nature of the motion and (b) the finite threshold value associated to the oc-
currence of rocking.

Collapse/overturning damage state is better correlated to PGV _IM thapn PGAIM
id block no. 2, as highlighted by the smaller dispersion of the fragility curve jn termsee

_ . . . . IM, =
IMs  The standard deviations of the dimensionless intensity measures 747 grana and

IM; == . ’
75T grana are equal to the corresponding deviations for PGA gpq PGV

the dimensionless IMs are directly estimated from PGA gpng PGV through some geometric pa-
rameters of the investigated block. IMpajsar intensity measure, which is based on PGV, also
provides a good efficiency in predicting overturning of rigid block no. 2. For rigid block no.1,
it 1s noted that PGA is the most efficient IM. The outcomes of the analysis on these two
blocks do not allow a unique identification of the efficient IM for overturning.

The dispersion values for the most efficient IMs are not sensitive to the seismic input type, i.e.
near-field and far-field motions produce similar dispersion values for the sample rigid blocks.

4 for the rig-
ﬁPGV_

, respectively, since
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Rocking Overturning

M Far field Near field Far field Near field
Block no.  Block Block Block Block  Block  Block  Block
1 no. 2 no. 1 no. 2 no. 1 no. 2 no. 1 no. 2
PGA [g] 0.063 0.078 0.066 0.080 0.230 0.459  0.208 0.428
PGV [m/s] 0.360 0.367 0.470 0.468 0.338 0.335  0.398 0.309
1, [m/s] 0.583 0.561 0.853 0.883 0.644 0.880  0.920  0.881
IM, 0.063 0.078 0.066 0.080 0.230 0.459  0.208 0.428
IM; 0.360 0.367 0.470 0.468 0.338 0.335  0.398 0.309
IM, 0.245 0.244 0.312 0.296 0.312 0.445 0.400  0.522
IMggisar 0.385 0.392 0.509 0.513 0.357 0.310  0.452  0.358
CAV [m/s] 0.578 0.567 0.816 0.832 0.584 0.588 0.816  0.766
ASI [m/s] 0.173 0.156 0.265 0.251 0.248 0486  0.271 0.427
Sc(Tp) (4] 0.576 0.770 0.600 0.721 0.510 0.481 0.494  0.519
S.(T,)[m/s]| 0576 0.770  0.600  0.721 | 0.510 0.481  0.494  0.519
HI [m] 0.173 0.156 0.265 0.251 0.248 0486  0.271 0.427

Table 1. Fragility curve logarithmic standard deviation for different intensity measures; lowest standard
deviation values for rocking and overturning are in bold.

Since there was no agreement between the two selected rigid blocks, other four rigid blocks
are considered for each of the two rigid blocks by modifying alternatively their slenderness
h/b and dimension R as mentioned earlier. Incremental dynamic analysis with the two above
mentioned sets of accelerograms are performed and lognormal fragility curves are estimated
for each block subjected to each input motion set, as detailed above.

It is confirmed that 4 and Mz are the most efficient IMs for rocking, while the most effi-
cient IM for overturning is influenced by the dimension R of the block (Fig. 3a). The disper-
sion of PGV — IM; overturning fragility curves is not influenced by R. it is included in the
range between 0.3 and 0.4 for the different blocks and input considered. The logarithmic
standard deviation of PG4 —IM, overturning fragility curves is influenced by the dimension
of the block; an increase in & corresponds to an increase in B 1tis concluded that PGA — 1M,
are the most efficient IMs for small rigid blocks, say R smaller than 1.0m, whereas
PGV — IMs are more efficient for large rigid blocks, say R larger than 2.0m.

Housner [21] also suggested that the overturning of blocks was well correlated to the energy
required to uplift and rotate the block by an & angle, which can be inferred by the peak veloci-
ty. For intermediate R values the efficiency of PGA —IM, gpng PGV — IMs g gimilar.

It is worth mentioning that overturning fragility increases as dimension R decreases, as also
discussed in [21, 30]. Very small rigid blocks tend to overturn as soon as they start rocking, as
highlighted by the discrepancy between median rocking PGA and median overturning PGA
(Fig. 3b) for the ten different rigid blocks considered herein.

Additionally, the ratio in Fig. 3b tends to zero as the dimension R tends to 0. At such small &
values, the dispersion of the overturning fragility curve (Fig. 3a) tends to be the same as the
rocking fragility curves, which is in the range 0.05-0.08 for the different rigid blocks. Very
small rigid blocks, say & = 1:0M_are therefore “PGA-dominated”, with the overturning fra-
gility curve that approaches the rocking one, both in terms of median value and dispersion.
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Fig. 3. (a) Logarithmic standard deviation of overturning fragility curves for different rigid blocks and (b)
discrepancy among overturning median PGA and rocking PGA.

The influence of block dimensions on its behavior is also highlighted in the trend of median
fragility curve values for the dimensionless IMs used by Dimitrakopoulos and Paraskeva [20]
(Fig. 4). Median IMs values tend to be constantly around 0.5 and there is negligible discrep-
ancy among near and far field input motion for large R values, which confirms that /Ms may
be a good generalized intensity measpre fo for grerturning in large rigid blocks.

At small ® values, instead, median  °  gtana deviates from 0.5 and there is a significant

dls(irepancyp@mong far field and near field, since the failure is “PGA-dominated”. Interesting-
ly, g tana median values are not influenced by the nature of the input motion at small R

values, which confirms that the PGA governs the overturning of small rigid blocks. /M4 me-
dian values tend to assume value close to the ideal value of 1.0 as R becomes close to zero.

It can be also demonstrated that /s median value scales with 1/VR for very small R values
if it is assumed that overturmng occurs as soon as the block starts rockmg, ie.
IMyovere = IMypoci = ,.3 J Eig. 5a). Under such algcﬁgssumptlon the overturmng M5 can be

N~

. IM L=
estimated as =~ >°vert pca . Considering that Pca is a feature of the selected accelero-
gram and it is not 1nﬂ-uenced by the block, it can be concluded that IMsopere X P or, alterna-

M5 opere PGV /PGA

tively, \ R. Moreover, /Ms median value is proportional to , justifying

the discrepancies of the IMs median values for near- and far-field input motions at low R val-
ues. It should be finally highlighted that the influence of block slenderness on overturning and
rocking is not significant when dimensionless IMs are adopted.

The twenty fragility curves, i.e. for each rigid block subjected to one of the two mput metian

typologies, tend to overlag on a unique curve (Fig. 5) if expressed in terms of g tana

for rocking and ~ ° g tana for overturning, respectively. The overlapping fragility curves

for rocking with IM, suggest that the adopted dimensionless IM is an adequate candidate for
generalized IM. The overturning fragility curves tend to overlap only for & = 1.0M g antici-
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pated above. A generalized IM is intended as an intensity measure which induces a unique
fragility curve for all the rigid blocks regardless of their geometric properties. The definition
of a generalized IM would be a powerful means in simplifying the assessment of seismic fra-
gility of components behaving as rigid blocks.

4
0]
357 O M, -far
IM4-near
3T % IM, - far 8
2.5_ |M5-near
£ 27 e
15 . ©
A
1.
¥
05 ¥ " #
0
0 1 2 3 4 5
R [m]

Fig. 4. Median values of the overturning fragility curves for different dimensionless intensity measures.

A unique fragility curve can be therefore assessed, considering the numerical data of the ten
considered rigid blocks subjected to both far field and near field input motions for rocking and
only the blocks with & = 1.0 for overturning. A generalization cannot be made for small
rigid blocks. However, median overturning PGA is not much larger than rocking PGA for
such blocks, i.e. less than 30% (Fig. 3b). As such, future investigations might be focused on
the definition of a generalized fragility curve for overturning of small rigid blocks by consid-
ering a PGA-based intensity measure.

It is therefore concluded that the curves in Fig. 5 can serve as a simple tool for the estimation
of the damage occurred in rigid blocks after earthquakes. Moreover, they can be also included
in performance-based design software for the estimation of the expected loss due to earth-
quake, for a rapid assessment of the damage occurred in non-structural components which
behave as rigid blocks.

The above results apply to a rigid block placed at a given story of a structure. They suggest
that structural engineers should also control peak floor velocities in addition to peak floor ac-
celerations, in order to assess the performance of freestanding rigid nonstructural components.
This preliminary analysis can be rigorously applied only to rigid blocks placed at the ground
floor of buildings, due to the assumed set of accelerograms.

Future studies will deal with the investigation of rigid blocks subjected to typical floor mo-
tions, whose frequency content may be significantly different than base motion content.
Moreover, more refined modelling techniques, which take into account the interaction be-
tween elasticity and rigid block behavior [22], will also be considered.

4 CONCLUSIONS AND FURTHER WORK

The present analytical study has assessed the reliability of using rigid block analysis to predict
the earthquake response of freestanding medical cabinets. The outcomes of the parametric
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analysis demonstrate that, when a 1.0 coefficient of restitution is considered, a slightly safe-
sided estimation of the overturning PFA threshold can be achieved. The rocking initiation is
well predicted. Thus rigid block models can be employed in assessing reliably the perfor-
mance of hospital cabinets, especially for routine applications in design offices.
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Fig. 5. Fragility curves considering ten different rigid blocks and both far and near input motions, for (a)
rocking and (b) overturning, with dimensionless intensity measures.

The comprehensive incremental dynamic analyses carried out on different rigid blocks have
shown that the dimensionless intensity measure PGA/(g tana) is an efficient intensity
measures to predict rocking occurrence in a generic rigid block.

The intensity measure pPGV/ (g tana) is the most efficient one only for large, say R larger
than 2.0 m, rigid blocks. Very small, say R<1.0 m, rigid blocks tend to overturn as soon as
they start rocking and are therefore ‘‘PGA-dominated’’. PGA/(g tana) is therefore more effi-
cient for such blocks. The use of these intensity measures allows assessing a unique fragility
curve for rigid blocks characterized by different geometries, which may serve as a simple tool
for the estimation of the damage occurred in rigid blocks after earthquakes. Additionally, the
use of the peak velocity is also of paramount importance for the performance assessment of
slender cabinets, especially to control the overturning. Thus, structural engineers should also
control peak floor velocities in addition to peak floor accelerations, in order to accurately as-
sess the performance of freestanding rigid nonstructural components.

It is suggested that future numerical simulations should focus on the analysis of rigid blocks
subjected to typical floor motions, whose frequency content may be significantly different
than base motion content. The effects of the elastic response of the typical freestanding com-
ponents should also be further assessed, both numerically and with experimental testing.
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