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Abstract The paper assesses the adequacy of existing numerical models in predicting the
seismic response of freestanding nonstructural components that exhibit rocking-dominated
behavior. Based on a previous experimental test program on hospital building contents
carried out by the authors, the study focuses on two different modelling techniques:
(a) finite element method (FEM) and (b) rigid block model. The ability to predict the
response of two hospital cabinets tested in the laboratory is verified by comparing the
numerical response with the experimental one. The applicability and limitations of each
modelling technique are also discussed. The outcomes of the present study show that both
the adopted modeling techniques can provide a reliable prediction of the occurrence of
rocking mechanism in hospital cabinets. Rigid block model can also predict the occurrence
of the overturning, whereas FEM model can provide a prediction of the acceleration
distribution at different locations of the cabinets, e.g. at different shelf levels. The effi-
ciency of different intensity measures in predicting the damage states in rigid block is
estimated. Comprehensive incremental dynamic analyses on different rigid blocks high-
light that dimensionless intensity measure PGA/(grgx) is the most efficient intensity
measure to predict rocking and overturning in small rigid blocks, whereas p PGV /(g tga) is
the most effective for large rigid blocks. Such intensity measures also allow generalizing
the results to different rigid blocks, through the definition of a fragility approach.
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List of symbols

ag Ground acceleration

ASI Acceleration Spectral Intensity (Table 4)

b Cabinet semi-width (Fig. 9)

CAV Cumulative absolute velocity (Table 4)

e Coefficient of restitution (Eq. 2)

g Acceleration of gravity

h Cabinet semi-height (Fig. 9)

HI Housner intensity (Table 4)

Iy Arias intensity (Table 4)

M Intensity measure

IM, Normalized acceleration intensity measure (Table 4)
IMs5 Normalized velocity intensity measure (Table 4)
IM¢ Normalized velocity intensity measure (Table 4)
IMr,jrar  Fajfar intensity measure (Table 4)

p Rigid block frequency parameter (Fig. 9)

PFA Peak floor acceleration

PGV Peak ground velocity

R Rigid block diagonal semi-dimension (Fig. 9)

Sy Pseudo-spectral velocity

Sq Pseudo-spectral acceleration

ty Earthquake significant duration

Tn Earthquake mean period

T Structural period

Xm Median value of the lognormal probability distribution
o Critical angle of the block (Fig. 9)

p Standard deviation of the lognormal probability distribution
4 Damping ratio

0 Rigid block rotation

WO Earthquake mean angular frequency

1 Introduction

One of the focuses of the modern earthquake engineering research is the response analysis,
design and assessment of nonstructural components. Such research is motivated by: (a) the
threat to life-safety that the collapse of nonstructural components can cause; (b) the attitude
of these components in exhibiting damage (and the consequent evacuation of buildings)
even for low-intensity earthquakes; (c) the enormous economic loss caused by their
damage. The latter motivations are of paramount importance for critical facilities, such as
hospital buildings and health care facilities, whose performance is essential in the after-
math of moderate-to-high magnitude earthquake ground motions.

Health care facilities may undergo severe and widespread damage that impairs the
functionality of the system when they are stricken by an earthquake. Such detrimental
response is emphasized for the hospital buildings designed either primarily for gravity
loads or without employing base isolation/supplemental damping systems. Moreover such
buildings need to warrant functionality especially in the aftermath of moderate-to-severe
earthquake ground motions. Recent surveys carried out in the aftermath of major world-
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wide earthquakes, e.g. (Di Sarno et al. 2013; Jacques et al. 2014; Masi et al. 2014) among
others, have shown that the overturning of cabinets, containing medical files with patient
details, is a typical non-structural component damage.

In the last three decades thorough governmental actions, aiming at ensuring the life
safety and collapse prevention of acute healthcare facilities, have been promoted. For
example, in California, in addition to safety standards it is enforced that, by 2030,
hospitals should also meet performance levels meant to ensure that they are capable of
providing services to public after an earthquake or any other disaster. Numerous ini-
tiatives have also been promoted world-wide by the World Health Organization (WHO)
and the United Nation International Strategy for Disaster Reduction (UNISDR), e.g. the
global campaign “Hospital Safe From Disasters” [World Health Organization (WHO)
2008]. However, designing for resilient hospitals remains a challenging task; it needs an
interdisciplinary approach encompassing both the physical, i.e. structure, nonstructural
components and building contents, and non-physical components, i.e. procedures,
organization and functionality, of a hospital system (Bruneau et al. 2003). Adequate
performance criteria and robust but simple assessment methods should be implemented
in seismic codes of practice and guidelines. To date, there is a lack of comprehensive
theoretical and experimental results dealing with the performance evaluation of the
building contents for health care facilities. The earthquake response of such contents is
not straightforward because of the complexity and variety of connections and func-
tioning. So far, while few experimental tests have been carried out on buildings equipped
with nonstructural components as well as hospital building contents (e.g. Chen et al.
2015; Kuo et al. 2011; Pantoli et al. 2015; Shi et al. 2014), the modelling of hospital
building contents is not extensively investigated in literature. Indeed, while the features
of several nonstructural components typically require the use of experimental methods,
nonstructural component testing tends to be expensive and time-consuming. Therefore
the need to define numerical models for the prediction of hospital building content
performance is claimed. Some models for sliding-dominated components were investi-
gated in past research studies (Konstantinidis and Makris 2009; Konstantinidis and
Nikfar 2015; Lin et al. 2015); the absence of numerical models for rocking-dominated
hospital building contents is, however, clearly denoted. The aim of the present research
study is to provide simple tools to both researchers and practitioners for the assessment of
the seismic performance of hospital building contents.

The present work is aimed to assess the adequacy of existing numerical modeling
approaches in predicting the seismic response of freestanding nonstructural components
with rocking-dominated response to support future modelling exercises of these compo-
nents. Towards this aim, the results of an experimental study carried out for a full scale
three-dimensional model of a consultation room are employed to validate numerical
models. Two different modeling techniques are selected to analyze the seismic perfor-
mance of two freestanding cabinets included in the consultation room: (a) finite element
method (FEM) and (b) rigid block modeling. Reference experimental tests are first pre-
sented in Sect. 2; then the paper addresses two main goals: the validation of the two
considered numerical modelling approaches in Sects. 3 and 4, and their fragility assess-
ment in Sect. 5. In Sect. 3 FEM modeling technique, typically employed for structural
analysis, is adopted to model freestanding cabinets before rocking occurs. Rigid block
modeling, which was extensively investigated and applied to different structural engi-
neering topics (Dimitrakopoulos and DeJong 2012; Dimitrakopoulos and Paraskeva 2015;
Psycharis et al. 2013), is employed in Sect. 4 to assess the behavior of cabinets in case
rocking mechanism occurs. The validation of the numerical model stimulates a fragility
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analysis of rigid blocks characterized by different geometric features (Sect. 5). The effi-
ciency of several intensity measures is estimated and an attempt to generalize the results,
proposing a unique fragility curve for different rigid blocks, is included.

2 Experimental tests

Numerical models developed in the following sections are validated against the outcomes
of a comprehensive experimental campaign on hospital building contents (Cosenza et al.
2014). Shake table tests were carried out on a typical hospital examination room (Fig. 1).
The behavior of two full scale building contents used for the examination room was
investigated in this study (Fig. 1b):

e a hospital medicine cabinet made of cold formed steel with dimension
75 x 38 x 165 cm, having double moving glass doors with locker and four shelves;

e a hospital medicine cabinet made of cold formed steel with dimension
53 x 36 x 139 cm, having single moving glass door with locker and four shelves.

The mass of the two (empty) cabinets was respectively 20 kg for the double-window
cabinet and 15 kg for the single-window cabinet. Contents were also included within the
cabinets. Different mass distributions, obtained by either bowls filled with sand or realistic
glass contents, were also considered for both the double- and single-window cabinets.
Three different test campaigns, named test groups, were considered hereafter. In test
group 100, 6 kg mass was added to each shelf of the double-window cabinet, whereas 4 kg
mass was added to each shelf of the single-window cabinet. The total added mass amount,
which is 120% and 107% of the cabinet mass respectively, is representative of the mass of
typical contents inserted in such a cabinet. In test group 200 the dynamic behavior of the
cabinets with a decreasing mass distribution along the height was investigated. From the
base to the top, 6, 4, 4 and 2 kg masses (totally 80% of cabinet mass) were placed on the
four shelves of the double-window cabinet, while 4, 2, 2 and 0 kg masses (totally 53% of

Fig. 1 a Global view on the tested hospital examination room and b close-up view on the two cabinets
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cabinet mass) were placed on the four shelves of the single-window cabinet. In test group
300, typical glass contents, equally placed on the different shelves of each cabinet, were
tested. Glass bottles with different dimensions, i.e. 100, 250 and 500 ml, were included in
the double-window cabinet, whereas 250 and 100 ml glass beakers, flasks and test tubes
were placed in the single-window cabinet. Further details on the experimental test program
are included in Cosenza et al. (2014).

The shake table tests were performed according to the testing protocol included in AC
156 (International Conference of Building Officials (ICBO) 2000), which is applied to
acceleration-sensitive nonstructural elements. Several tests were performed at increasing
intensity in order to assess the acceleration threshold value required to attain a given
damage in the components. For instance, ten shake table tests were performed for test
group 100, namely tests from 101 to 110, corresponding to peak table accelerations which
range from 0.12 to 1.27 g (Table 1). The latter accelerations can be considered typical
peak floor accelerations (PFAs) recorded at mid-height of multi-story hospital buildings
located in moderate-to-high seismicity. Unidirectional motions were applied to shake the
cabinets along their transversal direction, i.e. along their shorter sides (Fig. 2). High quality
digital accelerometers were used to monitor the response of the hospital building contents.
Four accelerometers were positioned at the base, i.e. at the lowest shelf level, and at the top
of the front side of each cabinet; one accelerometer recorded the acceleration at the shake
table level. The tested cabinets did not show any sliding mechanism, due to their slen-
derness and the large friction ensured at their base. It should be considered that other
cabinets might show a significant sliding behavior, which can be investigated as in pre-
vious literature studies (Lin et al. 2015; Lopez Garcia and Soong 2003).

3 Model for pre-rocking behavior

This section deals with the investigation of the dynamic behavior of hospital cabinets when
they do not exhibit any rocking mechanism, i.e. for pre-rocking behavior. The validation of
a FEM model for the dynamic performance of cabinets is presented in Sect. 3.1. Its ability
to reproduce horizontal accelerations in the cabinets is also discussed. The distribution of
the horizontal acceleration along the height of the cabinet during the pre-rocking phase is
finally presented in Sect. 3.2.

Table 1 Recorded peak floor

acceleration for each test of the Test group 100 Test group 200 Test group 300

testing protocol TestID PFA (g) TestID PFA(g) TestID  PFA (g)
101 0.13 301 0.12
102 0.24 302 0.23
103 0.37 203 0.36 303 035
104 0.49 204 0.48 304 0.48
105 0.61 205 0.60 305 0.60
106 0.74 206 0.72 306 0.73
107 0.89 207 0.85 307 0.84
108 0.98 208 0.98 308 0.98
109 113 209 113 309 L12
110 1.25 210 1.26 310 1.27
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Fig. 2 Finite element model of the tested cabinets for test group 100 (applied forces are in N)
3.1 Finite element models

Low-amplitude random vibrations were utilized to validate the numerical FEM model of
the tested cabinets (Di Sarno et al. 2015a, b), developed in SAP 2000 (CSI Computer and
Structures Inc. 2004). The numerical model provided a fairly good matching in terms of
natural frequencies of the sample components. In this study, the numerical-to-experimental
comparison is extended to the shaking table tests performed according to AC156. The
reliability of the selected model to reproduce the recorded accelerations, e.g. top cabinet
accelerations, when subjected to a predefined ground motion is assessed. Such a model
would allow the estimation of the acceleration demand at each shelf of the cabinet, which
excites the contents; moreover, it could be also used to check the likely occurrence of any
rocking mechanism, as shown in the following.

Each cabinet consists of four steel vertical columns connected each other by steel
elements. The steel vertical columns are characterized by 0.1 cm thick “L” cross-sec-
tion. They are connected by two steel horizontal plates, at the top of the cabinet and at
17 cm height from their base. Three of the four vertical bays are infilled with 0.1 cm thick
steel plates, whereas a glass window is installed in the fourth bay. The double-window
cabinet is also characterized by a vertical steel element that separates two glass windows.
The vertical steel columns are modeled with beam elements in SAP 2000, according to
their actual geometry (Fig. 2). The presence of the steel horizontal plates is modeled
through four horizontal beam elements both at the top and at 17 cm from the base. Two
diaphragm constraints are imposed between the nodes at the top and at 17 cm height. Bi-
dimensional elements are adopted to model glass windows. Further details on the devel-
oped models can be found in (Di Sarno et al. 2015a). Different masses are inserted at the
shelf levels, according to the actual mass adopted in the experimental phase for the dif-
ferent test groups. Dynamic features of the cabinets are summarized in Table 2.
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Vertical nonlinear links, i.e. nonlinear springs, are added at the base of the cabinets.
They are characterized by compression-only behavior in order to model the restraint of a
freestanding cabinet at its base. Vertical loads are applied at the top of the cabinets,
simulating their own weight, as shown in Fig. 2. Finally, damping ratio is assumed equal to
the experimental damping ratio, evaluated in (Di Sarno et al. 2015a). Nonlinear dynamic
analyses are performed on the defined models. Recorded table accelerations are applied at
the base of both cabinets for the three different test groups. Top cabinet horizontal
accelerations resulting from numerical model are compared to recorded horizontal accel-
erations for two different tests at two different intensities (see Figs. 3, 4). A close
numerical-to-experimental matching is observed for low-intensity shake table tests
(Fig. 3), when the cabinet is laterally deforming without any evident rocking mechanism.
At larger amplitudes, i.e. peak table acceleration larger than the theoretical value b/h - g,
the FEM model is not capable to reproduce the recorded accelerations (Fig. 4), particularly
due to the presence of some spikes in the recorded accelerograms. These spikes are caused
by the occurrence of a rocking mechanism, as highlighted in (Cosenza et al. 2014). It can
be therefore concluded that the developed numerical model is efficient until the cabinet
exhibits the rocking mechanism. The numerical-experimental comparison is performed for
all experimental tests. The same comments can be drawn from such comparisons, which
are omitted here for the sake of brevity.

The evaluation of the seismic intensity required to record the rocking mechanism in the
cabinet becomes therefore essential. The occurrence of such mechanism can be checked
from the onset of tension displacement in the link element. Vertical displacements of both
front and rear links can be plotted on the same graph of the recorded top cabinet horizontal
accelerations (Fig. 5). Negligible vertical displacements are recorded in both front and rear
links in case cabinets do not exhibit rocking mechanism, e.g. the test characterized by
0.126 g peak table acceleration in test group 100. Large vertical tension displacements in
links are instead highlighted as seismic intensity increases. Significant vertical displace-
ments are recorded in links for all the tests which show rocking mechanism, e.g. the test
characterized by 0.483 g peak table acceleration in test group 200 (Fig. 5). It should be
noted that the theoretical peak table acceleration b/h - g can be used as a threshold value
for rocking mechanism, where b and & are cabinet semi-width and semi-height (as detailed
in Sect. 4.1), respectively, and g is the acceleration of gravity. Such a threshold value is
equal to 0.26 and 0.23 g for single- and double-window cabinets respectively.

A time correlation of the rocking mechanism with the tension displacement in the links
can be also highlighted: the spikes in the experimental horizontal acceleration time-history
typically occur after the vertical link experiences the uplift, as clearly visible in Fig. 5a.
The defined model is therefore able to recognize the occurrence of the rocking mechanism
in the cabinets, which is denoted by vertical tension displacements in the link at the base of
the cabinets.

Table 2 Dynamic properties of

the modelled cabinets in terms of Test group Single-window cabinet Double-window cabinet
natural frequency and damping f(Hz) (%) f(Hz) (%)
ratio
100 7.38 12.1 5.08 17.5
200 8.84 14.0 5.57 18.8
300 8.21 12.3 5.30 14.6
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a single-window cabinet and b double-window cabinet

3.2 Horizontal acceleration pattern along the height of the cabinets

Horizontal acceleration pattern along the height of the cabinets should be carefully
assessed in order to both evaluate the global overturning moment acting on the cabinet and
predict the acceleration demand on the contents positioned at the different shelves of the
cabinets. The overturning moment should be evaluated to assess the occurrence of possible
rocking mechanisms i.e. when overturning moment exceeds stabilizing moment due to
gravity loads. This exercise is needed in order to assess the applicability of FEM modeling
technique. The acceleration demand on the contents should be assessed to protect them
against sliding and/or overturning.

Simplified code-approaches implemented in the international seismic standards, e.g.
Eurocode 8 (EC8) (CEN 2004) and ASCE7 (American Society of Civil Engineers 2010),
assume that the seismic demand force acts in the center of mass of the component.
Moreover, the different research studies focus on the evaluation of the floor response
spectra; the acceleration distribution along the height of the component, which strongly
influences the demand in components characterized by multiple masses and modes of
vibration, is typically not investigated. FEMA P-750 (FEMA P-750 2009), in the com-
mentary to the chapter on the seismic design requirements for nonstructural components,
includes a detailed discussion about the ASCE7 predictive equation. It is stated that “the
requirements are intended to apply only to permanently attached components” and
“Storage cabinets, tall bookshelves, and other items of significant mass do not fall into this
category and should be anchored or braced in accordance with this chapter”. Hence, the
need for the evaluation of a predictive formula for freestanding nonstructural components
is implicitly claimed.
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The horizontal acceleration pattern along the height of the freestanding components is
investigated in this section. The study is limited to the cases where freestanding compo-
nents do not exhibit any rocking mechanism; in such a case the motivations of the study,
i.e. evaluate overturning moment and demand on the contents on the shelves, are no longer
valid since the operational limit state is certainly exceeded. Horizontal accelerations are
recorded at four different levels of the cabinets in order to analyze the distribution of
seismic demand along the height of the tested components. In particular, accelerometers
Scl, Sc2, Sc3 and Sc4 are positioned on the single-window cabinet at 0.10, 0.40, 0.70 and
1.00 normalized height from the base, respectively; accelerometers Dcl, Dc2, Dc3 and
Dc4 are placed on the double-window cabinet at 0.08, 0.39, 0.70, 1.00 normalized height
from the base, respectively.

The horizontal accelerations recorded along the height of the cabinets during the test
group 100, corresponding to 0.37 g peak table acceleration, are shown in Fig. 6 and in
Fig. 7. The filtering and amplification effects of the two tested cabinets are clearly visible
in the recorded accelerograms. The accelerogram at the top of the cabinet has broader
frequency contents than the base accelerogram in the vicinity of the natural frequency of
the cabinet, whereas the frequency content at larger frequency is reduced passing from the
base to the top of the component. This outcome is also confirmed by the periodgrams of the
different recorded signals from the base to the top of the components, omitted here for the
sake of brevity, which highlight an increasing frequency content close to the natural
frequencies of the components from their base to their top.

The recorded maximum horizontal accelerations on the cabinets are also normalized to
the maximum acceleration at their base, i.e. the PFA, in order to generalize the results. The
maximum accelerations recorded on the cabinets during each test (in gray), normalized
with respect to the PFA, and their mean (in black), are represented in Fig. 8 for both

Sc4
0
-0.5 t f } t L
Sc3
0

acceleration [g]

time [sec]

Fig. 6 Horizontal accelerograms recorded on the single-window cabinet during the test group 100,
corresponding to 0.37 g peak table acceleration
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Fig. 7 Horizontal accelerograms recorded on the double-window cabinet during the test group 100,
corresponding to 0.37 g peak table acceleration
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Fig. 8 Trend of the horizontal accelerations along the height for the different performed tests (gray and
black lines) compared to the structural floor acceleration trend provisions included in ASCE 7 and EC8
(dotted lines) for a single-window and b double-window cabinets

double- and single-window cabinets. These diagrams are compared with the trend of the
horizontal floor accelerations in buildings, provided by ASCE 7 (American Society of Civil
Engineers 2010) and EC8 (CEN 2004). The acceleration provided by ASCE 7 is linearly
distributed from PGA at the base to a tripled value at the top. Eurocode 8 provides a similar
criterion, assuming a top acceleration value equal to 2.5 times the peak ground accelera-
tion. The structural horizontal acceleration profile along the building height provided by
EC8 leads to a close fit of the horizontal acceleration pattern measured on the tested
freestanding cabinets, while ASCE 7 trend lightly overestimates the experimental results.
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The freestanding components can be therefore treated as a structural system vibrating at a
generic building story. In the following a comparison between this proposal and the current
EC8 provisions for computing the demand on nonstructural components is briefly
discussed.

Eurocode 8 assumes that the seismic force on a nonstructural component should be
applied as a point load at its mass centroid. Such a point load is simply evaluated by
multiplying its mass with the maximum acceleration acting on the component. The
maximum acceleration on the component is evaluated multiplying the peak floor accel-
eration with a component amplification factor, i.e. ratio between maximum acceleration on
the component and PFA. The component amplification factor ranges from 2.2 to 2.5
depending on the position of the component within the structure. It is found that the
overturning moment produced by such a force is 20% larger than the moment induced by
the proposed distribution (dotted blue line in Fig. 8), while the shear overestimation is
larger than 30%, assuming a component amplification factor equal to 2.5.

4 Model for post-rocking behavior

Medical components, such as the tested cabinets, typically exhibit a rocking behavior as
the seismic intensity increases. Thus, rigid block model becomes a good candidate to
model the dynamic response of these components. In this study, tested cabinets are
modeled as equivalent rigid blocks and subjected to the experimental base accelerations
(Sect. 4.1); the ability to predict the occurrence of both rocking mechanism and over-
turning is verified. Given the good model fidelity, a preliminary study is presented in
Sect. 5, which is aimed to the identification of the most efficient seismic intensity measure
(IM) for rigid blocks and the influence of the geometric properties of rigid blocks on their
dynamic performance.

4.1 Rigid block models

As previously discussed, tested cabinets may be also modeled as rigid blocks. Their
dynamic behavior was extensively investigated in past decades, e.g. (Dimitrakopoulos and
DeJong 2012; Dimitrakopoulos and Paraskeva 2015; Housner 1963; Ishiyama 1982;
Makris and Konstantinidis 2003; Yim et al. 1980; Zhang and Makris 2001), among many
others. 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 perfectly smooth so that the block will rock around the edges and no inter-
mediate 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, given their slenderness and interface material with the floor. It
is assumed that the mass is uniformly distributed within the cabinet. The rigid block is
freestanding without any lateral restraint: the restraint provided by the rear wall, which in
the reference tests (Cosenza et al. 2014) is positioned at 2 cm distance from the cabinet, is
not modeled.

The equation of motion of the rigid block subjected to a predefined base motion iig(f) is
derived by considering the equilibrium of moments about the centers of rotation:
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0(t) = —pz{sin[oc sgn[0(r)] — 0(2)] + ﬁngt)cos[oc sgn[0(1)] — 0(1‘)]} (1)

where 0 is the rigid block rotation, g is the acceleration of gravity, p is the frequency
parameter of the block and « is the critical angle (Fig. 9). The equation of motion is
developed and adopted in several existing studies, e.g. (Makris and Konstantinidis 2003),
among others. In this study it is solved through Runge—Kutta Ordinary Differential
Equations (ODE) solver, available in Matlab (The MathWorks Inc. 2015).

Rocking mechanism occurs alternatively around O and O’ (Fig. 9). It is assumed that the
rotation continues smoothly from point O to O’, when the angle of rotation reverses
(Makris and Konstantinidis 2003). A reduction of the angular velocity is imposed when the
rotation reverses, in order to take into account the energy loss at every impact (Housner
1963). 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 follows:

e=1-15sin*a (2)

Single-window cabinet is modelled as a rigid block characterized by 0.36 m base (26 in
Fig. 9) and 1.39 m height (2% in Fig. 9). Double window cabinet is modeled assuming
0.38 m base and 1.65 m height. Critical angles « are therefore 0.250 and 0.224 rad for
single-window and double-window cabinets, respectively.

These models are subjected to the acceleration time history recorded at the base of the
cabinets for the different tests. Since the adopted model is not influenced by the mass
distribution, it is subjected only to the test group 100 shakings. The response of the rigid
block simulating the single-window cabinet under three different input motions is shown in
Fig. 10. The three responses refer to different input intensities which produce (a) negligible
rocking rotations, (b) initiation of rocking response and (c) block overturning. The seismic

Fig. 9 Rigid block geometry
and parameters

A A A A A A
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Fig. 10 Single-window rigid block response to three different input motions recorded in test group 100

intensities required to attain rocking and overturning, expressed in terms of PFA, are
compared for both single- and double-window cabinets with the experimental evidence
(Table 3).

The adopted numerical model is able to foresee the occurrence of rocking mechanism.
However, an overestimation of the PFA, i.e. peak acceleration at the base of the block,
which causes overturning is also shown. This overestimation may be caused by the
assumption that the tested cabinets behave as rigid blocks, whereas they are also charac-
terized by a significant flexibility (Di Sarno et al. 2015a). Moreover, the numerical model
assumes that the mass is uniformly distributed within the cabinet and neglects the presence
of the wall behind the cabinets. These assumptions may have caused such an unsafe-sided
estimation of the PFA overturning threshold.

The analyses are also performed neglecting the reduction of the velocity after the
impact, i.e. a 1.0 coefficient of restitution is considered. The numerical-to-experimental
comparison is shown in Table 3. It is shown that the rocking initiation is still well pre-
dicted, since it is not influenced by the coefficient of restitution. Moreover, a safe-sided
estimation of the overturning PFA threshold is generally demonstrated, in case a 1.0
coefficient of restitution is assumed. It is therefore demonstrated that the rigid block
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models of tested cabinets can give a safe-sided prediction of the seismic intensity required
to induce overturning, provided that a 1.0 coefficient of restitution is assumed. Current and
future studies will deal with the refinement of such simple models, e.g. trying to incor-
porate in the model the external restraint provided by the wall.

5 Dynamic analysis of rigid blocks

The experimental-to-numerical comparison described in the previous section demonstrates
that hospital building cabinets overturning can be modeled by means of rigid blocks. The
question arises as to which intensity measure (IM) is well correlated to the seismic demand
on rigid blocks. From a performance-based earthquake engineering perspective, the
identification of an efficient intensity measure which is valid for a generic rigid block
assumes a key role, as well as the assessment of fragility curves for loss assessment (De
Biasio et al. 2015). A fragility study of rigid blocks is therefore conducted and aimed
to two different objectives: (a) assessment of the most efficient IM; (b) influence of
geometric properties of the rigid block on its performance.

The assessment of the most efficient IM is conducted on two rigid blocks. Rigid block
no. 1 is the block representative of the single-window cabinet, with R = 0.717 m and
h/b = 3.9; rigid block no. 2 is taken from Yim et al. (1980) and is characterized by a
3.05 m (10 feet) R and an aspect ratio i/b equal to 5 (Fig. 9). The two blocks are
respectively representative of a typical cabinet and a large rigid block, in order to inves-
tigate the influence of the geometry of the block on the seismic response. The blocks are
subjected to incremental dynamic analyses, using the set of accelerograms included in
ATC 63 (Applied Technology Council 2008). The latter document includes two different
datasets: (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 gov-
erned mainly by the focal mechanisms in near fault conditions.

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 conventionally
small value, say 0.01o, whereas it attains the collapse damage state when the rotation is
larger than the critical angle « (Fig. 9). Porter method “A” (Porter et al. 2007) is
employed to create the lognormal fragility curves according to the different intensity
measures. This methodology allows assessing the fragility curve lognormal distribution
which best fits numerical data, i.e. IMs required to reach a given damage state for each
accelerogram. In particular, the median and the logarithmic standard deviation can be
estimated as

&
X = €Xp (MZ r,~> (3)
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where M is the number of accelerograms, r; is the intensity measure required to reach a
given damage state for each accelerogram. Different Intensity Measures (IMs) are adopted
to plot the fragility curves (Table 4) among the ones typically adopted in literature studies
(Cosenza and Manfredi 2000). Several typical IMs are considered among the most com-
monly adopted in earthquake engineering. Three IMs are taken from literature, i.e. IMy,
IMs and IMg: they are defined as dimensionless slenderness IMs. Fragility curves in terms
of peak ground acceleration (PGA) and velocity (PGV) are shown in Fig. 11 for both the
damage states and the suite of sample accelerograms. Input type may influence 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. 11 for both PGA and PGV.

An IM is efficient when it induces a small variability of a damage measure for a given IM
(Luco and Cornell 2007); an efficient IM would allow reducing the number of nonlinear
dynamic analyses required to assess the fragility curve with adequate precision (Shome and
Cornell 1999). The efficiency of an IM is typically assessed from the dispersion of the
engineering demand parameter (EDP) at a given IM level, e.g. (Donaire-Avila et al. 2015)

Table 4 Intensity measures considered in the assessment of fragility curves

Intensity Definition
measure
PGA PGA = max{|a,(r)]} Peak ground acceleration
a,(t) is the ground acceleration time-history
PGV PGV = max{|v,(t)|} Peak ground velocity
vg(t) is the ground velocity time-history
Iy A Arias intensity (Arias 1970)
Z_-g()f “g(t )dt g is the acceleration of gravity
My gPt a4 Normalized intensity measure, taken from (Dimitrakopoulos and
Paraskeva 2015)
IMs 1”7 z[‘; Normalized intensity measure, taken from (Dimitrakopoulos and
8 Paraskeva 2015)
My A nGaV Normalized intensity measure, taken from (Dimitrakopoulos and
£ Paraskeva 2015)
Wy =27/ Ty, T,y is earthquake mean period (Dimitrakopoulos
et al. 2009)
IMFqjfar PGV Fajfar intensity, where #; is the significant duration (Fajfar et al.
1990)
CAV I Cumulative absolute velocity
Jlag(1)|dt
ASI 0.5 Acceleration Spectral Intensity
J Sa(T,&)dT S, is the pseudo-spectral acceleration
01 0.02 damping ratio is assumed
Sa(Ty) Sa(Tp) Spectral acceleration at 7, = zpl
Su(T,) Sa(1,) Spectral velocity at T, = %
P
HI 2.5 B Housner Intensity (HI) (Housner 1952)
Sy(T, &)dT 0.02 damping ratio is assumed
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Fig. 11 Rigid block fragility curves for far-field and near-field inputs considering both a PGA and b PGV
as IM for rigid block no. 2

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 6. The behavior of (and the consequences on) the rigid
block is not significantly influenced by the amplitude of the rigid block motion, provided it is
smaller than the critical angle «. Thus, IM efficiency can be directly measured from the
standard deviation f§ of the fragility curves: the smaller the standard deviation the more
efficient the IM. Table 5 includes the logarithmic standard deviation f of the different fra-
gility curves, assessed for the different IMs and sets of accelerograms. Table 5 shows that
PGA and IM,, which is derived from PGA, are well correlated to the occurrence of the rocking
mechanism. This can be justified considering that rocking mechanism is observed when
overturning moment exceeds stabilizing moment due to gravity loads; simple equilibrium
calculations yield that the minimum acceleration required to let the block rock is b/h - g,
which is consistent with the observed median values of the fragility curves for the rigid
blocks. Median PGA-IM, values are about 20% larger than expected from rotational equi-
librium, due to (a) the dynamic nature of the motion and (b) the finite threshold value
associated to the occurrence of rocking.

Collapse/overturning damage state is better correlated to PGV—IMs than PGA-IM, for
the rigid block no. 2, as highlighted by the smaller dispersion of the fragility curve in terms

of PGV-IMs. The standard deviations of the dimensionless intensity measures IMy = gpgfi

and IMs = Z ’;gx are equal to the corresponding deviations for PGA and PGV, respectively,

since the dimensionless IMs are directly estimated from PGA and PGV through some
geometric parameters of the investigated block. /M, intensity measure, which is based
on PGV, also provides a good efficiency in predicting overturning of rigid block no. 2. For
the tested cabinet, i.e. rigid block no.1, it is 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. It is interesting to note that 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 selected rigid blocks.

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
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Table 5 Fragility curve logarithmic standard deviation for different intensity measures; lowest standard
deviation values for rocking and overturning are in bold

™M Rocking Overturning

Far field Near field Far field Near field

Block Block Block Block Block Block Block Block
no. 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

I4 (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
IMs 0.360 0.367 0.470 0.468 0.338 0.335 0.398 0.309
My 0.245 0.244 0.312 0.296 0.312 0.445 0.400 0.522
IMEgjfar 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 0.486 0.271 0.427
Sa (T,,) (2) 0.576 0.770 0.600 0.721 0.510 0.481 0.494 0.519

SV(T,,) (m/s) 0.576 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 0.486 0.271 0.427

slenderness //b and dimension R. The four rigid blocks obtained from the single window
cabinet are characterized by (a) R=1.43m and h/b=3.91; (b) R=0.359 m and
h/b=391;(c) R=0.717 m and h/b = 7.83; (d) R = 0.717 m and h/b = 1.96. The four
rigid blocks corresponding to the block by Yim et al. are characterized by (a) R = 1.52 m
(5 feet) and /b = 5.0; (b) R = 4.57 m (15 feet) and /b = 5.0; (¢c) R = 3.05 m (10 feet)
and /b =2.5; (d) R=3.05m (10 feet) and h/b = 7.5. 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 PGA and IM, are the most efficient IMs for rocking, while the most
efficient IM for overturning is influenced by the dimension R of the block (Fig. 12a). The
dispersion of PGV —IMs 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 PGA—IM, overturning fragility curves is influenced by
the dimension of the block; an increase in R corresponds to an increase in f3. It is concluded
that PGA—IM, are the most efficient IMs for small rigid blocks, say R smaller than 1.0 m,
whereas PGV —IMs are more efficient for large rigid blocks, say R larger than 2.0 m.
Housner (1963) also suggested that the overturning of blocks was well correlated to the
energy required to uplift and rotate the block by an o angle, which can be inferred by the
peak velocity. For intermediate R values the efficiency of PGA — IM, and PGV — IMs is
similar. This phenomenon is caused by the fact that overturning fragility increases as
dimension R decreases, as also discussed in (Housner 1963; Makris and Vassiliou 2014). In
particular, 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. 12b) for the ten different rigid blocks considered herein. It is interesting to note
that the ratio in Fig. 12b tends to zero as the dimension R tends to 0. At such small R
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values, the dispersion of the overturning fragility curve (Fig. 12a) 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 R<1.0m, are therefore “PGA-dominated”, with the over-
turning fragility curve that approaches the rocking one, both in terms of median value and
dispersion.

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 (2015) (Fig. 13). Median /M5 values tend to be constantly around 0.5 and there
is negligible discrepancy among near and far field input motion for large R values, which
confirms that IMs may be a good generalized intensity measure for overturning in large

rigid blocks. At small R values, instead, median IMs = g 1:51\; deviates from 0.5 and there is

a significant discrepancy among far field and near field, since the failure is “PGA-
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: » : __ PGA
dominated”. Interestingly, IM, = 2iana

the input motion at small R values, which confirms that the PGA governs the overturning
of small rigid blocks. IM,; median 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 /M5 median value scales
with 1/+/R for very small R values if it is assumed that overturning occurs as soon as the

block starts rocking, i.e. IM4 gyerr = IM4 rocr = 1.23 (Fig. 14a). Under such an assumption

the overturning IMs can be estimated as IM5 oyer =2 1'23,”%. Considering that ’;LGX is a

feature of the selected accelerogram and it is not influenced by the block, it can be

median values are not influenced by the nature of

concluded that IMs gye < p or, alternatively, IMs gpers o< \/%. Moreover, IMs median value

is proportional to PGV /PGA, justifying the discrepancies of the /M5 median values for
near- and far-field input motions at low R values. 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 input
motion typologies, tend to overlap on a unique curve (Fig. 14) if expressed in terms of

IMy = ;;f;‘a for rocking and IMs :Z fgl‘; 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 R > 1.0 m, as anticipated 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 fragility of components behaving as rigid blocks.
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 R > 1.0 m 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. 12b). As such, future investigations
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Fig. 14 Fragility curves considering ten different rigid blocks and both far and near input motions, for
a rocking and b overturning, with dimensionless intensity measures
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might be focused on the definition of a generalized fragility curve for overturning of small
rigid blocks by considering a PGA-based intensity measure.

It is therefore concluded that the curves in Fig. 14 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 earthquake, for a rapid assessment of the damage occurred in non-structural com-
ponents which behave as rigid blocks. The above mentioned 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 accelerations, 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 motions characterised by a
frequency content which is significantly different than base motion content. Moreover,
more refined modelling techniques, which take into account the interaction between
elasticity and rigid block behavior (Acikgoz and DeJong 2012), will also be considered.

6 Conclusions

The paper deals with the assessment of the adequacy of existing numerical models in
predicting the seismic response of freestanding nonstructural components and the assess-
ment of their fragility. Based on a previous experimental campaign on hospital building
contents, the study focuses on two different modeling techniques: (a) finite element method
(FEM) and (b) rigid block model. The ability to predict the response of two tested hospital
cabinets is verified by comparing the numerical response with the experimental one. The
applicability and limitations of each modeling technique are also discussed. The fragility of
several rigid blocks is numerically assessed to investigate the influence of their geometric
properties on their performance.

The study first develops simple FEM models for the tested cabinets, subjecting them to
the recorded table accelerations. A close numerical-to-experimental matching is observed
for low-intensity shake table tests, when the cabinets are laterally deforming without any
rocking mechanism. FEM models are not capable to reproduce the recorded accelerations
at larger table accelerations, particularly due to the presence of some spikes in the recorded
accelerograms, caused by the occurrence of rocking. It can be therefore concluded that the
developed numerical model is efficient until the cabinet exhibits the rocking mechanism.
The defined FEM models are also able to recognize the occurrence of the rocking
mechanism, denoted by the occurrence of vertical tension displacements in the link at the
base of the cabinets.

Acceleration pattern along the height of the cabinets is then assessed in order to predict
the occurrence of possible rocking mechanisms and, therefore, assess whether FEM models
are applicable. Moreover, it also allows assessing the acceleration demand on the contents,
to protect them against sliding and/or overturning. The acceleration pattern is well matched
by the structural horizontal acceleration profile along the building height provided by
Eurocode 8, which provides a linear trend with top acceleration equal to 2.5 times the base
acceleration. However, this outcome is limited to the specific tested components. For
instance, a different component may exhibit a different damping ratio, resulting in different
base-to-top acceleration amplification.
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Medical components, such as the tested cabinets, typically exhibit a rocking behavior as
the seismic intensity increases. Thus, rigid block model becomes another good candidate to
model the dynamic response of these components. Tested cabinets are modeled as
equivalent rigid blocks and subjected to the experimental base accelerations. It is con-
cluded that in case a 1.0 coefficient of restitution is considered, a slightly safe-sided
estimation of the overturning PFA threshold can be performed. It is also shown that the
rocking initiation is well predicted. It is therefore demonstrated that rigid block models can
be employed in assessing the performance of hospital cabinets.

The question then arises as to which intensity measure (IM) is well correlated to the
seismic performance of rigid blocks. A fragility study of rigid blocks is therefore con-
ducted aimed to two different objectives: (a) assessment of the most efficient IM;
(b) evaluation of the influence of geometric properties of the rigid block. Comprehensive
incremental dynamic analyses on different rigid blocks highlight that the dimensionless
intensity measure PGA/(gtgx) is an efficient intensity measures to predict rocking
occurrence in a generic rigid block. The intensity measure pPGV/(gtgo) is the most
efficient one only for large, say R > 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/(gtgw) is therefore more efficient for such blocks. The use of these intensity mea-
sures 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.
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