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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national
center of excellencein advanced technology applications thatis dedicated to the reduction of
earthquakelosses nationwide. Headquartered at the University at Buffalo, State University
of New York, the Center was originally established by the National Science Foundation in
1986, as the National Center for Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses through
research and the application of advanced technologies that improve engineering, pre-
earthquake planning and post-earthquake recovery strategies. Toward this end, the Cen-
ter coordinates a nationwide program of multidisciplinary team research, education and
outreach activities.

MCEER'’s research is conducted under the sponsorship of two major federal agencies: the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is derived from the Federal Emergency
Management Agency (FEMA), other state governments, academic institutions, foreign
governments and private industry.

MCEER’s NSF-sponsored research objectives are twofold: to increase resilience by devel-
oping seismic evaluation and rehabilitation strategies for the post-disaster facilities and
systems (hospitals, electrical and water lifelines, and bridges and highways) that society
expects to be operational following an earthquake; and to further enhance resilience by
developing improved emergency management capabilities to ensure an effective response
and recovery following the earthquake (see the figure below).
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A cross-program activity focuses on the establishment of an effective experimental and
analytical network to facilitate the exchange of information between researchers located
in various institutions across the country. These are complemented by, and integrated
with, other MCEER activities in education, outreach, technology transfer, and industry
partnerships.

This report describes the new experimental testing capabilities provided by the University at Buffalo
Nonstructural Component Simulator (UB-NCS). The UB-NCS is composed of a two-level testing
frame that can subject full-scale nonstructural components and systems to 3g acceleration, 100 in/s
(250 m/s) velocity and +40 in (+1 m) displacement amplitudes. New experimental capabilities are
provided for more realistic seismic qualification and seismic fragility assessment of nonstructural
systems subjected to both full-scale accelerations and/or interstory drifts demands expected within
multistory buildings. An innovative set of testing protocols utilizing the UB-NCS capabilities is
proposed for qualification testing and fragility assessment. The proposed protocols complement,
and in some cases extend, the capabilities of current protocols such as AC156 and FEMA 461. In
particular, new capabilities are provided for testing nonstructural systems that may be displace-
ment and/or acceleration sensitive by simultaneously applying interstory drifts and absolute
floor accelerations. The testing capabilities of the UB-NCS are demonstrated through a series of
experiments assessing the seismic performance of a full-scale composite hospital emergency room
containing typical nonstructural components such as architectural finishes, piping systems and
life support medical equipment. In these tests, the seismic performance of individual nonstructural
components and medical equipment were evaluated as well as the dynamic interactions between
them. The input motions for these tests included the proposed loading protocol and simulated build-
ing floor motions.
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ABSTRACT

The seismic vulnerability of nonstructural components and equipment with their expensive recovery
and/or replacement costs has been demonstrated during past earthquakes. However, there is relatively
little research in this field and the data collected from past earthquakes or experimental studies are not
sufficient to completely characterize the seismic behavior of nonstructural components and develop
effective mitigation measures. In order to better understand the seismic behavior of nonstructural
components, the University at Buffalo Nonstructural Component Simulator (UB-NCS) was
commissioned to subject nonstructural components to realistic full-scale floor motions. The UB-NCS is
composed of a two-level testing frame that can subject nonstructural systems to 3g acceleration, 100 in/s
velocity and +40 in displacement amplitudes. New experimental capabilities are provided for more
realistic seismic qualification and seismic fragility assessment of nonstructural systems subjected to both

accelerations and/or interstory drifts demands expected within multi-story buildings.

An innovative set of testing protocols utilizing the UB-NCS capabilities is developed and proposed for
qualification testing and fragility assessment. The proposed protocols complement, and in some cases
extend, the capabilities of current protocols such as AC156 seismic qualification protocol and the fragility
testing methodologies proposed in FEMA 461. In particular, new capabilities are provided for testing
nonstructural systems with multiple attachment points that may be displacement and/or acceleration
sensitive by simultaneously applying interstory drifts and absolute floor accelerations. The testing
capabilities of the UB-NCS and the fidelity to reproduce full-scale seismic floor motions and protocol
motions were evaluated through an extensive series of tests. An off-line compensation procedure was

developed in order to achieve satisfactory performance.

The unique testing capabilities of the UB-NCS are demonstrated through a series of experiments assessing
the seismic performance of a full-scale composite hospital emergency room containing typical
nonstructural components such as architectural finishes, piping systems and life support medical
equipment. In these tests, the seismic performance of individual nonstructural components and medical
equipment was evaluated as well as the dynamic interactions and interdependencies between them. In
particular, the seismic behavior of displacement sensitive partition walls and acceleration sensitive wall
mounted patient monitors were examined in detail. The input motions for these tests included the

proposed loading protocol and simulated building floor motions.
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SECTION 1

INTRODUCTION

Natural disasters such as the Northridge earthquake (1994), the Kobe ecarthquake (1995), and more
recently, the Hawaii earthquake (2006), have devastated the world for centuries, affecting both engineered
and non-engineered infrastructures. In the light of those disasters, many are the cases of partial or global
collapse of major and minor structural systems, and many more are the cases involving loss of
functionality of critical facilities and essential lifelines; losses which have proved to be as significant as
collapse itself. Loss of functionality were mostly caused by severe structural damage and/or the failure of
nonstructural components like mechanical equipment, loss of elevators services, damage of water supply

systems, and collapse of fixed and movable equipment (McGavin and Patrucco, 1994).

Significant advances have been made in recent years that have provided a better understanding of the
seismic behavior of construction materials and structural systems. This has been achieved mainly through
improved experimental facilities allowing for the seismic simulation of both scaled and full-scale models
and the development of efficient computational tools. Additionally, improved means of communication
and electronic documentation have made the transfer of professional experiences and post-disaster field
observations more easy and efficient. Certainly, an acceptable level of knowledge has been achieved in the
understanding of the structural behavior, which has been partially reflected in current design codes and

standard practices.

Nowadays, with the development of performance-based earthquake engineering, achieving a specific
building performance objective requires harmonization of performance levels between structural and
nonstructural components. Even if the structural components of a building achieve a continuous or
immediate occupancy performance level after a seismic event, failure of architectural, mechanical, or
electrical components can lower the performance level of the entire building system. This reduction in
performance caused by the vulnerability of nonstructural components was recently observed in several
buildings during the 2001 Nisqually earthquake in the Seattle-Tacoma area (Filiatrault ez @/, 2001).
Moreover, nonstructural damage has limited the functionality of critical facilities, such as hospitals, as
demonstrated by the 1994 Northridge earthquake (McGavin and Patrucco, 1994), the 2001 El Salvador
earthquake (Boroschek and Retamales, 2001), and the 2006 Hawaii earthquake (Chock ez a/, 2000).

According to Taghavi and Miranda (Taghavi and Miranda, 2003), the contents and nonstructural
components in office, hotel and hospital buildings compose about 82%, 87% and 92% of the total

monetary investment in a building, respectively. Clearly, the investment in nonstructural components and



building contents is far greater than that of structural components and framing. Therefore, it is not
surprising that in many past earthquakes, losses from damage to nonstructural building components
exceeded losses from structural damage. Furthermore, the failure of nonstructural building components
can become a safety hazard or hamper the safe movement of occupants evacuating or rescue workers

entering buildings (Villaverde, 2004).

In comparison to structural components and systems, there is relatively limited information on the seismic
performance of nonstructural components. Basic research work in this area has been sparse, and the
available codes and guidelines (BSSC, 2003a; CSA, 2002; FEMA, 1994; FEMA, 2000a; FEMA, 2000b;
FEMA, 2004) are usually, for the most parts, based on past experiences, engineering judgment and
intuition, rather than on objective experimental and analytical results. Often, design engineers are forced
to start almost from square one after each earthquake event: observe what went wrong and try to prevent
repetitions. This is a consequence of the empirical nature of current seismic regulations and guidelines for

nonstructural components.

In order to thoroughly assess the seismic performance of full-scale nonstructural components under
realistic full-scale seismic floor motions, the Structural Engineering and Earthquake Simulation Laboratory
(SEESL) at the University at Buffalo (UB) has commissioned under the National Science Foundation’s
George E. Brown Junior Network for Farthquake Engineering Simulation (NEES) program a dedicated
Nonstructural Component Simulator (UB-NCS). The UB-NCS is a modular and versatile two-level
controllable platform for experimental performance evaluation of both displacement and acceleration
sensitive nonstructural components, equipment and building contents. The two levels of the UB-NCS can
simulate the motions of two consecutive stories in a building, subjecting its contents to full-scale absolute
accelerations, velocities and drifts without the need to apply high-pass filters to accommodate the modest

stroke capabilities of most existing shake tables in the US.

The input motions for the UB-NCS can be obtained from recorded floor motions of buildings during past
earthquakes or the simulated numerical response of a building to a given earthquake record. In order to
more broadly assess the seismic performance of nonstructural components, independent of building or
earthquake record, a general testing protocol is proposed, capable of simultaneously subjecting test
specimens to expected absolute floor accelerations and interstory drifts. The new testing capabilities
provide for more realistic simulation and performance assessment of nonstructural components. More
importantly, such tests can capture the interaction between various interdependent nonstructural systems

that may be present in a building.



The innovative testing capabilities provided by the UB-NCS are demonstrated through a series of
experiments evaluating the seismic performance of a full-scale hospital emergency room with various
types of nonstructural components and equipment. The emergency room specimen contained
architectural finishes (partition walls and suspended ceilings), distributed piping (medical gas and fire
suppression), and medical equipment (free standing infusion pumps on poles and wall mounted patient
monitors, among others). The model room was subjected to the proposed loading protocol and simulated
full-scale building floor motions. These tests allowed for the first time, in a laboratory environment, the
close observation of the seismic performance of nonstructural systems in hospitals and the interactions
between the various components. By conducting more realistic tests such as these, the UB-NCS is
expected to contribute to a better understanding of the seismic behavior of nonstructural components,
systems, and equipment that will lead to improved mitigation measures and ultimately reduced losses in

future earthquakes.
1.1  Objectives and scope of this report

The objectives of the research described in this report are to develop a methodology and the experimental
capabilities for evaluating the seismic behavior of nonstructural systems under realistic demands. To this
end, the main contributions of this research include: i) the development of an innovative testing facility
specially designed for subjecting nonstructural systems to full-scale floor motions that simultaneously
apply story drifts, and absolute floor accelerations and velocities expected at the upper levels of multistory
buildings during strong seismic shaking; ii) the development of a methodology for the estimation of the
hazard consistent seismic demands expected within multistory buildings and applying these demands
through a series of testing protocols suitable for seismic qualification and fragility assessment of
nonstructural systems; and iif) the experimental seismic performance evaluation of a full-scale hospital
emergency room subjected to full-scale floor motions that captures, for the first time in a laboratory
environment, the dynamic interactions between architectural, mechanical and medical equipment and

other hospital emergency room contents. These objectives were achieved through the following tasks:

1. Review current code procedures for seismic design of nonstructural components and equipment and

identify their limitations.

2. Review experimental testing protocols currently used for seismic qualification and seismic fragility

evaluation of nonstructural components and equipment and identify their limitations.

3. Describe the conceptual design criteria and the new testing capabilities provided by the University at

Buffalo Nonstructural Component Simulator (UB-NCS).



Identify the actual capabilities and limitations of the UB-NCS facility to impose desired full-scale floor

motions on full-scale nonstructural component specimens.

Propose dynamic and quasi-static testing protocols for experimental seismic qualification and seismic
fragility assessment of disttibuted displacement and/or acceleration sensitive nonstructural
components, systems and equipment, taking full advantage of the UB-NCS testing capabilities, and
imposing simultaneously absolute floor accelerations and interstory drifts expected within multistory

buildings.

Experimentally assess the seismic performance of a full-scale emergency room, constructed following
standard hospital construction techniques, and fitted with medical equipment critical for patient life

support interacting with typical architectural hospital contents.

Experimentally assess the efficiency and suitability of the proposed testing protocol to impose, in a
controlled way, seismic damage levels compatible with the damage expetienced and/or expected

during real earthquake events.

In the development of the research plan, the scope of work was limited as follows:

1.2

Only horizontal components of excitations have been considered in the analysis of seismic demands
acting on nonstructural components and equipment, and in the development of the testing protocol.

Vertical seismic demands are explicitly not assessed in this research.

The UB-NCS performance verification was completed considering only the uni-axial testing

configuration. The bi-axial and tri-axial testing configurations will be the subject of future research.

The estimation of seismic demands within buildings was performed using a building model with
constant stiffness along the height. This assumption may underestimate the interstory drifts demands
expected at the uppermost building levels. Furthermore, for estimating the seismic demands, the
dynamic interaction between the primary structural system and the nonstructural components is
neglected, and therefore, the proposed testing protocol is more suitable for testing light nonstructural

components, systems and equipment.

Organization of this report

The contents of this report are distributed in seven sections (including this one) and one appendix.



Section 2 summarizes the evolutionary process followed by design code provisions from the mid 1990’s to
the present. A detailed description of the basis and supporting studies for the current seismic design
regulations, a summary of the testing protocols currently used for fragility analysis and seismic
qualification of nonstructural components and equipment, and a review of the limitations that have been
identified in code provisions are presented. Furthermore, a detailed summary of the time and frequency
domain analysis tools developed in the past 30 years for the estimation of seismic demands and seismic
analysis of nonstructural components and equipment is presented. Methods for exact and approximate
solution such as perturbation techniques, modal synthesis and mode acceleration approaches are
described. The main assumptions, principles, advantages and drawbacks of each approach are also
discussed. Finally, a review of the state-of-the-art of the experimental and analytical studies performed
after the year 2000 regarding the seismic performance assessment of nonstructural components and
equipment is presented. This review mainly dwells on those experimental studies that could be further

investigated by using the capabilities of the UB-NCS.

Section 3 presents a detailed description of the new University at Buffalo Nonstructural Component
Simulator (UB-NCS). The criteria considered for the design of the testing frame and the high performance
dynamic actuators are discussed. The new testing capabilities provided by the UB-NCS are also presented
in this section. Moreover, the results obtained from a series of tests catried out to verify the fidelity and
performance capabilities of the UB-NCS are presented. The measured platform motions are compared to
the desired floor motions for various signals, including simulated building floor motions, harmonic
excitations, and testing protocol histories. A methodology for off-line command input signal
compensation is also proposed to improve the fidelity of the UB-NCS. The performance of the UB-NCS
with an actual payload consisting of two full-scale C-shaped steel studded gypsum partition walls are

described and the behavior of the walls is also analyzed.

Section 4 presents the details of the dynamic and quasi-static testing protocols proposed for experimental
seismic qualification and fragility analysis of distributed acceleration and/or displacement sensitive
nonstructural components, systems and equipment. A description of the generic building model and the
random vibration theory used to estimate the peak seismic demands on nonstructural components located
within multistory buildings are presented. Finally, the derivation of the closed-form testing protocol
equations, their calibration to impose earthquake compatible damage levels, and several examples of

protocol floor motion histories ate presented.

Section 5 presents a description of an extensive test series performed on a full-scale mock emergency
room (ER). A detailed description of the ER construction process, and the nonstructural components and

medical equipment considered in the specimen is presented.



Section 6 presents the analysis of the data obtained during the test series described in Section 5. In this
Section, the results of the UB-NCS performance analysis, the observed specimen damage progression, and
the fragility analysis of selected acceleration and displacement sensitive nonstructural components and

equipment are examined.

Finally, Section 7 presents a summary and conclusions of this research and recommendations for future

research. Appendix A of this report presents the details of the geometry of the UB-NCS testing frame.



SECTION 2

LITERATURE REVIEW ON THE SEISMIC BEHAVIOR OF
NONSTRUCTURAL COMPONENTS

This section provides a summary of recent research related to nonstructural components through four
main subsections. The historical revision of code provisions is included to contrast the level of knowledge
about the seismic performance of nonstructural components and the design philosophy considetred in the

current regulation.

The first subsection of this section presents a description of the evolution of the code provisions used for
the seismic design of nonstructural components, from the mid 1990’s to the present. The second
subsection presents a description of the current methods used for experimental seismic qualification and
fragility analysis of nonstructural components. The third subsection describes several analytical tools
developed in the last 30 years for estimating the seismic demands acting on nonstructural components and
equipment located within multistory buildings. Finally, the fourth subsection summarizes the experimental
research on seismic performance of nonstructural components performed in the last eight years (2000-

2008).
2.1  Code provisions for seismic design

This subsection presents a summary of the evolution of the code provisions used for seismic design of
nonstructural components and equipment from 1994 to the present. The rational, supporting studies and

main criticisms to the code provisions are also described and discussed.
2.1.1  Uniform Building Code UBC 1994

The UBC 1994 provisions (ICBO, 1994) for seismic design of structural and nonstructural components
were derived from the Structural Engineers Association of California’s Blue Book and were based on
working-stress design principles. The provisions for nonstructural components were primarily concerned
with the design of their attachments to the primary structure, providing minimal standards to safeguard
property and public welfare. Post earthquake functionality was indirectly considered through the use of an
importance factor in the calculation of the design forces. The UBC 1994 does not require consideration of
displacements imposed by the structure in the design of nonstructural components (Drake and Bachman,

1996). The design force F, for the nonstructural component is calculated as:

F,=ZI,CW, 1)



where Z is the seismic coefficient (function of seismic zone and soil profile type); I, is the importance
factor; C, is a factor which depends on the flexibility, energy absorption capability and location of the

nonstructural component in the building; and IV} is the weight of the component.
21.2 NEHRP 1994/ASCE 7-95 provisions

The NEHRP 1994 provisions (BSSC, 1994) were developed by the Building Seismic Safety Council
(BSSC) for the Federal Emergency Management Agency (FEMA) and were adopted by the 1995 edition
of ASCE-7 (ASCE, 1995). The nonstructural design force requirements are similar to the UBC 1994, but
are based on strength design principles. The main difference of this provision resides in that the

displacements imposed by the structure on the nonstructural components were explicitly considered.

2.1.2.1 Design forces

In NEHRP 1994, the following equations were proposed for the calculation of design seismic forces:
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where F; is the seismic design force applied at the center of gravity of the nonstructural component; C, is
the effective peak acceleration seismic coefficient at grade; I, is the component importance factor, which
takes values 1.0 or 1.5; W}, is the component operating weight; 4, is the component amplification factor,
which varies from 1.0 to 2.5; A, is the component acceleration coefficient at attachment point; R, is the
component-response modification factor, which ranges between 1.5 and 06.0; A, is the component
acceleration coefficient at structute roof level; 4 is the roof elevation; and A, is the structure response

acceleration coefficient, given by:
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where C, is the peak-velocity related seismic coefficient and T'is the effective fundamental period of the
primary structure. Example values for 45, I, and R, coefficients are shown in Table 2.1. The seismic design
force F; is to be applied in all directions in combination with dead and operation loads. Conservatively, or

in absence of data related to the dynamic properties of the supporting structure, a value F, =4.0C I W,

can be considered in all design cases. This equation provides adequate design forces for light nonstructural

components, but is overly conservative for heavy secondaty systems, and therefore, the use of the central



expression shown in equation (2.2) is most suitable in those cases. The design criteria considered in the
formulation of the code equations includes: the component weight and mass distribution, the location of
the building, the seismic response of the primary structure, the location of the component into the
building, the safety level required for the nonstructural system, the importance of the component, and the

ductility and energy absorption capability of the component and its anchorages.

Table 2.1. Typical values for a,, I, and R, parameters. After (Drake and Bachman, 1996)

Component a, 1, R,
Exit-corridor partitions 1.0 1.5 3.0
Exterior-wall panels 1.0 1.0 3.0
Parapets and chimneys 2.5 1.0 1.5
Suspended lay-in tile ceilings 1.0 1.0 1.5
Mechanical equipment 1.0 1.0 3.0
Piping systems-hazardous contents 2.5 1.5 4.0
Storage tanks on legs (in buildings) 2.5 1.0 2.0
Emergency-power electrical equipment 1.0 1.5 3.0

In equation (2.2), the @, term accounts for the dynamic amplification of the nonstructural system response
due to eventual tuning to the supporting structure and to the ground motion itself. Values for 4, factors
are recommended in NEHRP provisions based on the anticipated rigid or flexible behavior of the
nonstructural system. Considering that realistic amplification factors are in general not available, the
NEHRP provisions propose two values for the component amplification factor: @, = 1.0 (no dynamic
amplification is expected) for nonstructural systems with natural periods T, < 0.06 s and g, = 2.5 (dynamic
amplification is probable) for nonstructural systems with periods T, > 0.06 s. Details of the study
supporting those amplification factor values can be found in Soong and Grigoriu (Soong and Grigoriu,

1993b).

The component acceleration coefficient .4, accounts for the amplification of the acceleration at the

ground level along the height of the primary structure.

The seismic coefficient at grade C, included in this code provision represents the expected peak ground
acceleration associated to a local seismic hazard at the site of the building with a 10% probability of
exceedance in 50 years. It is the same parameter used in the design of the primary system. The structure-
response acceleration coefficient A, is also the same used for designing the primary system, except that the
response modification factor R is not considered. According to references (Drake and Bachman, 1996)
and (Bachman and Drake, 1994), the R factor is set equal to 1 because the design of the building may be
controlled by other loads or drift requirements, and because there is evidence supporting the insignificant

reduction of floor accelerations resulting from yielding of the primary system.



The component acceleration coefficient at roof-level .4, corresponds to the maximum acceleration
expected at the roof level of the structure. Consistent with recorded data, the value considered in the
provisions corresponds to twice the structural response acceleration, equation (2.4). Moreover, data
recorded during strong ground motions show significant increase in the floor acceleration at the
uppermost levels of buildings, which can equal four times the acceleration at the grade level. This fact is
considered in the right side of equation (2.4) and shown in Figure 2.1. Based on the same recorded data, a
trapezoidal distribution of accelerations along the building height was defined in the code, varying from C,

to A,

INSTRUMENTED BUILDING SEISMIC DATA
ALL LEVELS - ALL DATA

100 / ﬁ:: [ |
”_'...'- NEHRP
" / / / [~ EQUATION
e of %% -‘ . / 3.1.3-3
§ [ . ]
g [ : ..:.. - L
2 *r j[ R AVERAGE PLUS
8 o '~ ONE STANDARD
> L / DEVIATION
£ w - T
i 1
g » A LINEAR
* Wl / H REGRESSION
N / AVERAGE
10
N/
[ 1 2 3 4 s L] 7 a
AVERAGE SCALE FACTOR (A/Ag)

Figure 2.1. Comparison of NEHRP design accelerations and recorded data. Figure taken from Drake
and Gillengerten (Drake and Gillengerten, 1994)
Figure 2.1 summarizes the ratios between peak floor and peak grade accelerations along the normalized
elevation of the structures for more than 400 recorded data sets obtained from 150 instrumented buildings
located in the California region. Sixteen California earthquake events, from the 1971 San Fernando
earthquake to the 1994 Northridge earthquake, are included in Figure 2.1 (Drake and Gillengerten, 1994).
From the data set, a total of 23 structures that experienced significant ground motions during the 1984
Morgan Hill, 1989 Loma Prieta, and 1992 Landers earthquakes were selected for the development of the
code provisions. From these 95 records, 28 were included in the analysis. The selection of records was
based on several criteria, including structural type, intensity of ground motion, and observed structural
amplification. The peak ground accelerations (PGA) considered in the analysis ranged between 0.03g and
0.39g. The maximum PGA value was recorded in a 4-story building located in Watsonville, struck by the
1984 Morgan Hill earthquake. The peak floor acceleration, 1.24g, was recorded in the same building. The
epicentral distance of the records in the database ranged from 18 to 170 km. It is also noted in the study
performed by Drake and Gillengerten (Drake and Gillengerten, 1994) that most of the buildings

considered in the analysis “exhibited essentially elastic global behavior, although some local inelastic
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behavior certainly occurred”. In the analysis, all data (A4’s) were normalized with respect to the ground
acceleration (A,’s). The amplification ratios, ~4,/.4,, were assigned to the nearest quarter building height

level. Figure 2.2 shows the recorded data ranges and averages.

Ratio Ap/Ag vs. z/h

v T T T T
/<
oor i ;7 gL 4
o8 i/ f T |
'
0.7 3 B
0.6t B
< osf b 1
0.4+ R
0.3r «+++@-+ Lowest Ratio
0.2k «--@e- Highest Ratio |
=---0--- Average
01t === Awerage+c B
=== Code Provision
0 | | | | |
0 5 6 7 8 9 10
Ratio Ap/Ag

Figure 2.2. Comparison of statistical analysis of recorded data and code provision (After Drake and
Gillengerten)
In Figure 2.2 it can be seen that the average values plus one standard deviation fall near the middle point
of each range considered. It can also be seen that the code design force given by equation (2.3) follows
this trend. It should be noted that the higher amplification factors are associated with the lowest ground
shaking intensities. For higher shaking intensities, an increase in the structural damping and limited

inelastic behavior are expected to result in lower amplification factors (Drake and Gillengerten, 1994).

The component importance factor I, accounts for the importance, functionality requirements, difficulty
and/or cost of replacement, and potential of component damage. It is intrinsically assumed that a higher
design force level implies a higher performance of the nonstructural system. The component response
modification factor R, considers the energy absorption capacity, the overstrength, and the deformability of
the nonstructural system and its attachments. The values given in the code were estimated using expert

judgment and the following criteria:

Table 2.2. Criteria for selection of K, factors (After Drake and Gillengerten)

Characteristic of the component R,
Brittle or buckling failure mode expected 1.5
Minimal level of energy absorption capability 3.0
Ductile materials and detailing 4.5
Highly ductile materials and detailing 6.0

11



2.1.2.2 Design displacements

The NEHRP 1994 provisions incorporated relative displacement requirements for the design of
nonstructural systems. According to these provisions, nonstructural systems should be capable of
accommodating the relative displacements D, imposed at its attachment points (x-th and y-th levels) by

the primary system. These displacements are calculated as:

é‘x/i - ét)/i

e For connection points at the same building: D, = min (X-Y) A4, (2.6)
6.5(/{ + 5J‘B

e For connection points at different buildings: D, = min « j—““ iy a4, 2.7

where 8, and &, are the deflections at the x-th and y-th levels of building A obtained from elastic
analysis (Rsmen=1) multiplied by the Cy factor also defined in the NEHRP provisions; X and Y are the
height of the attachment points measured in relation to the grade level; A4 ,is the allowable story drift for

building A4; and /.. is the interstory height. The other variables are analogously defined. Equations (2.0)
and (2.7) allow for estimating the design relative displacement based on information obtained from

structural analysis of the building or from the code limits for interstory drifts.
21.3  Uniform Building Code UBC 1997

The UBC 1997 provisions (ICBO, 1997) evolved from the NEHRP 1994 design seismic force provisions.

The design forces Fj, were obtained from:
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where A is the average height of the nonstructural component above the grade level; and 4, is the height
of the roof over the grade level. The other parameters have been defined in the previous subsection and

take values as seen in the 1994 NEHRP provisions.

The main changes in the design seismic forces included in this standard, in relation to the 1994 NEHRP

provisions, were in the minimum design force and in the distribution of accelerations along the height of
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the building. The minimum design force was increased from 0.5C I pr to 0.7C,1 ﬁWP, while the

X

h
nonstructural component acceleration coefficient .4, was changed by a simpler factor C, £7 +3 p J .

r

2.1.4 NEHRP 1997/IBC 2000/ASCE-7 98 provisions

After the decisions in 1994 of the three model code agencies: the International Conference of Building
Officials ICBO), the Building Officials and Code Administrators International (BOCA), and the Southern
Building Code Congtress International (SBCCI), to form the International Code Council ICC) and to
replace the former design codes, the reference standard for the new International Building Code (IBC)
became the ASCE-7 standard (ASCE, 2005), edited by the American Society of Civil Engineers. There
was agreement upon that the NEHRP provisions would be used to define the guidelines for the code
developed by the ASCE-7 Seismic Task Committee. Therefore, after 1994, the seismic provisions
presented in NEHRP 1997, IBC 2000 and ASCE7-98 coincide (Bonneville and Bachman, 2002).

The design provisions in the codes evolved from the 1994 NEHRP provisions. The main contributor for
the new provisions was the Building Seismic Safety Council (BSSC). According to the codes, the design

forces are calculated as:

0'4ﬂpSDA' 4
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where the new parameters introduced were: 0.45ps, a parameter that replaces the C, parameter in NEHRP
1994, and which corresponds to the mapped design spectral response acceleration at short periods; z,
which correspond to the average height over the grade of the nonstructural component; and 4, which

correspond to the average height over the grade of the roof level. The R, factors were slightly modified in

comparison to the values included in the previous version of the code so that F, ~~ =F
NEHRE 994 NEHRIy997

(Bachman

and Drake, 1998). In this version of the code, the R, factor, as defined in subsection 2.1.2, takes values

that vary from 1 to 5. The relation which involves the .4, term, equation (2.3), was simplified and replaced

by a factor (7+ 2%). The adjustment of this factor came from the examination of additional building
b

motion records associated to strong motions with peak ground accelerations greater than 0.1g (BSSC,

1997). According to this distribution, the floor accelerations within the building vary linearly from 0.45ps

at grade to 7.285ps at the roof level. Additionally, the dependence of the input acceleration with the

fundamental period of the primary system, considered in NEHRP 1994 through the structure-response
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acceleration coefficient A4, was removed, according to observations of records obtained for buildings with

long natural periods (BSSC, 1997).

The most significant difference between NEHRP 1997 and its previous versions reside in the definition of
ground motion intensity. In the NEHRP 1997 provisions, the spectral design values are obtained from the
maps developed by the BSSC based on the 1996 USGS mapping project (Bonneville and Bachman, 2002)
instead of the UBC zonification maps (ICBO, 1994). Those maps, which provide a more current and
accurate representation of the local seismic hazard, present Maximum Considered Earthquake (MCE)

spectral response accelerations which after scaling by a 2/3 factor are used for seismic design.

The upper and lower bounds of the seismic design force Fj are intended to assure a minimum design
force, consistent with the values formerly used by practitioners, and considered in the previous versions of

the provisions. No recommendations are given for the vertical component of the seismic design force.

The provisions for designing displacement sensitive nonstructural components attached at multiple
building levels are the same as those included in NEHRP 1994, described by equations (2.6) and (2.7) in

subsection 2.1.2.2.
2.1.5° NEHRP 2000 provisions

The equations for the estimation of the design seismic force appearing in this version of the provision
(BSSC, 2000) are the same as those presented in NEHRP 1997. However, the following alternative

method is proposed to be used in lieu of equation (2.9):

_ aiapr

g (2.10)
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wherein 4 is the acceleration at the /th level of the structure obtained from modal analysis considering

Rsimenr=1; and A is the torsional amplification factor calculated as:

A, = {—7 ?([5 ] 2.11)

where Oy is the maximum displacement at the x-th level and ., is the average of the displacements at
the extreme points at the x-th level of the structure. The lower and upper limits for Fj, are the same shown

in equation (2.9).

Another important modification seen in this version of the provisions is the increase in conservatism.

Accordingly, several component response modification factors R, were changed.
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2.1.6 NEHRP 2003 provisions

The NEHRP 2003 provisions (BSSC, 2003a) have minor changes compared to the NEHRP 2000 edition.
One of the important modifications is related to the possibility of reduction in the seismic design force F)
estimated by using either equations (2.9) or (2.10). A reduction of I, by the ratio Tjn/T) is possible when

T}, the period of the nonstructural component or equipment, is greater than

S
T, =(7+0.253)i 2.12)
S
where Sp; is the mapped design spectral response acceleration at one second period. Additionally, a

vertical component for the seismic design force F), is explicitly specified in the NEHRP 2003 provisions:

F, =40.25, 1,7, (2.13)

?

No changes are introduced in the requirements for design seismic displacements in equations (2.6) and

(2.7), which nonstructural systems should be able to accommodate.
2.1.7 Comments on the code requirements for design of nonstructural components

Several past studies have evaluated the design procedures included in current and recent design codes, and
some deficiencies have been identified. FEMA 357 (FEMA, 2000b), for example, identifies general
problems which can directly or indirectly affect the seismic design procedures for nonstructural

components. These deficiencies are summarized as follows:

e Ground motion pulses are not explicitly considered in current provisions, except for the use of higher
spectral acceleration values in regions of active faults. This problem, which is also a concern for
designing the primary structural system, can result in the underestimation of the drift demands for

designing displacement-sensitive nonstructural systems.

e The effects of the nonstructural systems on the structural system response are not considered. The
FEMA document recognizes that there is no guidance in the provisions on how to consider
interactions between the two systems. As consequence of this, a cascade design approach is

considered.

e Finally, it is recognized that the triangular inverted variation of design accelerations is not fully

supported by recorded data or by results of dynamic analyses.
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Soong and Grigoriu (Soong and Grigoriu, 1993b), among other researchers, recognized that design codes
should prescribe simple and practical formulas to be used by field professionals in design applications.
Nevertheless, it was also recognized by Soong et al. that code provisions of the eatly 1990’s did not reflect
the level of understanding of the seismic behavior of nonstructural components acquired through
experimental and analytical studies. Such a statement can still be considered valid today. For example,
numerous studies (Chaudhuri and Hutchinson, 2005; Chong and Soong, 2000; Hutchinson and
Chaudhuri, 2006; Lopez Garcia and Soong, 2003; Makris and Konstantinidis, 2003; Makris and Roussos,
1998; Zhang and Makris, 2001) have been performed to identify the conditions triggering the sliding
and/or rocking responses of freestanding equipment; however, no clear specifications or guidelines are

provided in current codes to prevent or mitigate this type of seismic vulnerability.

Soong and Grigoriu (Soong and Grigoriu, 1993b) also recognize that component amplification factors and
response modification factors are mainly based in expert judgment and therefore they are subjectively
assigned. The independence of the seismic design forces on the dynamic properties and nonlinear
behavior of the primary system is also identified as a deficiency. Current codes do not make a distinction
between the inertial forces generated in flexible and stiff buildings, as done when designing the primary
resisting system, assuming in both cases nonstructural design forces with the same magnitude.
Furthermore, it is noted that the structural period affects the distribution of floor accelerations along the
height of the building structure! and that period tuning can substantially increase the dynamic response of
the nonstructural system. This resonant amplification is partially considered in the dynamic amplification
factor. The effect of yielding of the primary system is also not accounted for. While yielding in the primary
system can be considered a limiting state case, it is not generally allowed for nonstructural systems because
of functionality issues. It is not clear what structural behavior controls the seismic response of
nonstructural systems. For example, for a low or moderate mean return period earthquake the ground
input energy will be small, but the structure will respond linearly amplifying the input energy transferred to
the nonstructural system. On the other hand, for an earthquake providing comparatively larger input
energy, the structure will dissipate part of the input energy during its inelastic excursions, reducing the

input energy transferred to the nonstructural system.

In order to assess those shortcomings, an equipment amplification factor a depending on the

nonstructural to primary system period ratio 1./ T, and a response modification factor R to account for

I Unfortunately, no guidelines are given to evaluate the variation of acceleration along the height of the building as function of
the structural period.
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yielding of the primary system (which multiplies the equipment response modification factor) are

proposed by Soong and Grigoriu (Soong and Grigoriu, 1993b):
T T
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where R is the response modification factor for structural design. The amplification factor a, has been
incorporated, in a simplified way, in the design codes for quite some time (see subsection 2.1.2.1). The

response modification factor K, has not been considered due to the reasons described in subsection

2.1.2.1.
2.2 Methods for experimental seismic qualification and fragility analysis

This subsection presents a summary of the testing protocols currently used for the experimental
assessment of seismic performance and seismic qualification of building systems and nonstructural
components and equipment. A general review of the experimental testing protocols developed for quasi-

static cyclic testing of structural components and systems can be found in (Filiatrault ez 4/, 2008).
2.2.1 The ATC-24 testing protocol (1992)

The ATC-24 (Krawinkler, 1992) testing protocol was developed to be used for the seismic performance
evaluation of steel structures components under cyclic loads. The loading history recommended by ATC-
24 consists of cycles with increasing amplitudes. The amplitude of the protocol cycles is based on a yield

deformation &, determined using, preferably, a preliminary monotonic test. Details for estimating of the

yield displacement 6, are presented in (Krawinkler, 1992). The loading sequence shown in Figure 2.3 was
derived from the analysis of the seismic responses of a set of nonlinear SDOF systems subjected to a set
of 15 western United States ground motions (Hadidi-Tamjed, 1987). The number and amplitude of cycles
observed in time history analysis were extracted using the “Rainflow” counting algorithm (ASTM, 1997).

The recommended number of cycles and peak deformations are given by the following sequence:
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e Atleast 3 cycles with peak deformation amplitude less than &, should be imposed.
e Atleast 3 cycles with peak deformation amplitude equal to J, should be imposed.

e Atleast 3 cycles with peak deformation amplitude equal to 26, should be imposed.
e Atleast 2 cycles with peak deformation amplitude equal to 36, should be imposed.

e Atleast 2 cycles with peak deformation amplitude equal to 46, should be imposed.

The loading pattern described above should be continued until severe specimen strength deterioration is

evident.

ATC-24 Loading History

y

Drift Amplitude 8/,

40

Step Number

Figure 2.3. ATC-24 loading protocol

2.2.2 The CUREE/Caltech testing protocol (2000)

Krawinkler et al. (Krawinkler ez o/, 2000) proposed recommendations for performing quasi-static and
shake table tests on components of wooden houses for the CUREE/Caltech Woodframe project. The
proposed loading histories allow for the assessment of component performance at various performance
levels and several failure modes, as well as the development of analytical models. The loading histories are
based on results obtained from nonlinear dynamic analyses of representative hysteretic wooden systems
subjected to ordinary and near-fault ground motions. Cumulative damage concepts were considered to
convert the time history responses into representative displacement and force controlled loading histories.
Various testing protocols were proposed, which included: quasi-static deformation controlled (for
ordinary and near-fault conditions), quasi-static force controlled and dynamic shake table protocols. The
CUREE/Caltech testing protocols were specifically conceived for testing low-rise wood house
components, and therefore, it would be necessary to extend its formulation to make it applicable for

testing nonstructural components found in more general seismic resistant systems.
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2.2.2.1 Deformation controlled quasi-static testing protocol

This protocol is applicable to components whose seismic response is controlled by a deformation
parameter such as displacement, rotation and/or shear distortion. It is recognized that the performance of
components under cyclic loads is highly dependent on the load history because of cumulative damage
considerations. For that reason, the loading history patterns with the capabilities to reproduce the
evolution of damage and replicate the global seismic response behavior have been studied extensively
(Krawinkler ez al., 2000). In order to cover, in a conservative manner, the expected response of structural
systems, 84t percentile values (mean values plus one standard deviation for normal distribution) have
been considered in the protocols described in this subsection. It is also recognized that the cumulative
damage effect has a more significant impact on lower performance levels and, therefore, short return

period records are considered preceding the performance evaluation record.

2.2.2.1.1 Basic loading history for ordinary ground motions

This protocol is derived from the statistical analysis of the seismic response of a set of nonlinear systems
subjected to a series of ordinary ground motions calibrated to seismic hazards (SH) with a probability of
exceedance (PE) of 10% in 50 years. The loading history is composed of three components: initiation
cycles, primary cycles and trailing cycles. The initiation cycles are considered to account for small
amplitude seismic events and for instrument calibration and initial checks. The primary cycles correspond
to cycles larger than all the preceding ones and, the following smaller cycles are called trailing cycles. The
amplitude of the trailing cycles is 75% of the preceding primary cycle. The following sequence defines the
loading history in terms of A, the reference maximum deformation prescribed in the acceptance criteria

or a preliminary estimate of the maximum deformation capacity of the component:

e Six initiation cycles with amplitude 0.05 4.

e A primary cycle with amplitude 0.075 A followed by six trailing cycles.

e A primary cycle with amplitude 0.1 A followed by six trailing cycles.

e A primary cycle with amplitude 0.2 A followed by three trailing cycles.

e A primary cycle with amplitude 0.3 A4 followed by three trailing cycles.

e A primary cycle with amplitude 0.4 A followed by two trailing cycles.

e A primary cycle with amplitude 0.7 4 followed by two trailing cycles.

e A primary cycle with amplitude 1.0 A4 followed by two trailing cycles.

e A primary cycle with an increase in amplitude equal to 0.54 followed by two trailing cycles. The

process is continued until the maximum load applied to the component decreases to a small fraction

of the maximum load.
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In the sequence above, A does not correspond necessarily to an acceptable performance level. Krawinkler
et al. recommend considering A=74 , whete A, is the displacement at which the applied load drops to
80% of the maximum applied load and ¥ is a factor which accounts for the difference in the maximum

deformation obtained from monotonic and cyclic tests (Figure 2.4). A factor y=0.6 is suggested

(Krawinkler ez a/, 2000). Figure 2.5 shows the proposed protocol for A=A, .
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Figure 2.4. Example application of basic loading history. Figure taken from Krawinkler et al. (Krawinkler
et al., 2000)

2.2.2.1.2 Abbreviated basic loading history for ordinary ground motions

A simplified version of the basic loading history protocol, which considers a reduced number of cycles,

was also proposed:

e Four initiation cycles with amplitude 0.05 4.

e A primary cycle with amplitude 0.075 A followed by four trailing cycles.
e A primary cycle with amplitude 0.1 4 followed by four trailing cycles.

e A primary cycle with amplitude 0.2 4 followed by two trailing cycles.

e A primary cycle with amplitude 0.3 4 followed by two trailing cycles.

The process is continued as in the basic loading history. It is expected that the reduction in the number of

trailing cycles does not affect the component performance. Figure 2.6 shows the proposed protocol for

A=9y4.

2.2.2.1.3 Simplified basic loading history for ordinary ground motions

In this protocol, the amplitude of the trailing cycles is the same of the preceding primary cycle. There is no

25% reduction as in the basic loading history. Figure 2.7 shows the proposed protocol for A=A .
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Figure 2.5. Basic loading history protocol (After Figure 2.6. Abbreviated basic loading history
Krawinkler et al.) protocol (After Krawinkler et al.)

2.2.2.1.4 Loading history for near-fault ground motions

The ground motion records considered in the development of this protocol correspond to a seismic

hazard (SH) with a probability of exceedance (PE) of 2% in 50 years. The loading history is defined by
variations of deformation amplitudes, using a similar deformation parameter A as in the basic loading
history. However, the maximum deformation expected under pulse excitations is close to the value

estimated using monotonic loads, and therefore A = A4 , as shown in Figure 2.8.

CUREE/CalTech Simplified Basic Loading History CUREE/CalTech Near-Fault Loading History
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Figure 2.7. Simplified basic loading history protocol — Figure 2.8. Loading history protocol for near-fault
(After Krawinkler et al.) ground motions (After Krawinkler et al.)

The sequence followed for the testing protocol is:

e Four cycles with amplitude 0.025 4, .

e Tour cycles with amplitude 0.05 4, .
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e A primary cycle with amplitude 0.1 4, followed by two trailing cycles with amplitude 0.075 4, .
e A primary cycle with amplitude 0.6 4, followed by one trailing cycles with amplitude 0.24, .
e A primary positive excutsion to 1.0 4, .

o A reversal to zero deformation.

e A positive excursion to 0.8 4, .
e Two cycles with amplitude 0.1 4, and mean deformation 0.7 4, .

e One positive excursion to the maximum sustainable deformation of the specimen.

2.2.2.2 Loading history for force controlled components

Force controlled testing is recommended only for cases in which a suitable deformation parameter has not
been found, which, in general, corresponds to components with brittle failure modes. The objective of
this protocol is to estimate the real capacity of components. As in the displacement protocol, the
proposed loading history is expected to simulate the real evolution of the damage expected during
earthquakes. Given that cumulative damage effects are more significant under ordinary ground motions,
only ordinary records calibrated to a SH with a PE of 10% in 50 years have been considered in this

protocol. The protocol history is defined in the following way:

e Five cycles with amplitude 0.50, .

e Tive cycles with amplitude 0.7 0, .

e A primary cycle with amplitude 0.8 O, followed by two trailing cycles with amplitude 0.6 0, .

e A primary cycle with amplitude 0.9 O, followed by two trailing cycles with amplitude 0.675Q, .
e A primary cycle with amplitude 0.9 Q) followed by two trailing cycles with amplitude 0.675Q, .
e A primary cycle with amplitude 1.0 O, followed by two trailing cycles with amplitude 0.750, .

e A primary cycle with amplitude 1.0 O, followed by two trailing cycles with amplitude 0.75Q, .

Additional steps consider increases in amplitude of the primary cycles of 0.1 O, followed by two trailing
cycles with amplitudes of 0.75 times the amplitude of the previous primary cycle. The process is followed
until the component is not able to sustain additional load. The force Q,is the force expected in the

component under the maximum considered earthquake. This force should be estimated before the test by

performing monotonic tests on a similar specimen.
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2.2.2.3 Protocol for shake table testing

2.2.2.3.1 General description

The CUREE/Caltech protocol defines the criteria for selecting the ground motion histories required for
performance assessment of wooden houses. In order to account for cumulative damage effects, it is
recommended to perform test series considering ground motions with different return periods. This is
recommended because it is not difficult to find structures affected by ground motions with probabilities of
exceedance of 10% in 50 years and 2% in 50 years during their lifetimes. If necessary, repairing of the
components should be executed during the test series in order to replicate the component conditions at

the moment at which the 2%/50yr earthquake strikes.

2.2.2.3.2 Time histories for return periods of 475 years and smaller

In this case, a scaled ordinary record following the shape of the NEHRP ground response spectrum for
soil type D, in the period range of interest, should be considered. If possible, three or two components of

the record should be considered. Otherwise, the strongest component should be considered.

2.2.2.4 Time histories for long return periods

For long return periods it is recommended to consider near-fault records. If possible, three or two
components of the record should be considered. Otherwise, the fault-normal component should be

considered. The record used for testing should not be scaled.
2.2.3 ICC-ES AC156 2007 Specification

In January 2007, the Evaluation Service of the International Code Council ICC-ES) released the latest
version of AC156 “Acceptance criteria for seismic qualification by shake-table testing of nonstructural
components and systems” (ICC-ES, 2007). This document is currently one of the basic references for
seismic qualification of nonstructural components, systems and equipment; and for verification of
compliance with section 1621 of IBC 2006 (ICC, 2006). The code specification is applicable to
experimental verification of nonstructural components and systems with fundamental frequencies greater

than 1.4 Hz.

The information required by the specification to define the testing histories and the compliance criteria
include: the equipment attachment elevation with respect to grade, g; the average building roof elevation,
b; the spectral response acceleration at short period, Sps; the equipment importance factor, I a
description of the functional requirements of the equipment; and a description of mounting conditions,

subassemblies, mass distribution, possible equipment variations, and installation instructions.
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The preliminary part of the protocol considers a pre-test inspection and verification of functional
compliance. Following this, the resonant frequency in each principal direction is searched for by using a

single-axis sine loading, sweeping frequencies from 1.3 to 33.3 Hz.

The Required Response Spectrum (RRS) is detrived from the IBC2006 formula for total design seismic
horizontal force Fy given in equation (2.9). The spectrum for the vertical component is considered equal
to 2/3 of the hotizontal ground spectrum. The spectra are defined by the parameters Arrx and Ar,
defined in equations (2.16) and (2.17), and shown in Figure 2.9.

In the derivation of the RRS, the ratio R 5 / I o which is a reduction factor to account for inelastic
behavior of the component that is dependent on the energy absorption capacity of the equipment’s force-
resisting system, is set equal to 1, indicative of unreduced response. This is done because during the
experimental testing the equipment will exhibit its intrinsic nonlinear behavior. The importance factor I,
does not increase the shaking intensity but it does affect functionality requirements after the test. The
component amplification factor a, is, by definition, set equal to 1 for rigid components (fundamental
frequency greater than 16.7 Hz), and equal to 2.5 for flexible components (fundamental frequency less

than 16.7 Hz).
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Figure 2.9. Required response spectrum RRS. Figure taken from ICC-ES (ICC, 20006).

Ay =S (7 + 2%) <165, 2.16)
Ay =045, (7 + 2%) @.17)

For vertical RRS, g may be taken equal to 0. Alternatively, the horizontal RRS can be constructed from the

information obtained during the structural analysis of the building, equation (2.10), and therefore:

Ay =25Aa, 2.18)
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A = A, (2.19)

where A, is the torsional amplification factor and 4 is the acceleration at the 7th level obtained from the

dynamic analysis.

Realizations of non-stationary broadband random excitations having a frequency content ranging between
1.3 and 33.3 Hz matching the required response spectra RRS should be generated. The total duration of
the shake table motion should be 30 seconds. The non-stationary character of the input motion is given
by a build-hold-decay envelope of 5, 20 and 5 seconds of duration, respectively. The minimum duration of

the strong motion should be 20 seconds. Longer strong motion durations are accepted.

2.2.4 The FEMA 461 testing protocols

2.2.4.1 General description

The FEMA 461 document (FEMA, 20006), developed through the collaboration of the three earthquake
research centers (Mid-America Earthquake Center, Multidisciplinary Center for Earthquake Engineering
Research and Pacific Earthquake Engineering Research Center) defines two testing protocols for
experimental seismic fragility assessment of architectural, mechanical and electrical nonstructural
components. The report provides, separately, a protocol for quasi-static cyclic testing of displacement-
sensitive nonstructural components, and a shake table testing protocol for acceleration-sensitive
nonstructural components. The procedures proposed in FEMA 461 are intended to allow for the
determination of the median loading conditions at which different damage levels are achieved, and
therefore, it is not an attempt to define an equipment qualification level. However, for a given type of
nonstructural component, and after developing the fragility curve associated to a given damage state, it is
possible to pick the loading level related to a relatively low probability of failure as the loading level for

which the component is qualified (FEMA, 2005).

2.2.4.2 The FEMA 461 quasi-static testing protocol

The quasi-static testing protocol should be used for experimental fragility evaluation of displacement
sensitive nonstructural components whose behavior is not governed by their dynamic response. This
racking testing protocol consists of a set of low rate cyclic displacements or forces which follow a
predefined pattern. This protocol can also be used for the characterization of the force-displacement
constitutive relationships. This latest process is called testing for modeling because it allows for estimating

mechanical properties (strength, stiffness, etc.) and low-cycle fatigue properties.
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2.2.4.2.1 Displacement controlled test

The loading history consists of cycles of step-wise increasing displacement amplitudes which allows for
the quantification of one or more damage states. Two cycles at each amplitude are performed, as shown in

Figure 2.10. Four parameters define this loading history:

e Smallest target deformation 4 : Corresponds to the minimum deformation amplitude of the testing

protocol. It should be less than the minimum displacement capable of inducing the first damage state.

A minimum interstory drift of 0.0015 is recommended.

e  Maximum target deformation 4, : Corresponds to the deformation level at which the largest damage

m

state is achieved. It should be estimated before the test. A maximum interstory drift of 0.03, in

absence or more detailed specimen capacity information, is recommended.
e Number of steps in the loading history 7. It should be equal to or greater than 10.

e Amplitude of cycles @. The amplitude of the first and last cycle should be 2,=A4 and 2,=A4

m

respectively. However, if the final damage state is not observed at the end of the loading history, the
loading process should be extended by using additional increments of 0.34 . Nevertheless, the code

m

recommends continuing with the loading protocol even if the last damage state is achieved.

The amplitude a;+/ of the displacement history at the 7+7-th step is given by:

Ly 42 (2.20)

n n

Figure 2.10 shows the displacement loading history for the case 4 =0.0015, A4 =0.03, and »=10. If bi-

directional testing is required to evaluate the component performance, the elliptical pattern shown in

Figure 2.11 should be followed.

In this testing protocol it is essential that interstory drift be the engineering demand parameter (EDP)
controlling the component behavior and triggering the different damage states. An adequate step-wise
loading history has to be considered in order to sweep all possible damage states, avoiding the activation

of more than one damage state at the same time.

The proposed loading protocol history given by equation (2.20) was obtained from statistical analysis of
seismic response data of inelastic SDOF and MDOF systems as well as engineering judgment. The

protocol is intended to be representative of cumulative damage effects and independent of ground motion
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and type of nonstructural component. No near-fault ground motions were considered in its development,
as was the case for the CUREE wood loading protocol project (Krawinkler ez 2/, 2000). It is assumed and
demonstrated that near-fault motions can generate larger displacement demands in fewer cycles, and

therefore, they do not control the number and the sequence of amplitudes in the loading history.

FEMA 461 Quasi-Static Displacement Loading History

Step number w
vi

Cycle number J

Displacement Amplitude (in)

-4 I I I I I I I I I I

0 1 2 3 4 5 6 7 8 9 10
Step Number
Figure 2.10. Displacement history for 4,=0.0015, Figure 2.11. Displacement orbit for
A,=0.03, and #=10 bidirectional loading test (Figure taken from

FEMA 461)
2.2.4.2.2 Force controlled test

Force controlled testing should be performed if forces controls the seismic performance of the
component, or if there is no a clear deformation pattern to consider in the damage progression. Given
that force demands are highly dependent on the characteristics of each type of component and its
boundary conditions, no general protocols are proposed, but some guidelines for its determination are
stated in FEMA 461. If the force-deformation relationship for the force-sensitive component is known
(from analysis or monotonic test), a cyclic force loading history can be derived by considering the forces

associated to the displacements, which follow the series defined by equation (2.20) and shown in Figure

2.12.
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Figure 2.12. Example of force history protocol derived from force-displacement relations: (a) Force-
displacement relation; and (b) Force history protocol (Figure taken from FEMA 461)
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2.2.4.3 The FEMA 461 shake table testing protocol

The shake table testing protocol should be used for fragility evaluation of nonstructural components
whose behavior is sensitive to the dynamic motion of a single level in a building structure (FEMA, 2005).
Components sensitive to the motion of multiple supports are explicitly not included in the current version
of FEMA 461 protocol. The testing procedure is based on the work done in 1997 by Wilcoski et al. at the
Construction Engineering Research Laboratory (Wilcoski ef a/, 1997). The first objective of the shake
table testing protocol is to evaluate the seismic response and performance of nonstructural components
under simulated floor motions at increasing intensities. A second objective is to characterize the functional

performance levels and the damage states of the component to quantify its seismic fragility.

In this protocol, the parameter used to characterize the intensity of the input motion is the peak spectral
acceleration. At least three shaking intensities should be used during testing. The intensities for
performance evaluation should be selected in order to induce damage states associated to economic losses
and downtime. Similarly, in failure tests, the intensity of shaking should be large enough to induce damage
states associated to life safety. The increase in intensity level should be constant; with a minimum step size

equal to 25% of the previous step.

The performance evaluation and failure tests should be executed using triaxial tests, with motions applied
in the principal directions of the specimen. Biaxial tests are possible if the vertical response of the
component is negligible, the vertical vibration period is 10 times the horizontal vibration period, or the

vertical vibration period falls outside the frequency range of the input motion.

The shake table motions consist of 60 seconds long narrow-band random sweep acceleration records
scaled to produce motions which have a relatively smooth response spectra (FEMA, 2005). The band
width is one third octave and the center frequency of the records sweeps from 32 Hz down to 0.5 Hz at a
rate of 6 octaves? per minute. A sweep from high to low frequencies is used to first excite higher vibration
modes that have associated failure modes at smaller amplitudes compared to low frequency failure modes.
Figure 2.13a and b show examples of acceleration histories recommended for performance evaluation and

the corresponding acceleration response spectra, respectively.

The response spectrum for the vertical component history record is approximately 80% of the response
spectra of the horizontal component. Visual or monitoring procedures should be considered to identify

damage states. The testing time instant at which a given damage state is achieved should be recorded in

2 One octave is defined as the interval between two frequencies that have a frequency ratio of two.
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order to identify the center frequency that caused the damage state. The amplitude of motion which
caused the damage state is obtained from the Test Response Spectrum (TRS), calculated from the shake
table motion up to 10 seconds prior to the observation of the damage state. The peak TRS amplitude is
the amplitude causing the damage state. The record responsible for the damage state should be notch-
filtered considering the frequency and time at which the damage state was observed, in order to remove
the frequencies that have already generated a given damage state. Repeating the test without notch-
filtering may amplify the previous damage state. However, once a frequency is removed from the input
motion, it will have a negligible effect on higher damage levels, which can be a problem if the higher
damage levels are triggered by the removed frequencies but at different amplitudes. Therefore, the use of
notch filtering should be assessed for each experimental case. The rules for designing the filter that should

be considered are detailed in FEMA 461 (FEMA, 2005).
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Figure 2.13. FEMA 461 compatible: (a) Shake table acceleration histories; and (b) Acceleration response
spectra

2.3 Analytical methods for seismic demands estimation

The seismic response analysis of nonstructural systems constitutes one of the most challenging areas of
research in earthquake engineering. In general, the seismic analysis of nonstructural components and
equipment is more complex and sophisticated than the seismic analysis of primary systems, largely due to
the additional variables that need to be considered. The infinite variety of nonstructural components and
equipment configurations makes it difficult to establish general and practical rules for making their seismic
design a simple process. Numerous studies have aimed at the estimation of seismic demands on
nonstructural components. This subsection presents a summary of the most robust tools available in the

literature directed at these estimations. As demonstrated in this subsection, the level of knowledge on the
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seismic performance of nonstructural components is not propetly reflected in the design code provisions

presented in subsection 2.1. The original notation used by the authors is preserved for clarity.

2.3.1 Methods for estimating seismic acceleration demands

2.3.1.1 Exact seismic demands on SDOF nonstructural systems

This subsection presents a summary of the exact solution to the dynamic problem of a combined primary-
secondary nonstructural system subjected to a ground motion, as presented by Gupta (Gupta, 1997). The
equation of motion for an #-DOF linear classically damped primaty system having a nonstructural system

attached at its &~th DOF, which can be considered as a linear SDOF system, is given by:

M5()+Ce () + Koe (#) == Mii  (#) (2.21)

-
where x(z‘) is the relative displacement vector; 7 = [Vp 7, } is the influence vector; i, (z‘) is the time

history acceleration record; and M, C and K represent the mass, damping and stiffness matrices of the

combined system, given by:

M P Oﬂxl
M=o, M
1xn $
C P Oﬂxi
C= +C (2.22)
079«)1 0
K, 0
K — P nxl + K
07901 K; '

where M), G, and K, are the mass, damping and stiffness matrices of the primary system; M; is the mass of

the nonstructural (or “secondary”) system; C; is a damping matrix where the only non-zero elements are

= Cf(w)x(w) = _C’(ww = _C%-w) =C,; C. =25 wM, is the damping of the nonstructural system;
& and @ =,/K, /M, denote the damping ratio and natural frequency of the nonstructural system; K. is a
stiffness matrix where the only non-zero elements are K, =K =-K =-K =K, ; where

C(nt)x(n+) C(nt1)d (1)

K. is the stiffness of the nonstructural SDOF system. Introducing the transformation:

x(t)=@,u(7) (2.23)
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D 0
where @, :[ OP } @, denotes the real-valued normalized modal matrix of the primary system only,

®

normalized in such a way that @;M@M =1 and @ =7/ M, is the modal element of the

n+7),\‘(n+l) >

nonstructural system only. Introducing (2.23) into (2.21):

mii (#)+ cit (1) + ku () = =i, (¢) (2.24)

DM r

where /ﬁ:@;]\/[@/,I =1 c=@,CP, , k=D KP, , and }/z@ijr:{ 7 ’W}. To apply

n+7)x(ﬂ+7) > P52 ps r

5 58

the state space approach, equation (2.24) should be rewritten as:

()], i), .,
A{ )}H{ (J— Qi () (2.25)

0(,,+/)x(u+/) 7 - 0(~+7)x(~+7) 0(ﬂ+7)x7 . .
where 4= , B= ,and Q= . Assuming solutions of the
Vi ¢ ( V4

41 )xc(n+1)

u(t
form [ ( )} =U,¢", substituting into equation (2.25), and considering free vibrations, the following

u(?)

eigenproblem is obtained:

BU, =-uAU, (2.20)
The 2142 cigenvalues i’ (j=1...2n+2) are obtained by solving the characteristic equation:
\uA+B=0 (2.27)

Since the eigenvectors form a basis for the 2#+2-dimensional vector space, it is possible to write:
}:[U;,Uj,,....,Uj””}:f]mz(t) (2.28)
where {(t) is the 2n+2 vector of complex-valued principal coordinates and Um is the complex-valued
modal matrix. Substituting (2.28) into (2.24) and premultiplying by U'Z :

07 AT, £ (1) + U7 B0, 2 (1) ==07 03, (1) 229

Defining A = ﬁ”CAU B= [IIBGW and Q = U'”C‘Q , then:

>
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Az (#)+Bz(#)=-0ii, (¢) (2.30)
()l (1)==fu, (1) =1 202 (2.31)

where

D K O 0 O G O G O

[re() [ o[m(3) ]

The transfer functions H’ (a)) that relate the j-th principal coordinate 3’ (t) to the ground

displacement #, (l) is:

v ‘@’
H’ (w)= _ S J=1...2n+2 (2.33)
W +iw

Now, the transfer function X’ (a)) for the s-th component of the # (l) vector can be obtained as:

2042 [J/ Nu’ +iw
R (0)=—a D 2= 2(ﬂ — ) s=1...n+1 (2.34)
o D~ —2i§ 0,0

where 1/ 2—5/67)/. —267)/. 7—5; denotes the complex conjugated of the j-th eigenvalue ' E/ and
(7)/. denote the damping ratio and natural frequency of the j-th vibration mode of the combined system.
Finally, the transfer function relating the absolute acceleration of the nonstructural system to the ground

acceleration is:

X (0)=r+o X" (o) (2.35)

ar

The formulation presented above provides an exact solution to the dynamic problem that considers the
interaction between primary and secondary (nonstructural) systems. It is limited to nonstructural

components and equipment which can be modeled as linear SDOF systems.

2.3.1.2 Floor Response Spectra (FRS)

A widely used practical approach for designing primary structural systems is based on the use of the
design response spectra defined in seismic design codes, such as IBC2006 (ICC, 2003) and FEMA450

(BSSC, 2003a). Design spectra are essentially smoothed plots of the statistical peak responses of single
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degree of freedom systems excited by a collection of ground motions representative of the seismic hazard
at the building site. In a similar fashion, the simplest way to represent the expected demands on
nonstructural systems placed within multistory buildings is the Floor Response Spectra (FRS). This
concept, originally proposed by Biges and Roesset (Biggs and Roesset, 1970) in the eatly 1970’s, had its
former uses in the design of nonstructural systems for nuclear installations (Lin and Minai, 1987). The
approach proposed by Biggs and Roesset consisted of a procedure for estimating the floor response
spectra directly from the ground response spectrum without additional time history analyses. In this
method, deterministic principles were considered to estimate the amplification of motion as it passes
though the primary structure to the nonstructural system. To build upon this deficiency, Singh (Singh,
1976) developed a direct method to generate the floor response spectra accounting for principles of
random vibration techniques to characterize the stochastic nature of the input ground motion. Singh’s
model considered an elastic shear type multistory level classically damped building. According to Singh’s
procedure, preserving the notation used in the original paper and omitting convoluted derivations, the

FRS is obtained as the variance of the absolute acceleration 7, :

o’ :CT @, (o) (150w + o' )|H, (o) do (2.36)

—o0

2
wherein |H0 (a))| =7/\/ (a)f —af) +4f’@’ @ s the frequency response function of the nonstructural

system; @, is its natural vibration frequency; and C is a factor to account for the ratio between the
expected maximum absolute acceleration and its Root Mean Square (RMS). The author recommends
using a factor of C=3 as adopted in 1972 by the American National Standards Institute. @, (@) is the
one-side Power Spectral Density Function (PSDF) of the stationary floor acceleration response at the #-th
level, which is calculated from the dynamic properties of the primary structure, and that according to
Singh, it is given by:

N

djﬂ ((0) = ZZ\: }//7&1/// (”)V/k (”)[wfws + 4ﬂ./ﬁfew./a)é + Ziwa)./a)k (wkﬁ/ - w./ﬁ/e )] H‘/ (w)H/: (w)¢z (w) (2‘37)

J=1

where NN is the number of significant modes considered in the analysis and y,, ¥/, (u), B,, o are the

modal participation factor, modal amplitude at #-th story level, the damping ratio and the vibration

frequency of the j-th vibration mode of the primary structure, respectively. Furthermore,

H, (w) =7/ (a)f -’ +2i B,ow, ) , where 7 is the imaginary unit and * denotes the complex conjugate

function. @, (@) is the PSDF of the input ground motion. Arguing that power spectral density functions

associated to design ground motions are generally unknown and that most design codes specify ground
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response spectra, Singh extended his previous method and proposed a procedure to obtain floor
acceleration response spectra directly from the ground response spectrum. Nevertheless, several methods
are available for the estimation of response spectra compatible PSDF (Singh, 1976). The functional form
of the FRS is:

Rj (a)o): N N ) , , , , ' (238)
23 D 7y, ()| (AL +BL)R (@) +(C+ D) )R (@) +(E, +F, )R (@)

in which R, (®,) is the floor response spectrum value at the oscillator frequency @, for the #-th level;

R(w) and R(a) ) are the code prescribed ground response spectrum at the oscillator and the /-th
o J

structural vibration frequencies, respectively; A, B, C,, D, are amplification factors for j~th mode

defined in Singh (Singh, 1976);and A, B, C,, D, E,, F, are amplification factors for j-th and 4-

Jk Jk Jk Jk
th modes, also defined in Singh (Singh, 1976). Both methods remove the problems associated to the non-

uniqueness of the results obtained, for example, when spectrum consistent time histories are considered.

In the previous approaches, characterized by their relative simplicity, primary and nonstructural systems
are decoupled and individually analyzed. The dynamic properties and the floor responses of the primary
structure are estimated neglecting interaction with the nonstructural system. In this approach, the response
at the attachment level is considered as the input motion for the estimation of the response of the
nonstructural system. This sequence of analysis is also known in the literature as the “cascade” approach
because of the transmission path considered. The main shortcoming of the previously presented method
resides in that it neglects the interaction between primary and nonstructural systems. This can induce
errors greater than 100% in the estimation of seismic demands on nonstructural systems and equipment
with large masses and vibration frequencies tuned to the natural frequencies of the primary system (Chen
and Soong, 1989). Additionally, the method neglects the effects of non-classical damping and does not
yield adequate demands for designing nonstructural systems with multiple attachment points. The possible
inelastic behavior of the primary system is not considered either. Several works have been performed in
order to assess the aforementioned limitations. The main characteristics of those works are succinctly

described in the remainder of this subsection.

The previous approach can not be used directly for the analysis of nonstructural systems with multiple
attachment points because, in its original formulation, it does not take into account the cross correlations

between the displacements at distinct attachment points. It is important to mention at this point that
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current design codes do not consider this situation either. To incorporate this effect, it is necessary to

define the cross floor response spectra and the auto floor response spectra. The cross response spectra

has two components: the coincidence R (@) and quadrature spectra R, (@), which are defined in terms

of the real, @, ((0) , and imaginary, @, (a)) , parts of the cross spectral density function of two support

points (Burdisso and Singh, 1987a; Burdisso and Singh, 1987b; Singh and Burdisso, 1987):

R (@)=F T o, (0)|H (o) do 2.39)
R} (@ )=F; T @, (0)|H, (o) do (2.40)

where Iy and > are the corresponding peak response factors. Methods to obtain these spectra, directly
from the ground response spectra rather than the cross spectral density function are presented in
(Burdisso and Singh, 1987a; Burdisso and Singh, 1987b; Singh and Burdisso, 1987). If the interaction
between primary and secondary systems may be neglected, as in the case of light equipment, the auto and

cross spectra can be directly obtained from the analysis of the primary system.

Methods for spectral peak widening, to account for uncertainties and variations of the structural and
ground motion parameters, are extensively described in (Chen and Soong, 1989). For cases of
nonstructural systems attached to more than one level, an upper-bound envelope of the individual floor

spectra is generally considered.

2.3.1.3 Methods based on perturbation techniques

The interaction between primary and secondary systems can, in principle, be studied through a model of
the combined system. However, that approach may result in a system with an excessive number of degrees
of freedom which can be difficult or infeasible to analyze. The problem becomes even more difficult and
time consuming if different configurations or locations for the secondary system are considered in the
evaluation. In 1978, Kelly and Sackman (Sackman and Kelly, 1979) proposed a practical analytical method
that allows for including in the analysis the dynamic interaction between primary and secondary systems.
In this method, first order perturbation analysis (Bush, 1992; Holmes, 1995) is used to obtain the dynamic

properties of the coupled system3. The first order perturbation method is valid for the analysis of light

3 Perturbation analysis is a mathematical method used to find approximate solutions to problems difficult to solve analytically, by
starting from the exact known solution of a related problem. The analysis can be applied if the problem can be formulated by
adding a small term to the mathematical formulation of the problem with a known solution. The solution to the problem is
expressed in terms of power series functions of the small term that quantifies the deviation from the solution of the solvable
problem.
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nonstructural systems. As proposed by Kelly and Sackman, and after the calculation of the eigenproperties
of the combined system, a deterministic analysis may be performed to obtain the maximum oscillator
modal responses by using ground response spectrum compatible acceleration histories. The modal
responses are combined by using an adequate modal combination rule, typically the square root of the
sum of the square values rule (SRSS), to obtain the oscillator response. A similar approach was developed
by Gupta (Gupta and Jing-Wen, 1986a; Gupta and Jing-Wen, 1986b) and Suarez and Singh (Singh and
Suarez, 1986; Suarez and Singh, 1987) to evaluate the eigenproperties of the coupled system by
considering second order matrix perturbation techniques (Stewart, 1990). Using this approach, the

eigenvalue problem of the combined system can be written as (Lin and Minai, 1987):
[ A, +eA,+& A4, [y, =p,[B+eB+eB, |, (2.41)

where € is the perturbation parameter; .4, and B, are O(&%) matrices associated to the unperturbed system
eigenproblem, defined in terms of the matrices of the decoupled systems; .47 and By are O(€) symmetric
non-positive definite matrices; and A, and B are O symmetric non-positive definite matrices. The
dimension of all these matrices is 2ZNx2IN, where N is the total number of degrees of freedom of the

combined system. Also, p and ¥, are the eigenvalues and eigenvectors of the combined system,

respectively. For this eigenproblem, the second order eigenvalue is expressed as:
pj:pa/+p7/+p2/ (2'42)

where py; is the eigenvalue associated to the unperturbed problem and the first (py) and second (p) order

correction terms are given by:

by =0 A-p,B0, (243)
& p . .

y; = —/+l//0/ A, - WBZ— ,/B7 v, (2.44)
Py gy LA nh]

Similar expressions are developed for the perturbed eigenvectors (Lin and Minai, 1987). However, for
heavy nonstructural systems this method does not give accurate results. In such cases, the use of the
modal synthesis method is required. In that approach, the modal characteristics of the combined system
are calculated synthesizing the dynamic properties of primary and secondary systems. The method allows
for finding efficiently and accurately the exact dynamic properties of coupled systems. The floor response
spectra can be directly used in designing multiply supported nonstructural system. Uncertainties in
structural parameters can be also included in the analysis. The design demands are finally obtained using

an adequate modal combination rule.
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A method to find a more accurate solution to the eigenproblem of coupled systems was performed in
1987 by Singh and Suarez (Singh and Suarez, 1988). Using such approach, dynamic properties of the

combined system can be obtained for classically and unclassically damped primary structures.

2.3.1.4 Mode-acceleration approach for multiply-supported MDOF nonstructural systems

The problem with multiply supported MDOF nonstructural systems is typically assessed following an
approach originally proposed by Clough and Penzien (Clough and Penzien, 1993). In that approach, the
total response of the nonstructural system is divided into its dynamic and pseudo static parts. Following
this concept, Chandra et al. (Chandra ¢ 4/, 2002) improved the mode-acceleration approach developed by
Gupta (Gupta, 1997) for estimating the seismic response of linear, classically-damped, multiply-supported
MDOF nonstructural systems, where the primary system is a linear classically-damped multistory building.
Floor response transfer functions are formulated in terms of the dynamic properties of a chosen number
of fixed-base vibration modes of the primary and nonstructural subsystems. The solved equation of
motion accounts for the existing coupling of primary and secondary systems and is valid for both light and
heavy nonstructural systems. For a base acceleration ¥(#), the equation of motion of the combined system
is:

MX (£)+CX (#)+KX (1) =-MR3(¢)+ £ (7) (2.45)

where M, C and K are the mass, damping, and stiffness matrices (#x#) of the primary system, respectively;
X(?) is a vector containing the relative displacements of the primary system with respect to ground; # is the
total number of degrees of freedom of the primary system; R is the influence vector (nx7); and f{2) is a

vector (nx7) with the interaction forces between the primary and secondary systems, where the A-th
element is given by @ (#)=C,i(#)+ K u(#) with £=1...a; where « is the number of attachment points;
and Ky...K, and C;...C, are the stiffness and damping constants of the devices connecting the primary and
secondary systems. The interaction forces are &, (#) =0 for £=a+1...n. The u(?) vector (Nx7) denotes the

displacements of the secondary system, where IN is the number of DOF of the secondary system. The first

a terms in the #(#) vector are measured relative to the displacements of the primary structure while the

remaining are measured relative to the ground. Using the modal expansion X()=¢ ¢(9), where @is the real-
valued modal matrix of the fixed-base primary system and ¢(#) is the vector with modal responses,

equation (2.45) can be rewritten as:

§.(1)+ 2004, (1) @lg (1) =i () + 2HD()  r=t.n 246)
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where ¢("is the £-th element of the 7~th mode shape of the primary system; &, =¢”’" MR is the rth

modal participation factor; @ and ¢, are the natural frequency and damping ratio in the r~th mode. After

some algebra, the equation above can be rewritten as:

q,.(z‘)zwi|: +Z¢g”zﬂ §.(t)-28 w4 (¢ )} r=1...n (2.47)

'

0 ()

(r)
X, (1)= Z")_{_az +Z¢w }Zaﬁf (G, () +28 @4, ()] p=1..n (248)

r=1 r

The first sum in this equation represents the pseudo-static part Xy(#) of X,(#), which can be also obtained

from equation (2.46) by dropping the relative velocity and acceleration terms:

{ZF MR} Z A (2.49)

where M; is the /~th diagonal term in the M matrix; R; the /th term in the R vector; Fj; is the (p,7)-th term
in the flexibility matrix of the primary system (F = K™'). Substituting equation (2.49) into equation (2.48)

and considering the first 7 <7 modes, the displacement response of the p-th DOF is:

n a ( )
{ZFp,-M,-Rl%(fHZFM -3 L i)+ 26@i ()] p=rn @50)
i=1 k=1 r=1 r
which, expressed in frequency domain, is:
,1 ( )
—{ZF MR} Z ~2i 0w g, (0) p=1..n @251)
i r= 7 ,<
where
1 (@)=11.(0) -0 (0)+ 349, (0)] 1.0 25)
k=1
and
H, (w)= ! r=1...n (2.53)
’ & -& +2il ow '
Therefore, equation (2.51) becomes:
X, (@)=-B,(0)¢(@)+ ) (iaC, +K,) D, (@)n, (@) (2.54)

where
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, (r)
_SF MR+Z¢ [0 - 2i¢ 00 Jo 1, (o) @59)

(r)

Da(@)=r+
r=1 (3

$ = 2i o, |¢/'H, (0) (2.56)

B, (@) represents the transfer function of the displacement response for the p-th DOF if the interaction

between primary and secondary systems is neglected. D pt(a)) represents the transfer function for

displacement at the p-th DOF for a force applied along the 4-th primary system DOF when both seismic

excitation and secondary system are absent.

Now, to complete the solution, the motion of the nonstructural system should be found. The equation of

motion of the secondary system is:
mii (¢) + cit(¢) + ku(t) = F(2) (2.57)

where 7, ¢ and £ represent the mass, damping and stiffness matrices (INxIN) of the secondary system;

F(#) is the vector containing the secondary system support excitations:

F(£)==mX (£) =X (¢) = BX (£) = mr (£) 2.58)

where 7, 7 and £ are the mass, damping and stiffness matrices (INxa@). The (5)-th element of 7 is equal
to the (4))-th element of »; ¢ and £ are obtained by considering the first « columns of the ¢ and £
matrices, respectively, ignoring the contributions of the stiffness and damping of the attachment devices;
j}(f), }}(1) and 5((;‘) are sub-vectors of X"(t), X(t) and X(Z), which consider only the first
elements; and 7 is the influence vector (Chandra ez a/, 2002). Using normal coordinates defined as

u(#)=yn(t), equation (2.57) can be rewritten in modal coordinates as:
i, (1) +2E,.20 (1) + 2, (¢ Zz//“F I=1..N (2.59)

where £2, and &, denote the Lth natural frequency and damping ratio of the secondary system; "/

denotes the /~th element of the /fth secondary system modal shape. Therefore, the response at the p-th

DOF of the secondary system is:

N Ny Dy N a(l)
%p(f>=ZZ%Q"f /Zl/;z( 1)+2521(¢) p=1..N (2.60)

1 /
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where, again, the first term represents the pseudo-static part #, of the displacement #, Alternatively, sy

can be written as:
u, (1)=2 £, E () (2.61)

where f,; is the (p,7)-th term in the flexibility matrix, f =4, of the secondary system. Substituting this,
considering the first IN < N terms in the second term, and converting into the frequency domain:

/)

N
/=

N (
0 (@)= 2 1, (@)+ X2

!

(@ -2i, QoM (w) p=1..N (2.62)
where 77, (@) is the Fourier transform of 77, (#), and therefore:

(@)= (@)X v F (o) 26

where

1

b (@)=
(@) Q2 - +2iEQw

(2.64)

b, (@) is the transfer function relating the /th modal displacement in the secondary system to the input

excitation at its attachments. In frequency domain, the support excitation force can be written as:
F(@)=-mri(@)+> X (@) A, (w) =1..N (2.65)

where

A(0)=w'm, —iw, -k, (2.66)
Substituting expressions for 77, (@) and F, (@) in equation (2.62):
N a
u,(0)=> | -mri(@)+D A, (w)X/(a))}Em (w) p=1..N 2.67)
i=1 =1
where
Xy
E, (@)=Y " (0 - 2i£ Q)b (0)+ f, (2.68)
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Finally, a system of equations is obtained in terms of the Fourier spectral amplitude of the primary

structure displacements (p=7...N):

a

X, (w)—X{XDM (0)(iaC, +K, ){2/1[/ (w)E, (a))HX/ (o) :—[Bp +2m,r, {Z(zwg +K,)D, (w)E, (w)Hg(w) (2.69)

J=1 | &=1 i i =1
Or in terms of displacements of the secondary system:

a N

“, (w)—;{iﬁﬂ (o)(iaC, +K,\,){2A,/ (@)D, (w)Huk (@) :—{Z[W, +ZA}/ (@)B, (a))jb‘ﬁl (w)}%(w) (2.70)

k=1 i i=

In 2003, Chaudhuri and Gupta (Chaudhuri and Gupta, 2003) extended this theory to include soil-structure
interaction in the formulation. In this extension, the base flexibility is considered as a complex-valued
impedance function, and the effects of kinematic interaction are assumed to be negligible. To further
simplify calculations, only secondary systems which can be modeled as SDOF were considered.
Alternatively, Asfura and Kiureghian (Asfura and Der Kiureghian, 1986) developed an analysis approach

in which the separation of the response into its dynamic and pseudo-static components is not required.

2.3.1.5 Methods using continuous beam systems

The methods using continuous beam models are attractive because of their relative simplicity and
usefulness in developing parametric analyses. This subsection presents the most interesting models of this

type found in literature.

2.3.1.5.1 Model by Lavelle et al.

In 1988 Lavelle et al. (Lavelle e a/, 1988) proposed a simple exact method to calculate the dynamic
response of a combined primary-secondary system. The primary system considered consists of a viscously
damped uniform cantilever beam, while the secondary system was modeled as a damped SDOF oscillator
attached at some point along the height of the beam (primary system), as shown in Figure 2.14. Both
systems were considered to behave linearly. The continuous beam model shown in Figure 2.14 was
proposed and studied in the early 1960’s by Coull and Choudhury (Coull and Choudhury, 1967a; Coull
and Choudhury, 1967b), Heidebrecht and Stafford-Smith (Heidebrecht and Stafford-Smith, 1973), and
Stafford-Smith and Coull (Stafford-Smith and Coull, 1991).

The governing equation of motion for the cantilever beam shown in Figure 2.14 is:
Pi(x,2)+C, i (x,2)+ ED" (x,2)=F(2)0(x—h)— P, (7) (2.71)
where Q0 is the mass per unit beam length; C, is the damping per unit beam length and & (X - /9)

denotes the Dirac function; EI is the equivalent rigidity of the flexural beam; and F (l‘) is the force at the
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interface between the primary and secondary systems. The equation of motion for the oscillator is given

by:
Mg (#)+C5 (1) + Kz (1) =Gy (b, 1)+ Ky (h,#) = My, (2) 272)

where M, C and K are the mass, damping and stiffness of the secondary system, respectively. The

interaction force F (l‘) is given by:

F(£)=C[2(2)= y(ht) |+ K[2(£)- y(h1)] 2.73)
K z(t)
M|
L
h
y(x,t)
)

Figure 2.14. Lavelle’s continuous beam model

To calculate the modal properties, the damping existing in the system is neglected, and free vibrations are

considered. Therefore:
pi(x,2)+ED" (x,t)= K[g’(l) - y(4, z‘)] O(x—h) (2.74)
Assuming (X, z‘) = q(z‘) l//(x) , % (f) = Aq(z‘) l//(b) , and substituting into equation (2.74):

amw(x)%q(nw<x>:§<A—7>q<f>w(/a>6(x—fa> @79)

from where

=—w (2.76)
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K
and therefore §(#)+ a)zq(l) =0 . After solving to get A= M the following equation in terms
— M@

of l//(X) is found:

' (x)—a'y(x)= f(x) (.77
., par KM@’ . . .
where " = and f(x)= o7, w(h)O(x—h). Equation (2.77) is associated to a Green’s

function g(O!, L,x, f ) , satisfying the same boundary conditions as l//(x) , and also satistying (Melnikov,

1995; Roach, 1982; Stakgold, 1998):

(o L,x,&)-a'g(a, L,x, &)= (x=&) (2.78)

which can be solved by using the causal fundamental solution method (Melnikov, 1995). The relation

between l//(x) and g (0{, L,x, 5) is given by (Nicholson and Bergman, 19806):

L

w(x)=[ gl L,x,&) f(&)ds 2.79)

0

Substituting for f (f ) and considering the properties of the Dirac function:

_ KMo’

= V(h)e(e L, %) 2.80)

W (x)

The vibration frequencies of the combined system are obtained after substituting (2.80) into (2.77) and

solving for & from the characteristic equation:

{7—@05%(05,@/?,/9)}@//(5):0 2.81)
P

Finally, the response of the secondary system g (z‘) can be obtained from:

- K
{(f)Zqun (Z‘) (2.82)

where the modal shapes have been normalized in such a way that ¥/, (b) =1. The temporal patt of the

solution is obtained by using the state space approach, after substituting (2.82) into (2.72) and considering
a suitable number of modes. It is important to note that a parametric analysis performed using this

method should consider six parameters: oscillator to beam mass ratio, natural frequencies and damping of
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the oscillator and continuous beam, and location of the oscillator along the height of the building. One

limitation is that the method is only applicable to linear structures.

2.3.1.5.2 Model by Miranda et al.

A similar and simpler method to estimate floor acceleration demands in multistory buildings has been
used by Miranda and Taghavi (Miranda and Taghavi, 2005), which is based in a building model previously
studied by Coull and Choudhury (Coull and Choudhury, 1967a; Coull and Choudhury, 1967b),
Heidebrecht and Stafford-Smith (Heidebrecht and Stafford-Smith, 1973), and Stafford-Smith and Coull
(Stafford-Smith and Coull, 1991). This method, which is an extension of the approach presented in
(Miranda, 1999; Miranda and Reyes, 2002), considers a linear multistory building modeled as a

combination of continuous shear and flexure beams with variable stiffness, as shown in Figure 2.15.

/ Flexural beam
171 /— Shear beam

+— Links axially rigid

Figure 2.15. Simplified model of multistory building. After Miranda (Miranda, 1999)

The acceleration along the height, x, of the building is calculated according to:
iy (,2) =i (£)+ D T¢ (%) D, (2) (2.83)
i=1
where the /~th modal participation factor 1 is:

T, =j07¢,. (x)dx/j;Q? (x)dox (2.84)

and D, (z‘) , the /~th modal response, is obtained by solving:

D, (1)+ 2§D, (1)+ @D, (1) =i, (1) (2.85)

44



where & is the damping ratio of the /th vibration mode. Note that in equation (2.83) only the first »

vibration modes are included. The modal shapes for the uniform stiffness case @' (x) are calculated as:

sz'n(}/l.x)—}/i(aj+}/f)% Jl'ﬁ/?(X\/ajﬁ'}/; )+771. [mx[;(xw/aj+7/f)—mf(}/ix)}

¢ (x)= = 2.86)
sin(%)—%(a§+%.2) 25iﬂ/9(«/6¥§+7f)+77j [foxb(1/a5+%?)—50f(%)}
where
72.5777 VA, }/Zsm/?( o, +72)
7, = (2.87)

72505( ) mf/y( 0+}/2)

The ¥, parameters are obtained by solving:

4 4

2+ 2+W mx( )vos/a(w/}/z+0( ) W sm( )Jm/a(ﬁ}’g+ ) 0 (2.88)

GA
EI

V2
where @, ZH[ ”] is a non-dimensional parameter controlling the participation of shear and
4

flexure deformations in the total response of the system; G4, and EI denote the shear and flexural

rigidities at the base of the structure, respectively; and H is the total height of the building. Finally,

vibration frequencies are obtained from:

i

STk (7 +a)) (2.89)

where O is the mass per unit length of the system. In order to account for the stiffness variation along

the height of the building, the following modifications to the modal properties are proposed:

¢ () =g’ () +{(=1) 7 sin[ (i=0.7) nx]W}{m( j 04}( 95j (2.90)

7_5 1.2
r"=r’ {7—%(055 — 500, —200)] 2.91)

[2} =[2j [7—ﬂ(0{5—50a0—800):| 2.92)
) \1) 9000
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where ¢ (X) and @ (X) are the /~th modal shape for the systems with non-uniform and uniform

stiffness, respectively; and O is the ratio of the lateral stiffness at the top to the lateral stiffness at the base
of the system. Equation (2.91) can be used as an alternative to equation (2.84), wherein £=8000, 2000 and

1700 for i=1, 2 and 3, respectively.

The advantage of this method is the simplicity of the concepts involved, serving as a fast and efficient tool
for preliminary estimation of expected demands. Only four parameters are required in such a parametric
analysis: T, f , &, and O . Note that for the case of constant stiffness, the response depends only on the
three first parameters. According to the analysis shown in (Miranda and Taghavi, 2005) and (Taghavi and
Miranda, 2005) the use of only the three first modes (#=3) leads to good estimations of acceleration
demands. The major limitations of the method are its dependence on specific ground motions and its
application to buildings exhibiting linear or almost linear responses. Moreover, this model neglects the

dynamic interaction between primary and secondary systems.

2.3.2 Simplified procedures for estimation of seismic acceleration demands

2.3.2.1 Method proposed by Rodriguez et al. (2001)

Rodriguez et al. (Rodriguez ez al., 2002) proposed a method to estimate the design accelerations along the
height of regular multi-story buildings. The proposed method, called “First mode reduced method”, is
based on a modal superposition approach modified to account for the inelastic response of the primary
system. In this method, the floor acceleration A7 at the uppermost level of the building and for the ¢-th

vibration mode is given by:

L :F¢q Sﬂ (Tq’Q)
“ Ny R

q

(2.93)

where I~ , is the participation factor for the ¢-th mode; @7 is the amplitude of the ¢-th mode at level 7;

s.(T,

q,; q) is the spectral acceleration; T, and ¢ , are the period and damping ratio of the g-th mode,

respectively; and R, is a reduction factor to account for the effect of ductility on the primary system. The

modal accelerations are calculated using SRSS criteria:

A = Z Fq¢f@ (2.94)

q=1 q
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According to numerical simulations, only the first mode is typically affected by ductility demands

(Rodriguez et al., 2002), and therefore R, =R, =...=R =7. Thus, equation (2.94) becomes:

2

A = F’(D’:M + i[rqujsﬂ (1, ,{q)]z (2.95)

1 7=2

where R,=0,,/0,,; and OM, and OM, are the overturning moments obsetved during linear and

nonlinear analysis, respectively. To obtain the floor acceleration at the other floors of the building, the

following interpolation function is proposed:
A =024 (2.96)

where A, is the design peak ground acceleration; and €2 is the floor acceleration magnification factor

given by:

A
Q=4 "N ’ 2.97)
A
. 0.2<5<1
A

0 n

where /; is the height above grade of the /th floor level and 4, is the height above grade of the uppermost
building level. Finally, to simplify the design process, a factor R, = /2 or R, =17, whichever is greater, is

recommended to be used, where £ is the ductility factor considered in design.

2.3.2.2 Method proposed by Villaverde (2006)

Villaverde (Villaverde, 2006) proposed a simple approximate method to examine the seismic force
demands on non-linear light MDOF-secondary systems attached to one or two levels in multi-story
nonlinear buildings. In this method, which is essentially a simplification of the method presented in
(Villaverde, 1997a), the conventional ground response spectrum technique is used to evaluate the design
forces on the secondary system. Dynamic properties (vibration frequencies, modal shapes and damping
ratios) of primary and secondary systems are attained independently. Among the simplifications
considered in the method are: i) it is assumed that the response of the system is governed by the response
of the fundamental vibration mode of the two subsystems; i) fundamental periods of primary and
secondary systems are tuned; iii) the fundamental mode shape of the primary system varies linearly along
the height of the building, with zero amplitude at grade and a maximum modal amplitude at the top level;
iv) the fundamental mode shape of the secondary system varies linearly along the height of the secondary

system, with zero modal amplitude at support points and a maximum modal amplitude at the point where
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the maximum deformation is measured when the secondary system is loaded laterally by its own weight; v)
the generalized masses in the fundamental modes of both subsystems are equal to their respective total
masses; vi) damping ratios are 5% and 0% for primary and secondary systems, respectively; vii) the
duration of the strong part of the ground motion is 25 sec; viil) non-linear behavior of primary and
secondary systems are independent; and ix) the strength reduction factors for SDOF systems are still valid
for MDOF systems with uniform properties vibrating mainly at their first mode. The simplified equations

of the method are as follows:

w, [l
F, =—""—V, (2.98)
21,
J=1
C]’
V=S, (2.99)

1 _~2009,

C,= < (2.100)
2w, (1+05T) —1 14051
+
W 2009’
@ =l 2.101)

=1

where I, denotes the force acting on the /-th mass of the secondary system; », is the weight of the /-th

mass of the secondary system; / is the distance between the attachment point and the j-th mass of the
secondary system; 7 is the number of lumped masses in the secondary system; S, is the spectral
acceleration amplitude at the fundamental period of the primary system; R and R, are the strength
reduction factors for the primary and secondary systems calculated for the target ductility demands; W and
w, denote the total weight of the primary and secondary systems, respectively; T is the fundamental period
of the primary and secondary systems; W; and /; are the weight and elevation above the ground of the th
building level; N is the number of floor levels in the primary system; and 4, is the average elevation above

the ground of the secondary component. See (Villaverde, 2006) for further details.

2.3.3 Procedures for estimation of drift demands

2.3.3.1 Drift spectrum

A method to estimate interstory drift demands due to ground motion was proposed in 1997 by Iwan
(Iwan, 1997). The method, called drift spectrum, is based on a linear system model. Like the typical

acceleration response spectrum, the drift spectrum provides a simple indication of the overall drift

demand due to earthquake ground motions. The structural system considered in the development of this
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model is the continuous shear beam shown in Figure 2.16 rather than the typical SDOF model. This
model is considered to adequately capture the effect of the wave propagation response within the building

during the strong motion.

1 y/U(y.t)
R

Z

\:ﬂ_/

Figure 2.16. Continuous shear beam model. Figure taken from Iwan (Iwan, 1997)

Assuming that the period of the building shown in Figure 2.16 is T, the horizontal displacement along the

height of the beam, relative to its base, is given by:

u(yt)=e"p(yxa) (2.102)
where & =27¢ / T is a constant parameter related to the time decaying amplitude of oscillations; ¢ is
the damping ratio associated to the first vibration mode of the beam; ¢( ]iﬂ‘) denotes the wave
traveling upward or downward along the beam; and ¢=4H/T is the wave speed. Considering an

arbitrary point located at a height » = SH , where [ is a dimensionless height variable (0 < <7), and

dz (1)

dt

the velocity time history of the ground, 0(}‘) = , the shear-strain at a dimensionless height [ is

given by:

3—;’(/9,;) =§ \Z—: (cry M;—%—%ﬁ%z(f—%—%)}f (2.103)
n=1
N2y s 5
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Equation (2.103) considers the superposition of the contributions from all waves traveling upward and
downward at height 4 and time # The interstory drift demand spectrum, D (T, 4 ) , is estimated from the

shear strains, and it is defined as:

% (5,0)

D(T,&) = max %

t

2.104)

Considering that in many cases the maximum interstory drifts are observed at the base of the buildings

(B=0), the D(T, g“) spectrum can be simplified as (Iwan, 1997):

Nt

D(T,{)= m7x% y(;)+%z(;)+2 Zf (=1)" ™ H"%}*%%"%ﬂ (2.105)

n=1

It is interesting to note that for the calculation of the previous spectrum, only a summation of the ground
velocity and displacement time histories is required, and therefore, is much easier to compute than the
response spectra (Iwan, 1997). However, ground acceleration time history records should be carefully
processed. Some guidelines for that can be found in Boore (Boore, 2001; Boore, 2003b; Boore, 2005), and

Boore and Bommer (Boore and Bommer, 2005).

According to Iwan (Iwan, 1997), equation (2.105) can be further simplified considering that the maximum
drifts are expected at times when ground velocity » (z‘) is maximum. At those times, g (z‘) = (0 or small,

and therefore:

D(T,{)~ miH o(1)+2 Y (1) e-m%(;—gj 2,106

If the ground motion can additionally be modeled as an isolated displacement pulse consisting of a

positive velocity pulse followed at a time T} by an identical negative velocity pulse of the same magnitude

(

will occur at a structural period Tj, and it will be given by:

v

max

), with total pulse duration 27}, and such that 7 , =¢ _+ TP , the maximum interstory drift

ymz'n min max

D(T,,¢) zf—;{(7+2e_”§>ﬂmx 2.107)

For an undamped system ¢ =0, and therefore:
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g = 0) = 4_Hp—y/}1ﬂ.>( (2.108)

2.3.3.2 Other approximate methods for drift estimations

Another simple method to estimate approximate maximum interstory drift ratios has been proposed by
Miranda (Miranda, 1999). In his approach, Miranda considered a model of a limiting case of a multistory
building, given by an undamped continuum beam consisting of a combination of flexural and shear
cantilever beams, as shown in Figure 2.15. In this method, the solution to the following equation of

motion of the combined system is found:

d*u _0(_2 d’u w(z)
' H’dy'  EI

(2.109)

|GAH’
where o/ = I is a dimensionless parameter indicating the relative degree of deformability due to

shear and flexure. A value of & =0 tepresents a pure flexural beam model, while a value of & =o0

corresponds to a pure shear beam model. An intermediate value of & represents a typical multistory

building deforming in shear and flexure. w(f{) represents a generalized equivalent lateral seismic force,

given by:
e
T—e M
w(3) =0, ——— 2.110)
1—e™
where w,_ is the intensity of the force at the top of the building and «# is a dimensionless parameter that

controls the shape of the loading function. Values of @ =0 and a =<0 cottespond to triangular and
uniform load distributions, respectively. A value of @ = 2.73 approximately represents a parabolic lateral
load distribution. The solution to equation (2.109) for the lateral load shown in equation (2.110) is given in

(Miranda, 1999):

R

w H . z) ( zj “ (z}z z
u(z)=—"25——|C,sinh| @—=|+C,cosh| 0= |[+Che " +C,| = | +C;=+C, | (2.111)
(%) EI(7—e_")|: 1 ( 7, 2 I, 3 A\ S 6

where the constants Cj-Cy are given by:
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The maximum interstory drift ratio IDR  _is defined as:
du
IDR, = max (z) 2.113)
&
The height at which the maximum IDR occurs is computed from:
du(%, _.x
# =C,a’ sink O{i+C20{2 cosh ai+C3aze H+2C,=0 (2.114)
dz H H

Equations (2.113) and (2.114) are used to compute the maximum interstory drift ratio demand in the
elastic model. An empirical approximated method is also proposed in (Miranda, 1999) to estimate the

maximum inelastic drift ratio:

d
IDR, . = [Bmax "(z) (2.115)
Inelastic df{
where
u N
=/+—+— 2.116
p 30 200 ( )

where f is the maximum story displacement ductility ratio and N is the number of stories. An extension

of this approach was developed by Miranda and Reyes (Miranda and Reyes, 2002) to include a more

realistic case of buildings with nonuniform distribution of stiffness.
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2.3.4  Other studies related to estimation of seismic demands on nonstructural components

2.3.4.1 Study by Medina et al.

Medina et al. (Medina ez a/, 2006) performed an analytical study, based on the cascade approach, for the
estimation of seismic demands on secondary systems mounted on nonlinear multi-story buildings.
Medina’s models consider one-bay two-dimensional multistory buildings with the number of levels
ranging from 3 to 18 with fundamental vibration periods in the range 0.3-1.8 seconds. The building
nonlinearities are considered through the use of demand reduction factors varied between 1 and 8. The
secondary systems considered in this analysis correspond to light acceleration-sensitive components which
can be represented by elastic SDOF systems. The damping of the secondatry system is assumed in the
range 0.01% and 5%. Forty ordinary ground motions scaled to the IBC2003 (ICC, 2003) seismic hazard
for the California coastal region were considered in the analysis. Further details can be found in (Medina ez

al., 2006).

In this study, Medina el al. show the direct dependence of the acceleration demands (S.c) on secondary
systems on its location along the building and the modal periods, total height, stiffness distribution, and
strength of the primary system, in addition to the internal damping and vibration period of the secondary
system. The two main deficiencies of the procedure established in the code are assessed: the dependence
of seismic demands on both the strength (degree of inelastic behavior) and the dynamic properties
(fundamental vibration period) of the supporting structure. It was shown that the code provision used at
the time of their study* (IBC2003) do not always provide adequate estimations of the seismic demands,
especially for secondary systems with vibration periods tuned to one of the natural periods of the primary
system. The analysis concludes that as a consequence of the inelastic behavior of the primary system, a
significant reduction in the maximum acceleration demands is produced. This situation is not considered
in the current design codes. Finally, a modification factor Ru=Sucpssio/ Sacineusiiy to be applied on the
component amplification factor 2, (Medina ez al., 2006) in order to take into account the effects of the
inelastic behavior of the primary system is defined. Unfortunately, no closed formulas are given. Only

global trends are discussed.
2.3.4.2 Study by Sewell et al.
One of the most relevant and systematic studies on the variables influencing the floor response spectrum

FRS used in seismic design of nonstructural components was performed by Sewell et al. (Sewell ez al.,

1980). In that report, the Floor Response Spectrum Ratio FRSR, defined as the ratio between the FRS’s

4 Even if the Study by Medina et al. was performed based on IBC2003, this comment is still valid for current IBC2006 edition.
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obtained for the nonlinear multistory system and that obtained for the linear multistory system, is
thoroughly studied. It was demonstrated that the FRSR obtained considering both linear and nonlinear
SDOF systems may be inaccurate and unconservative at frequencies higher than the natural frequency of
the primary system. The level of inaccuracy depends on both the structural configuration and the
frequency content of the ground excitation. For broad-band excitations the FRSR estimated using MDOF
systems may take values ranging between 2 and 3, while the FSRS estimated using a SDOF model always
take values close to 0.7. In the analysis, it was numerically demonstrated that after the inelastic excursions
of the primary system, higher vibration modes become relatively more important in the floor acceleration
response of nonlinear building than in linear buildings. It is also demonstrated that pinched hysteretic

models do not lead to significantly different results when compared to simple bilinear hysteretic models.

Other parameters also investigated in this study were: numerical integration procedure (Newmark,
Wilson’s Theta, Houbolt and Central Difference methods), hysteretic behavior (bilinear, smooth bilinear,
shear wall and smooth shear wall models, pinching and smoothing effects), the structural and equipment
damping ratio levels, the location of the secondary system within the building, the number of DOF of the
primary system, the location of the nonlinearity and strength distribution along the building, and the
characteristics of the input ground motion (input energy and record length). Finally, it is shown that
equipment response can be predicted, for a limited structural nonlinearity, from the ground response

spectrum.
2.4  Recent studies on seismic performance of nonstructural components and equipment

This subsection presents a brief overview of the recent research on the seismic performance of
nonstructural components and equipment. A gracious and succinct description of the experimental
research done in this field before 1997 can be found in Villaverde (Villaverde, 1997b). Moreover, the
statement of the current objectives and an overview of the nonstructural components research performed
at the three U.S. earthquake research centers can be found in Whittaker and Soong (Whittaker and Soong,

2001).

This subsection summarizes those experimental and analytical studies which could be further investigated
using the anticipated capabilities of the new University at Buffalo Nonstructural Component Simulator
(UB-NCS) presented in Section 3. For that reason, some recent studies on nonstructural components and
equipment as for example the assessment of the seismic performance of porcelain transformer bushings
(Filiatrault and Matt, 2005; Gilani ef a/, 2001; Whittaker e al., 2004) are explicitly not included in this
subsection. Given the particular typology of those components and/or their location at grade level, they

may require testing machinery specifically designed for them or the use of conventional shake tables.
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2.4.1 Analytical studies

2411  Study by Filiatrault et al. (2004)

Filiatrault et al. (Filiatrault ez a/, 2004b) developed a methodology that can be used for generating a
database of horizontal floor accelerations matching the seismic demands compatible with the Uniform
Seismic Hazard (USH) at a given site. The database is recommended for use in shake table testing of

critical nonstructural components and equipment mainly sensitive to horizontal accelerations.

2.412  Study by Hutchinson and Chaudhuri (2006)

Hutchinson and Chaudhuri (Hutchinson and Chaudhuri, 2006) performed an analytical study aimed to
find approximate fragility curves for various unattached equipment and building contents. The study
focuses in the analysis of rigid scientific equipment, usually placed on top of ceramic laboratory benches.
Approximate equations are proposed to estimate fragility curve parameters for bench-mounted sliding-
dominated equipment within multistory reinforced concrete and steel framed buildings, for a range of
surface’s frictional coefficients. The fragility parameter equations are generalized to include the primary
building period among their variables. It is demonstrated that the fragility parameters do not depend on
the ground motion when realizations match a target response spectrum. The proposed equations can be
used to find the possible equipment locations within multistory buildings and estimating possible

laboratory economical losses.

2.41.3  Study by Overend et al. (2007)

Overend et al. (Overend e al, 2007) performed an analytical study aimed to develop a general crack
growing model based in statistical failure theory and linear elastic fracture mechanics. The proposed model
allows for determining tensile strength of glass under static perpendicular loads. The capacity of proposed
model to predict failure modes is compared to other traditional design methods. Fragility curves to predict

glass failure are proposed.

2.4.2 Experimental studies

2421 Study by Chong and Soong (2000)

Chong and Soong (Chong and Soong, 2000) conducted an experimental and analytical study aimed at
assessing the seismic vulnerability and mitigation measures for unrestrained equipment. The study focused
on the sliding response of freestanding rigid equipment under two directional earthquake shaking. A
parametric analysis was performed to establish stability bounds for pure sliding response. Fragility curves

were developed for several relative displacement thresholds. The study concluded that the values of
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friction coefficients and the inclusion of vertical ground motion component play a critical role in the
sliding response of freestanding bodies. Finally, experimental and analytical results were compared in

order to validate the proposed model and to propose modeling recommendations.

2.4.2.2  Study by Kesti (2000)

Kesti (Kesti, 2000) studied numerically and experimentally the local and distortional buckling behavior of
flange and web-stiffened and web-perforated compression members. It was observed that the use of
perforations reduces the distortional buckling strength of the section. The objective of Kesti’s research
was to develop a design method for estimating the compression capacity of perforated steel studs. The

influence of the gypsum sheathing on the buckling strength was also taken into account.

2.4.2.3 Study by McMullin and Merrick (2002)

McMullin and Merrick (McMullin and Merrick, 2002) performed a set of seventeen experimental tests for
determining the cost-damage relationship of residential gypsum wallboard partition walls. The specimens
considered in the tests were 8 ft. high and 16 ft. in length, double sided with %2 in. gypsum wallboard.
Among the variables considered for the wall configurations were fastener types and spacing, loading
protocol, boundary conditions, opening and fenestration features, and repairing methods. During tests it
was observed that maximum loads were sustained at 1 to 1.5% drifts. The two dominant failure modes
observed were the loosening of the wallboard from the framing systems due to the pulling of fasteners,
and the racking movement of individual panels. Depending on the wall configuration, strength
degradation was found to be severe or gradual. It was also observed that monotonic testing protocols
predict, with acceptable agreement, the cyclic force-deformation relationships. Damage levels were found
to be related to rigidity and strength of boundaty elements. Cost-damage relationships are directly related
to the number of workers required. Low damage levels can require a single multi-skilled worker, while
higher damage levels can involve more complex repairing teams. Total specimen losses were observed at

drifts close to 2%.

The results obtained by McMullin and Merrick were used by Kanvinde and Deierlein (Kanvinde and
Deierlein, 2000) to generate analytical models to determine the lateral shear strength and initial elastic
stiffness of wood-framed gypsum wall panels. These parameters were incorporated into a multi-linear
curve which describes the monotonic shear-deformation relationship for gypsum partition walls. The

proposed model could be extended to metal studded gypsum partition walls.
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2.4.2.4 Study by Bersofsky (2004)

Bersofsky (Bersofsky, 2004) investigated experimentally the seismic fragility of 16 ft long by 8 ft tall light-
gage metal-studded gypsum partition walls. In plane shear testing was performed on sixteen wall
specimens constructed following current standard practices, including taping, mudding and painting.
Return walls 8 ft tall and 4 ft long were attached perpendicular to the direction of testing, at both ends of
each wall. The CUREE testing protocol was considered. Parametric fragility models were performed
considering several damage measures including gypsum cracking and stud buckling. Three damage states
were identified: DSi) minor damage that can be fixed with tape, mud and paint; DS») sections of gypsum
need to be cut out and replaced; and DSs) walls damaged beyond repair. It was observed that DS; was
triggered at drifts in the range between 0.05 and 0.5%. DS, was not observed in all test performed because
the gypsum panels got detached from the steel stud frame. DS; was observed at drift ratios in the range

1.5 to 3%.

2.4.2.5 Study by Filiatrault et al. (2004b)

Filiatrault et al. (Filiatrault ez @/, 2004a) conducted a series of shake table tests to evaluate the seismic
performance of a combined system composed of a bookcase and a cantilever partition wall system. The
seismic response of the combined system is mainly controlled by floor accelerations rather than story
drifts. One bookcase fully loaded with books and two different partition wall systems were tested. Seismic
hazard consistent floor motions, calculated using the methodology developed by Filiatrault et al
(Filiatrault ez af., 2004b), were considered. It was observed that pounding between unanchored bookcases
and partition walls is beneficial for the seismic response of the bookcase. The seismic response of the
bookcase improves drastically when restraining systems ate correctly installed. Fragility curves for

overturning of tall bookcases were derived.

2.4.2.6 Study by Goodwin et al. (2004)

Goodwin et al. (Goodwin ¢z a/., 2004) investigated the seismic behavior of piping systems typically used in
hospital facilities. The objectives of this research were to evaluate the capacity, weak points and failure
modes of piping systems. The testing specimen, as recommended by OSHPD, was built after an existing
system at UC Davis Medical Center. One hundred feet of 3 and 4 in. diameter ASTM A53 steel pipes and
several water heaters and valves were considered in the system. In their research, they performed a series
of shake table tests to identify the capacities of cable-braced and unbraced systems. The AC156 protocol
was considered for testing. The main findings of this research were that bracings systems limit

displacement demands, but the acceleration amplifications are similar in both cases. No significant damage
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to the piping systems was found during high intensity motions. Two of eleven braces, two vertical rod

hangers, and a flanged connection in the unbraced system failed for the highest input motion level.

2.4.2.7 Study by Badillo-Almaraz et al. (2005)

Badillo-Almaraz et al. (Badillo-Almaraz e a/., 2007; Badillo-Almaraz ef al., 2000) conducted a seties of
shake table experiments to evaluate the seismic performance of a set of full-scale suspended ceiling
systems. Several system configurations were tested and fragility curves generated. Among the variables
considered in the tests were the size and weight of tiles, the use of retainer clips, the use of compression

struts, and the physical condition of the grid components.

2.4.2.8 Study by Chaudhuri and Hutchinson (2005)

Chaudhuri and Hutchinson (Chaudhuri and Hutchinson, 2000) performed an experimental and analytical
study on the seismic fragility of storage glassware typically found in hospitals and laboratories. Biaxial
shake table tests were performed to assess the seismic response of various glassware types. Realistic
supporting surfaces were considered during testing (Chaudhuri and Hutchinson, 2005). The effect of both
amount and density of the liquid contained in the glassware was assessed. Simulations were performed
considering a set of ground motions and two steel buildings. This series of experiments and simulations
demonstrates that the seismic response of glassware is mainly dominated by sliding rather than rocking.
Nevertheless, significant rotation about the vertical axis was observed. It was concluded that the seismic

fragility is dominated by the building flexibility properties.

2.4.2.9 Study by Konstantinidis and Makris (2005)

Konstantinidis and Makris (Konstantinidis and Makris, 2006) conducted a comprehensive analytical and
experimental study to assess the seismic response of actual freestanding and restrained laboratory
equipment. One incubator and two refrigerators were tested. Freestanding and chained configurations
were evaluated using unidirectional shake table motions. The chains were used to prevent equipment from
both excessive displacements and rocking. Quasi-static pull tests were performed in order to characterize
the mechanical properties of a typical contact surface found in laboratories. The results were used to
perform analytical simulations for high intensity ground motions impossible to replicate by using the
currently available shake tables. The study demonstrates that using the friction coefficients obtained
experimentally in the analytical simulations does not adequately reproduces the response observed during
shake table tests. Finally, it was observed that the peak equipment accelerations of the restrained
equipment were significantly larger than those obsetved in the freestanding equipment. Therefore,

restraining highly acceleration sensitive laboratory equipment may increase its risk of damage.
g highly y equip y g
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2.4.2.10 Study by Lang and Restrepo (2005)

Lang and Restrepo (Lang and Restrepo, 2006) conducted experiments to investigate the seismic fragility of
gypsum metal stud partition walls. Two identical full scale specimens were constructed following the
current methods and techniques used by practitioners, intending to replicate a typical space found in
office, hotel and laboratory buildings. Several damage states were defined and evaluated. The racking
protocol defined in ATC-58 (FEMA, 2005) was considered for testing the specimens®. The objectives of
this research included the assessments of the influence of various wall configurations and boundary
conditions in the system performance; and the development of a parametric fragility model relating
engineering demand parameters, such as interstory drifts, to damage intensity measures as repairing costs,
downtimes, etc. During the test series it was found that the damage progression was highly dependent on
the loading protocol considered, and more specifically, on the number of pre-peak loading cycles. After
the peak loading, the observed damage was similar using both protocols. The main damage observed were
fatigue, pullout and shear of track fasteners. Once the track slip occurred, the damage in partitions walls

did not evolve.

2.4.2.11 Study by Nastase et al. (2005)

Nastase et al. (Nastase ¢# a/, 2000) performed an experimental evaluation of the dynamic response of
nonstructural systems during full-scale building vibration tests. A vacant 4-story building, which resulted
highly damaged during the Northridge earthquake, was tested simulating low intensity floor motions and
sinusoidal transient motions. The motion was generated using linear and eccentric mass shakers placed at
the roof level of the building. The study was focused in the assessment of the vibration response of an
actual laboratory space in which nonstructural components, and their respective mounting systems, were
considered. Bench-shelf systems composed of cabinets with ceramic countertops and shelves, all attached
to a flexible Unistrut steel grid (connected to the upper and bottom floors), were constructed at the fourth
level of the building. The force transmission path through floor, counters, shelves and the equipment was
studied. Image-based monitoring systems were used to track the dynamic response of the equipment and
contents (Hutchinson e a/, 2005). In the experiments it was observed that the magnitude of the dynamic
amplification measured in bench-shelf systems was significantly affected by its spatial location in plan due

to large torsional effects.

5 One of the specimens was tested using the racking protocol appearing in the third draft of ATC-58, and the other one, was
tested using the racking protocol defined in a previous draft of ATC-58, where the loading history is calculated as

1.04
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2.4.2.12 Study by Lee et al. (2006)

Lee et al. (Lee ¢# al., 2007) studied the seismic performance of four full-scale light-gage steel studded
gypsum partition walls constructed following standard Japanese building practice. The specimens were
tested considering quasi-static and dynamic cyclic loading protocols. The quasi-static cyclic protocol
imposed two cycles per testing amplitude. The dynamic testing protocol consisted in a sinusoidal signal
with a constant frequency of 1 second, imposing the same sequence of cycles and drift ratios as the quasi-
static testing protocol. Effects of a door opening and intersecting walls were considered in assessing the
partition walls performance. It was observed that the damage was concentrated in the walls perimeters and
that the dynamic protocol did not amplified the damage observed during the quasi-static protocol. The

total loss of the specimens was observed for drift ratios of 2%.

2.4.2.13 Study by Mematri et al. (2006)

Memari et al. (Memari ef al., 2006) performed a series of full-scale dynamic racking tests to evaluate the
seismic vulnerability of architectural glass panel curtain walls. A vulnerability mitigation measure
consisting of the modification of corner geometry and edge finishing of conventional glazing curtain walls
was proposed. The suggested solution consisted of rounding the glass corners to minimize protrusions
and edge roughness. This experiment demonstrates that glass edge and corner finishing have a primary

influence on the glass cracking and fallout of curtain walls.

2.4.2.14 Study by Weggel et al. (2007)

Weggel et al. (Weggel ¢f al, 2007) studied the serviceability of an economical, nearly conventional, glass
curtain wall system that provides a low level of blast resistance. A conventional mullion system with
laminated glass panels was experimentally subjected to static and transient dynamic service loads. A finite
element model was developed and calibrated to match the experimental observations. Earthquake loads

were not considered in the experimental study of this nearly conventional curtain wall system.

2.4.2.15 Study by Dinehart et al. (2008)

Dinehart et al. (Dinehart e a/, 2008) studied an alternative to the conventional screwed sheathing
connections used in wood-framed gypsum partition walls. A viscoelastic polymer was introduced between
the sheathing and the stud frame. Tests on sheathing connections and shear walls were performed using
the CUREE quasi-static testing protocol. It was observed that the viscoelastic connection increases the
dissipation of energy and the wall stiffness at large drift levels. The viscoelastic connection improved the
wall performance while resisting damage when the specimen was subjected to large drifts (= 3%). The

viscoelastic connection exhibited less degradation in comparison to the conventional screwed connection.

60



The experimental study was complemented with the development of a finite element model (Blasetti ez 4/,
2008) used to predict the performance of viscoelastic shear walls, and to optimize the thickness and
location of the viscoelastic connections within the walls. It was finally concluded that further research

examining the performance of this viscoelastic system throughout dynamic tests is necessary.

2.4.2.16 Study by Fathali and Filiatrault (2008)

Fathali and Filiatrault (Fathali and Filiatrault, 2008) performed an experimental study aimed at evaluating
the seismic performance of Isolation/Restraint (I/R) systems for light mechanical equipment. Shake table
tests were conducted on an air-handling unit mounted on I/R and rigid systems. It was observed that
reducing the displacement of the equipment through using I/R systems amplifies the peak equipment
accelerations. Furthermore, it was observed that reducing the gap size improves the seismic performance
of the I/R system. Increasing the thickness of the rubber snubbers reduces the forces in the I/R system,
but can increase accelerations and displacements in the equipment. It was finally concluded that higher
amplification of accelerations are expected for light and flexible equipment than for rugged and heavy

equipment.
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SECTION 3

DEVELOPMENT OF THE UNIVERSITY AT BUFFALO
NONSTRUCTURAL COMPONENT SIMULATOR

The seismic vulnerability of nonstructural components and equipment with their expensive recovery
and/or replacement costs has been demonstrated during past earthquakes. The limited data collected
during past events ate not sufficient to completely characterize the seismic behavior of nonstructural
components and develop effective mitigation measures. Moreover, given the complexity of various
typologies of nonstructural components subjected to seismic excitations, systematic experimental testing is

necessaty for a better understanding of their seismic behavior.

Until recently, testing facilities did not have the capability to subject nonstructural components, systems
and equipment to both full-scale absolute floor accelerations and story deformations experienced at upper
levels of multistory buildings. These motions atre typically more demanding compared to those recorded at
the ground level, for which earthquake simulators are typically designed. Even for ground shaking, the
limited stroke of earthquake simulators typically requires the filtering of low-frequency accelerations that
may influence the response of some types of nonstructural components and systems. To address these
limitations, the University at Buffalo has commissioned a dedicated Nonstructural Component Simulator
(UB-NCS) composed of a two-level testing frame capable of simultaneously subjecting both displacement
and acceleration sensitive nonstructural components, systems and equipment to realistic full-scale floor

motions expected within multistory buildings.

This section presents a detailed description of the criteria considered for the design of the UB-NCS
testing frame and its high performance dynamic actuators. The new testing capabilities provided by the
UB-NCS are also detailed. The results obtained from a series of tests carried out to verify the fidelity and
performance capabilities of the UB-NCS are presented. A methodology for off-line command input signal
compensation is also proposed to improve the fidelity of the UB-NCS in replicating targeted platform
motions. The results and observations of a first test performed on two full-scale C-shaped steel studded

gypsum partition walls are described.
3.1 UB-NCS design considerations

The main requirements for performing realistic seismic tests of nonstructural components is the ability of
the servo-hydraulic equipment to reproduce the absolute floor motions at various levels of a building

excited by earthquake motions. In order to assess these equipment requirements, floor motions recorded
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in four instrumented buildings during major earthquakes in California were considered (Shakal ¢f @/, 1995).
One of these buildings was shaken by the 1989 Loma Prieta earthquake, while the other three were shaken
by the 1994 Northridge earthquake. Table 3.1 summarizes the peak responses measured and estimated at
the roof level of these instrumented buildings. Additionally, the simulation of full-scale near-fault ground
motions such as those listed in Table 3.2 also require similar dynamic characteristics compared to building

absolute floor motions.

Table 3.1. Peak seismic responses at roof level of four instrumented buildings

Estimated Estimated Estimated

Measured
Building Building Description and Location Peak Roof F;ndam. Peal; R.OOf Peak. Roof
Accel. (o) e‘rlod Ye ocity D}sp.
T (s) (in/sec) (in)
Pacific Park  30-story concrete shear wall and 0.37
Plaza moment resisting frame; Emeryville, Loma 2.69 61.0 26.4
CA. Prieta
Olive View 6-story concrete moment resisting 150
Medical frames and steel plate shear walls; Nort.hri doe 0.33 30.3 1.57
Center Sylmar, CA. &
7-story R/C  Moment resisting frames in petimeter 0.58
building and flat plates and columns in the g 1.98 70.5 22.4
. S Northridge
interior; Van Nuys, CA.
13-story Non-ductile moment resisting
R/C concrete frames with concrete shear 0.45
building walls in basements; Sherman Oaks, Northridge 3.00 827 39.4
CA

Table 3.2. Peak motion values for 10 historic near-fault ground motion records

Peak Ground Peak Ground Peak Ground

Seismic Recording Station Horizontal Horizontal Horizontal
Event Acceleration Velocity Displacement

(2 (in/sec) (in)

1994 Northridge Rinaldi 0.84 64.2 12.2
Newhall 0.62 47.6 13.4

Sylmar Converter 0.83 40.2 16.5

Sylmar Olive View 0.84 46.5 12.2

1995Kobe KJMA 0.82 37.8 9.84
Takatori 0.61 66.9 17.7

1983 Morgan Hill Coyote LD 1.30 28.0 5.51
1978 Tabas Tabas 0.85 46.9 354
1979 Imperial Valley El Centro Diff. Array #5 0.52 33.5 25.6
1992 Landers Lucern Valley 0.79 31.9 24.0

From Table 3.1 and Table 3.2, the envelope responses of the building roof for the four instrumented
buildings and the near-fault ground motions are a peak acceleration of 1.5¢g, a peak velocity of 82.7 in/s,
and a peak-to-peak stroke of 78.8 in. To meet these peak demand parameters, the UB-NCS testing frame

is activated by four identical high performance dynamic actuators capable of subjecting nonstructural
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components and equipment up to 3g horizontal accelerations, 100 in/s velocities and 40 in
displacements for specimens with reactive weights up to 6 kips per level. These dynamic capabilities
exceed the peak ground and building response values given in Table 3.1 and Table 3.2, allowing the UB-
NCS to reproduce full-scale building floor motions and near-fault ground motions. Each actuator has a

load capacity of 22 kips, and is driven by a 950 liters/min servo-valve. Details of the high-performance

dynamic actuators are summarized in Table 3.3.

Table 3.3. Actuators properties

Actuator Model : MTS ASSY 247.22S
Load capacity (each) : 22 kips
Stroke 80 in (total)

Minimum static : 140.31in

Minimum dynamic : 141.6in

Mid-stroke 0 180.9in

Maximum dynamic : 2203 1in

Maximum static : 223.61n
Servo-valve type ¢ 256.25 (250 GPM)
Servo controller : MTS FlexTest

As illustrated in Figure 3.1, the UB-NCS was designed to accommodate the construction of distributed
full-scale nonstructural components, systems and equipment, typically found at the upper levels of

multistory buildings, and to subject the specimens to recorded or simulated absolute floor accelerations

and interstory drifts.

High-performance
servo-hydraulic
actuators

* Gypsum Wall
« Partition”

Figure 3.1. Hlustration of the UB-NCS
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3.2 UB-NCS description

The UB-NCS has a story height of 12 ft in the first level and 14 ft in the second level to accommodate
full-scale testing specimens. The platforms at each level are 12.5x12.5 ft with beams typically constructed
from HSS8x6x1/2” hollow tube sections. The platform is a 2x2 ft grid with tie-down holes spaced at 1 ft.
Additionally, four centrally located cruciform shapes are removable to provide four 3.5x3.5 ft square
openings, which can accommodate pass through, tall, or wide, equipment (e.g. heating, ventilating and air
conditioning ducts) that may span more than one level. The columns are made of HSS8x8x1/2” and are
connected to the platforms by three-dimensional swivels to allow for the unrestrained motion of the
testing frame. Figure 3.2 shows a schematic of the elevation and plan view of the testing frame. Figure 3.3

shows photos of the actual frame. Table 3.4 summarizes the dimensions and properties of the UB-NCS.

More detailed construction drawings for the UB-NCS are provided in Appendix A. The set of drawings
includes the details of the geometry of the testing frame and the ancillary parking frame system used for

restraining the frame in its centered position once the actuators have been shut down.
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Figure 3.2. Geometry of the UB-NCS: (a) Plan view and (b) Elevation
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Table 3.4. Dimensions and properties of the UB-NCS

Platform size ¢ 12.5x12.5 ft
Opening size : 3.5x3.5 ft (each)
Number of stories 2

Story height 1+ level 12 £t

Story height 20 level : 14 ft

Maximum specimen weight : 6 kips/level
Degtrees of freedom : 2 horizontal (per floor) + 1 vertical
Frequency of operation ¢ 0.2-5.0 Hz
Peak displacement : +40in

Peak velocity : 100in/s

Peak acceleration : Up to 3g

@)
Figure 3.3. Photographs of the UB-NCS: (a) Front view; and (b) Isometric view

3.3 New testing capabilities

The UB-NCS provides the unique capability to replicate, under controlled laboratory conditions, the
effects of strong seismic shaking on nonstructural components, systems and equipment located at various
floor levels within buildings. This new testing capability constitutes a primary step towards better
understanding the progression of damage in nonstructural components and their dependence on various
carthquake intensity measures. The knowledge of the seismic performance of several typologies of
nonstructural components will allow designers to apply, with reduced uncertainty, performance-based
design tools for achieving performance objectives such as building functionality, monetary investment,

and/or occupants’ life protection, as targeted by stakeholders and investors. The generated fragility data
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will also be useful in quantifying and predicting economical loses due to earthquakes and providing the
critical data required to support decisions concerning the use of response modification strategies for
seismic protection of primary and secondary systems (Miranda, 2006). Moreover, the new testing
capabilities will allow for more realistic seismic qualification procedures as required by current codes such

as ASCE 7 (ASCE, 2005) and IBC 2006 (ICC, 2000).

The UB-NCS testing facility allows for testing nonstructural components sensitive to interstory drifts,
velocities and/or accelerations imposed by the motion of two adjacent floors in multistory buildings
during seismic events. Figure 3.4 shows a schematic of the platform motions inputted to the UB-NCS
actuators, obtained from the simulated response of a multistory building. Similarly, the platform motions
can be obtained from the building floor motions recorded during strong earthquake events. In order to
more broadly assess the seismic performance of distributed nonstructural components, systems and
equipment, independent of building or ground motion, the testing protocols described in Section 4 have

been developed.

Figure 3.4. Schematic of input motions for UB-NCS platforms

Building contents of several configurations and typologies including partition walls, cladding curtain walls,
distributed duct, piping and electrical systems, HVAC systems, suspended ceilings and ceiling mounted
equipment can be tested, as illustrated in Figure 3.1. The UB-NCS also allows for testing both anchored
and self standing equipment positioned on any of the two platforms and attached to one or both of the
platform levels. For example, distributed piping or HVAC systems typically attached at multiple building
levels can be spanned between the two UB-NCS platforms to impose simultaneously seismic demands at
their upper and bottom attachment points. Recently, a water piping system has been tested considering
bottom attachments on conventional shake tables and upper attachments at ancillary reaction frames
(Goodwin e# al., 2004). This configuration applies accelerations at the bottom supports and drifts on the
specimen, but does not impose inertial forces at the upper supports. The modular configuration of the

UB-NCS addresses this shortcoming. Further, each platform can also be used as a conventional

68



carthquake simulator with the capability to reproduce full scale near-fault ground motions, including large

displacement/velocity pulses.

The UB-NCS can be extended for biaxial horizontal testing. This configuration will require at least two
additional high performance actuators for controlling the three in-plane degrees of freedom at each
platform level. Vertical accelerations up to 1.15¢g can also be included in an experiment by mounting the
testing frame on top of one of the two existing 23x23 ft six-degree-of-freedom SEESL earthquake

simulators, as shown in Figure 3.5.

Figure 3.5. UB-NCS mounted on top of SEESL earthquake simulator for vertical acceleration input

The UB-NCS facility can be integrated into the framework for the Real-Time Dynamic Hybrid Testing
(RTDHT) developed at UB to investigate the seismic interactions between primary and secondary systems
(Reinhorn e al, 2004). The RTDHT is a testing method combining the use of earthquake simulators,
dynamic actuators, and computational models for simulating the seismic response of large structures. The
prototype structure is divided into one or more physical substructures and one or more computational
substructures with the interface boundary forces and displacements imposed by actuators. This new
experimental method, capturing the interaction between structural and nonstructural building
components, is realized by using the UB-NCS facility in combination with recently developed testing

techniques.
3.4 UB-NCS performance verification

The dynamic properties, testing capabilities and actual limitations of the UB-NCS equipment have been

experimentally verified through extensive testing using random, harmonic and simulated building floor
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motions. This subsection focuses on the capability and fidelity of the UB-NCS to reproduce seismic floor

motions and on the actuator control and compensation procedures necessary to adequately replicate these

motions.
3.41 Dynamic performance of bare actuators

The dynamic performance of the bare actuators was assessed through a series of harmonic excitation tests.
Figure 3.6 shows a comparison between nominal and actual capabilities of the high performance actuators.
It is observed that the actual capacity of the high performance dynamic actuators is slightly larger than

their nominal capacity, in the whole range of frequencies considered in the verification.

Nominal and Experimental Actuator Performance Curves
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Figure 3.6. Comparison of nominal and measured actuator capacities for harmonic input

3.4.2 Operation frequency limits of UB-NCS

The UB-NCS operation frequency limits were estimated by performing a tests series that included white
noise excitations, and vertical and horizontal hammer impacts on the actuators (attached to the testing

frame) and on the platform. Table 3.5 shows the natural vibration frequencies identified experimentally.

In Table 3.5 it is observed that the frequency controlling the resonant response of the actuators-platform
system is the horizontal bow-string actuator frequency. This frequency and the oil-column frequency are

much lower than the frequencies observed in the actuators typically used for experimental earthquake
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engineering because of the mechanical and geometrical properties of the long-stroke high-performance
actuators required for replicating full-scale building floor motions and near-fault ground motion records.
The differences between horizontal and vertical bow-string actuator vibration frequencies are caused by

the counterweight system used to compensate the dead weight of the actuators.

Table 3.5. Results experimental tests

Test
Dynamic property Impacton  Impacton  Impacton White
Actuator C Actuator D Frame noise
Vertical bow-string frequency 9.2 Hz 8.7 Hz - 8.7-9.1 Hz
Horizontal bow-string frequency 6.6 Hz 6.6 Hz - -
Oil-column frequency - - 12.3-13.6 Hz -
Frame transverse direction frequency - - 38.9-39.3 Hz -
Platform dish mode frequency - - 19.1-20.0 Hz -

3.4.3 Off-line input command signal compensation process

The input motions for the UB-NCS need to be preconditioned to stay within the operation limits of the
equipment and to improve its performance. The floor motions used for developing the necessary
command signal compensation procedures were obtained from the simulated response of an existing
medical facility located in the San Fernando Valley, in Southern California. This 4-story moment resisting
steel framed building model with non-uniform distribution of mass and stiffness has been extensively
studied by MCEER (formerly Multidisciplinary Center for FEarthquake Engineering Research)
investigators (Yuan and Whittaker, 2002). The floor motions were obtained from nonlinear seismic
analysis of the building excited by synthetic ground motions corresponding to a seismic hazard with a
probability of exceedance of 5% in 50 years (Wanitkorkul and Filiatrault, 2005). The absolute
displacement response histories calculated for the 34 and 4% levels of the building (Figure 3.7) were

applied to the bottom and top levels of the UB-NCS, respectively.

The mechanical and geometric properties of the UB-NCS actuators pose several control challenges. These
actuators have displacement strokes that are longer and force capacities that are smaller compared to those
typically used in structural testing. The geometric configuration of the actuators, as shown in subsection
3.4.2, results in bow-string and oil-column vibration frequencies of approximately 8 and 13 Hz (Table 3.5),
respectively, when attached to the testing frame. For this reason, the operating frequency range of the UB-
NCS is limited between 0.2-5.0 Hz. Thus, the first step in generating a command signal for the UB-NCS
consists of pre-filtering the floor motions to remove all high frequency contents using a Butterworth low-
pass filter of order #=50 and cutting frequency f,,=5 Hz. An additional notch filter with central frequency

8 Hz and bandwidth 6.5 Hz is used in the servo-valve control loop to filter the actual electrical signal
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provided to the actuators. Both filters are necessaty to avoid exciting the system resonant frequencies
during testing, while still capturing the first few dominant modes of vibration contributing to the
simulated building response. In the discussion that follows, the filtered signal is termed desired floor

motion and its associated acceleration response spectrum is named Desired Response Spectrum (DRS).

Desired Displacement at Top Level Desired Acceleration at Top Level
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Figure 3.7. Desired ﬂoor(izlotions used for evaluation of UB-NCS: (a) displacer(nbints and (b) accelerations
The fidelity of the UB-NCS in replicating the desired floor motions depends mainly on adequate tuning of
the actuator controllers, training of the real-time Adaptive Inverse Control (AIC) compensator (MTS,
2005), and correct preparation of the input command signal. Tuning of closed loop controllers and AIC
compensator is performed before each test series by driving the actuator valves and running the system
with a band limited white noise with frequency content in the range of 0.1 to 6 Hz, slightly exceeding the
target frequency range of the UB-NCS. The signal Root Mean Square (RMS) amplitude is manually
increased from 0.05 to 0.3 inches, with spectral amplitude decreasing with the square of frequency. The
tuning process first considers the two actuators located at a same level of the testing frame to minimize
differential motions or twist at each level. Then, all four actuators are tuned simultaneously to minimize

errors in interstory drifts.

Despite initial efforts to filter control signals and finely tune the actuator controller, the UB-NCS did not
completely reproduce the desired floor motions, as shown in Figure 3.8. Figure 3.8a compares the desired
and observed bottom level floor motions, indicating a 7.8% overshoots at peak displacements. Figure 3.8b
shows that the Observed Response Spectrum (ORS), calculated using the recorded floor accelerations,
exceeds the DRS by more than 50% for all frequencies greater than 1.5 Hz. To address these
discrepancies, an iterative process was developed to precondition the open loop command signal for
better correlation with the Desired Response Spectrum (DRS). A flow chart of the iterative compensation

procedure for the command signal, including pre-filtering tasks, is shown in Figure 3.9 and described next.
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Figure 3.8. Compar(i?on of desired and observed response for simulated ﬂ<2)or motions without

compensation: (a) displacements at bottom UB-NCS level and (b) desired and observed FRS
In the first off-line iteration of the compensation process for the open loop command signal, the desired
floor motion is directly used as command input for running the bate frame. The platform accelerations
measured during the test are used to calculate the Observed Response Spectrum (ORS). If the ORS
overestimates the DRS by less than 10-20% in the whole range of the UB-NCS operation frequencies
(0.2-5 Hz), the command signal is considered acceptable for final specimen testing (Harris, 2001).
Otherwise, the command signal is compensated through an iterative process until the aforementioned
condition is achieved. In order to prepare the command signal for the next iteration, the Inverse Transfer
Function (ITF) between the current command signal and the observed floor motion is calculated. This
ITF is used to filter, in the frequency domain, the Fourier spectral amplitudes of the current command
signal. Fourier phases are not modified in this process. The resulting compensated command signal in the
time domain is considered in the next iteration. This iterative process is followed until convergence is
achieved between the DRS and the ORS. Finally, the compensated command signal used in the last

iteration is used for final specimen testing.

As shown in Figure 3.8b, the ORS obtained after using the desired floor motions directly as command
input overestimates the DRS by more than 50% for all frequencies greater than 1.5 Hz and consequently,
a second iteration was necessary. Figure 3.10a shows the ITF between the command and observed
displacements used to filter the current command signal FFT for the next iteration. Figure 3.10b shows
that the FFT’s for the current and compensated command signals are slightly modified. The final results
after signal compensation are shown in Figure 3.11. The displacement overshoot in Figure 3.11a is
reduced to less than 0.6% of the desired floor motion. The ORS in Figure 3.11b overestimates the DRS
by less that 20% for most frequencies except in the range 2.7 to 3.1 Hz, where the amplitude is 45%

greater. The command signal at this stage appears acceptable for final specimen testing, though another
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iteration could be applied if desired. An identical process was simultaneously applied to compensate the

UB-NCS top level command signal.
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Figure 3.9. Flow chart for off-line iterative process for command signal compensation
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Figure 3.10. Results of first iteration for off-line command signal compensation: (a) inverse transfer
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signals
Desired Versus Observed Displacement at Bottom Level. 2" jteration Comparison Acceleration Response Spectra Bottom Level (2"d Iteration)
T T T T T T T T T 5 T T T T T T T T T
— — — Observed Act. C —DRS
— —— Observed Act. D 4t il -~~~ ORS -
10 ) Desired f \‘
A 35) I ]
/oA = [
5 / \ % 3t ] E
/ N\ § = \
c / - Y /\‘v 8 ; {
g /v/ \ /N @ 25f [N E
E of T Y / \ / g / \
8 \\\ Y \ ) g 2 | \ E
o \ 7 i f”/ 3 (/
a N \ o |
5 = (N 5 15 | .
1 p K=} |
\ / = |
W 1r Ve B
101 \ / It
AV 05F / i
/
3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Time (sec) Frequency (Hz)

@) (b)
Figure 3.11. Comparison of desired and observed response for simulated floor motions after applying

off-line compensation: (a) displacements at bottom level of UB-NCS and (b) desired and observed floor
response spectra

3.44 Performance evaluation of UB-NCS with payload

The capabilities of the UB-NCS with an actual payload were verified by testing the full-scale steel studded
gypsum partition wall specimen shown in Figure 3.12 and detailed in Figure 3.13. The specimen consisted
of two identical C-shaped partition walls constructed following standard hospital construction techniques.
The walls were constructed between concrete slabs attached to the UB-NCS, as shown in Figure 3.12, to
replicate realistic building boundary conditions. The partitions are approximately 10.5 ft in length and 13 ft

in height. The steel studs are model SSMA 3625125-43 (18 gauge in thickness) with a typical spacing of 16
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inches o.c. and the tracks are model SSMA 362T125-43 (18 gauge in thickness). The tracks were
connected to the platform slabs using standard power driven 1'2” fasteners, spaced at 12 inches. Gypsum
wallboard panels with a thickness of 5/8” were screwed to the studs and finished with corner beads,

taping, mud and white paint.
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Figure 3.12. Partition walls tested on the Figure 3.13. Plan layout of partition walls tested using the
UB-NCS with approximate dimensions UB-NCS

A simplified version of the seismic qualification testing protocol presented in Section 4 was considered to
assess the seismic performance of the gypsum wall specimen. The testing protocol imposes mean peak
seismic demands compatible with a United States Geological Survey (USGS) ground response spectrum
associated to a uniform seismic hazard with a probability of exceedance of 10% in 50 years for the city of

Northridge, California.

The imposed demands correspond to the mean 84t percentile (mean values plus one standard deviation
for normal distribution) demands expected on nonstructural components located within buildings with
fundamental periods in the range 0.1 to 5 seconds, and several types of lateral seismic resistant systems
(deformation patterns going from pure shear to pure bending). Moreover, the drifts and absolute
accelerations imposed by the protocol correspond to the seismic demands expected at a normalized
building height 4/ H=0.3, where H denotes the total height of a generic building. This normalized building
height corresponds to the building model height that yields the peak mean 84 percentile interstory drifts
to be imposed on the predominantly displacement sensitive specimen. Details regarding the estimation of

seismic demands distribution within multistory buildings are presented in Section 4.
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The closed-form equation for the bottom UB-NCS level displacement protocol (in inches) is given by:

X (£)=1.95 1 (1) 05 (@(#)) w(2) 3.1)
where
* M77
F()=Fon Lf—J (3.2)
fmﬁx
1 .
t, =S—y/0g2% (3.3)
L S h2(1 | 4f, —4f, +1
22PN T P e T i + 3.4
flﬂ/ﬂ 2 (2 |\ ‘Swr /”4 JJ f”/{l.')( ( )
o(r)=2z| f(7)dr (3.5)
0
and
z 7—[0;(2]} 0<r<z,
2| ‘ '
w(t)=41 t,<t<2t,—t, (3.6)
% - ms[l(z‘ —2t,42¢, )H 2t,—t, <t<2¢,
7,

f(#), t,, f.,,and @(¢) in equations (3.2) through (3.5) denote the instantaneous testing frequency, the
time instant at which the effective minimum testing frequency is reached, the effective minimum testing
frequency, and the instantaneous testing phase, respectively. »(#) in equation (4.105) is a windowing
function used to smooth the ramp-up and ramp-down portions of the testing protocol. The other
parameters considered for this simplified testing protocol were f, =5 Hz and f,, =0.2 Hz, which
correspond to the operating limits of the UB-NCS and the frequency content of the responses expected in
multistory buildings. A constant frequency sweep rate 5, =12 octaves/min, and a ramp duration #,=1.5
seconds were used. The resulting protocol shown in Figure 3.14 transitions from high to low frequencies,
and then sweeps back to high frequencies. The final high frequency sweep is intended to capture the
behavior of components that might be damaged initially by drifts and become sensitive to accelerations
(e.g., partition walls acting as a cantilever after failure of top slab connection). Further details on the
seismic demand analysis performed to obtain and calibrate the proposed testing protocol are presented in

Section 4.
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The closed-form equation for the interstory drift (A) protocol (in inches) is calculated as:

A(2)=6hy e_[%j cos(@(#))w(7) 3.7)

where ¢ =1.09% is the maximum interstory drift ratio imposed during testing, /.., denotes the free

interstory height of the testing equipment, and ¢ =7.5 seconds is a factor used to control the number of

large and small cycles imposed by the interstory drift protocol.

The protocol displacement history for the top UB-NCS level (an) is calculated as:

h b h
XT”P [l" Ej = Xﬁw‘tow (f’ Ej + A[l" Ej (3'8)

Figure 3.14 shows the UB-NCS platform displacements and interstory drift protocol histories used in this

test series. For fragility assessment purposes, the protocol was applied on the test specimen using scaling

factors of 25, 50, 100, 150 and 200%.
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Figure 3.14. Testing Protocol: (a) Floor displacements; and (b) Interstory drift

The input motions for these tests were preconditioned at 100% protocol amplitude with the bare
platform, as described in subsection 3.4.3. During the partition wall test series, undershoots in the
actuators displacements were observed for frequencies larger than 1 Hz. The error between desired (DRS)
and observed (ORS) floor response spectra were on the order of 75%, as observed in Figure 3.15. As a
result, it is recommended to perform the actuator tuning process and the off-line input command signal

compensation with a similar payload or at small amplitude after the construction of the testing specimen.
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The full-scale partition wall test series provided valuable information for fragility assessment of the seismic
behavior of gypsum partition walls. Table 3.6 summarizes the damage sequence observed in the specimen,
while Figure 3.16 shows the ensemble of hysteresis loops measured during the test series. In generating
Figure 3.16, the forces in both partition walls are considered to be equal. From Figure 3.16, the maximum
force of 9.1 kips in each partition wall is observed at an interstory drift ratio of 0.81%. Strength
degradation and pinching response of the partition walls are caused by the cyclic crushing of the gypsum
wallboard around the screws connecting the panels to the steel frame. Crushing of the gypsum panels was
also observed along the edges of the wall and in between panels. Inspections during demolition of the
specimen revealed that the steel-stud frame and connections of the upper and lower track to the concrete
slabs were intact, with damage limited mainly to the gypsum panels. Figure 3.17 presents a set of photos

showing the damage progression observed in the partition walls.

Table 3.6. Damage evolution in gypsum partition walls

1?02)& Damage observed

0.47 : Raised surface and small cracks around screws at bottom and top of walls.
Vertical cracks at top and bottom ends of corner beads.

0.52 :  Initial pop-out of screws at bottom and top of wall.

Cracks along tape at sheetrock panel joints.
Vertical cracks at top and bottom ends of corner beads propagated.
Incipient crushing of wall corners.
1.10 : Widespread pop-out of screws at center of sheetrock panels.
Cracks along most tape at sheetrock panel joints.
Permanent gaps (~1/16-1/8”) between sheetrock panels.
Increased crushing of wall corners.
1.64 : Widespread pop-out of screws in the whole wall.
Edges of sheetrock panels crushed.
Smaller sheetrock panels become loose.
Permanent gaps (~1/8-1/4) between sheetrock panels.
Increased crushing of wall corners.
2.21 ¢ Screws in all edges of all panels are disconnected.
Edges of sheetrock panels continue crushing.
Smaller sheetrock panels totally loose.
Permanent gaps (~1/4-1/2”) in most joints between sheetrock panels.
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(a) Screw rising observed at a 0.47% drift ratio (b) Screw rising observed at a 0.47% drift ratio

(c) Crack along tape observed at a 0.52% drift ratio (d) Screw rising observed at a 0.52% drift ratio

Figure 3.17. Photos of damage observed in steel studded gypsum partition walls
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(¢) Permanent gaps t~1/16-1/8” between (f) Permanent gaps t~1/16-1/8” between sheetrock
sheetrock panels observed at a 1.10% drift ratio panels observed at a 1.10% drift ratio

(2) Permanent gaps t~1/8-1/4” between sheetrock  (h) Permanent gaps t~1/8-1/4” between sheetrock
panels observed at a 1.64% drift ratio panels observed at a 1.64% drift ratio

i) Permanent gaps t~1/4- etween sheetroc ermanent gaps t~1/4- etween sheetroc
i) P oaps t~1/4-1/2" b heetrock  (j) P gaps t~1/4-1/2"b heetrock
panels observed at a 2.21% drift ratio panels observed at a 2.21% drift ratio

Figure 3.17. Photos of damage observed in steel studded gypsum partition walls (Cont’d)

3.5 Summary

This section presented a description of the new UB-NCS and its testing capabilities. The capability of the

testing facility to reproduce desired floor motions has been demonstrated. An off-line iterative process for
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input command signal compensation was proposed to match desired floor response spectra in the
operational range of the UB-NCS. Finally, the ability of the UB-NCS for evaluating the seismic
performance of full-scale testing specimens was demonstrated. Based on the performance of the UB-NCS
it was recommended to apply the actuators tuning and the input command signal compensation

procedures with an actual payload or at small amplitudes after the construction of the specimen.

Next section will present a testing protocol for seismic qualification and fragility assessment of
nonstructural components that imposes simultaneously the seismic hazard consistent absolute floor

accelerations and story drifts expected at the upper levels of multistory buildings.
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SECTION 4

DEVELOPMENT OF TESTING PROTOCOLS FOR DISTRIBUTED
NONSTRUCTURAL COMPONENTS, SYSTEMS AND EQUIPMENT

Recent building design codes and standards, such as IBC 2006 (ICC, 2006) and ASCE 7-05 (ASCE, 2005),
now require seismic qualification of mechanical and electrical equipment and its mounting systems in
important buildings to ensure they remain functional during and after a seismic event. This requirement
has practical consequences on manufacturers and providers of standardized nonstructural components
since their products will need to be seismically qualified to a specified level of shaking. Equipment
qualification can be accomplished through experimental methods such as shake table testing, analytical

methods, or experience data. However, little guidance is provided on actual qualification procedures.

Moreover, with the development of performance-based earthquake engineering, harmonization of
performance levels between structural and nonstructural components becomes vital. Even if the structural
components of a building achieve a continuous or immediate occupancy performance level after a seismic
event, failure of architectural, mechanical, or electrical components can lower the performance level of the
entire building system. As consequence, experimental fragility analysis becomes necessaty to harmonize

the seismic performance of the primary system and building contents.

For experimental seismic qualification and fragility analysis of nonstructural components and equipment,
shake table testing protocols have been proposed by AC156 (ICC-ES, 2007), FEMA 461 (FEMA, 2000),
and IEEE 693 (IEEE, 20006), and are now being used for this purpose (Badillo-Almaraz et al., 2007,
Badillo-Almaraz ez al., 2000; Filiatrault and Matt, 2005; Restrepo and Lang, 2005). These protocols have
been mainly calibrated to match floor response spectra of linear Single Degree of Freedom (SDOF)
systems, considering the limited displacement capabilities of conventional shaking tables. Moreover, these
shake table protocols are mainly intended for testing acceleration-sensitive nonstructural components,
such as suspended ceiling systems and mechanical equipment, anchored to a single building level. A
racking protocol for seismic performance assessment of displacement or drift sensitive components, such

as partition walls, is also proposed in FEMA 461.

Nonstructural systems typically found in office, hotel and hospital buildings may be composed of
components that individually may be either acceleration or displacement sensitive, but when combined
with other systems may become sensitive to both accelerations and interstory drifts. In hospitals, for
example, acceleration sensitive patient monitors are typically attached to displacement sensitive partition

walls. The seismic performance of individual distributed nonstructural components and the assessment of

83



interactions between components can be evaluated through a testing protocol taking full advantage of the

UB-NCS capabilities.

This section presents a general dynamic testing protocol that can be configured for experimental seismic
qualification or experimental seismic fragility evaluation of distributed nonstructural components, systems
and equipment. The protocols can be applied dynamically or quasi-statically. The proposed protocol
histories are obtained following a seismic demand analysis performed considering a continuous beam
model and principles of random vibration theory. The resulting protocol histories impose the mean
seismic demands expected within multistory buildings, independent of specific building or ground motion
characteristics. Details of the seismic hazard characterization, the random vibration theory concepts, and

the building model used for the development of the testing protocol are presented in this section.
4.1 Theoretical background for UB-NCS testing protocol

In order to develop a testing protocol for nonstructural components, the seismic demands are first
examined through a generic building model. The seismic excitation input to the building model is
characterized through the Uniform Seismic Hazard (USH), a site specific ground response spectrum
defined by the United States Geological Survey (USGS). The USGS-USH, which accounts for the
Probabilistic Local Seismic Hazard (PLSH), considers the ensemble of all possible earthquake scenarios
(characterized by their corresponding earthquake moment magnitude M, and source-to-site R distance)
that can affect the site. A second alternative for characterizing the seismic input for the building model is
obtained from the Deterministic Local Seismic Hazard (DLSH), characterized by the site earthquake
modal event, the earthquake scenario with the highest probability of occurrence. Under this alternative,
pairs M,-R characterizing the modal event are used as input for the Specific Barrier Model (Halldorsson
and Papageorgiou, 2005; Papageorgiou and Aki, 1983b; Papageorgiou and Aki, 1983a; Papageorgiou and

Aki, 1984) in estimating the power spectrum input to the generic building model.

In the development that follows, the first alternative will be considered for generating a seismic hazard
compatible building model input. However, it is stated that the second alternative can be considered in
developing a more general testing protocol accounting for near fault earthquake effects, which is not

within the scope of this research.
4.11  Principles of stochastic processes

This subsection presents the principles of random vibration theory used to estimate the seismic demands

to be imposed by the UB-NCS testing protocol.
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4.1.1.1 Statistics of extreme values in random processes

The procedure summarized in this subsection was developed in the 1950’s by Cartwright and Longuet-
Higgins (Cartwright and Longuet-Higgins, 19506) for studying the statistics of the heights of the maxima in
ocean tides. The procedure has been extensively used in engineering applications and here it will be used

to estimate the maximum seismic demands expected on nonstructural components.

The first step in the estimation of the peak maxima value for a random process J/(z‘) consists in the

estimation of the probability density function for maxima. For this purpose, three random variables

d
§1=J/: §2=j;

2

d
and &, = ?fl are defined. The joint probability density function for &, &, and &,

p (é} £, ¢ ) , can be written in its normal form as (Clough and Penzien, 1993):

£(6,6,6)=2(S)

1
==/ /¢ (4.1)
(22) |

where fZ[f,,fz,é], g=[5,é?2,£:| =0 is the zero mean value vector, and U is the covariance

matrix, whose 4, term is defined by:

u,=E{£E] 42

Defining the #-th moment 7, about the origin of the power spectral density function S, (a)) of the

stochastic processy(z‘) as:
m, = | &', (0w 4.3)

The value of , calculated using equation (4.3) corresponds to the square of the root mean square

amplitude (Ywm‘) of the process y(#). It can be shown that the covariance matrix is given by:

u=| 0 om0 (4.4)

Substituting (4.4) into equation (4.1):
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_1[£+MJ

P f)é: ;f = p 1 7€ 2\ 7z momy=m3 =
( 1752 3) (2#)4[’”2(’”0”’4_'”5)]/2

In order to have a positive or negative local maximum in the range ( 9, ]+aﬁ/) in the time interval

(l,l+dl), the first time derivative of )/(z‘) should be positive (converging to 0) and the second

derivative should be negative, both satistying:

2

d d
0<Z <L a (4.6)
dr /A
which expressed in terms of the new variables is:
0<&,<|&|ar 4.7)

Therefore, the probability of finding one maxima lying in the range ( , y+@/) in the time interval

(l, I+ dl) is given by (Cartwright and Longuet-Higgins, 1956):

F (é)dédf{ [ p(é)o,é)léld@}dédf (48)

where F (é) is the probability density of finding one maxima lying in the range ( 0+ @/) in the time

interval (#,7+d#). It follows that the mean frequency of maxima N is given by:

N, = T jp(§,0,§3)|§5|d§3d§,=é\/% (4.9)

—00 —oo

and therefore, the total number of maxima N in a random process is calculated through:

(4.10)

where T, is the total duration of the stochastic process. For the case of earthquake events, T, is given by:

T, =T, +0.05R (4.11)

where R (in km) corresponds to the source-to-site distance; and Tir is the duration of the source rupture
process, calculated in terms of the seismic moment M, and the global stress drop A0, during the faulting

process using:
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M, in equation (4.12) is related to the earthquake magnitude M,, the most common seismological measure

of earthquake size, through:

Z(M,,+70.7)

M =10 (4.13)

The second term in equation (4.11), proposed by Herrmann (Herrmann, 1985) and also adopted by Boore
(Boore, 20032) and Halldorsson and Papageorgiou (Halldorsson, 2004; Halldorsson and Papageorgiou,
2005), accounts for path-dependent ground motion duration. The pair My-R considered in this study

corresponds to the modal event (Kramer, 1996) controlling the deterministic local seismic hazard.

Expressing the maxima of the stochastic process in the non-dimensional form 77 = é / N é / Yeus

and using (4.5) to solve for the integral in equation (4.8), the probability density function for maxima

(1) is obtained as the ratio F (é )/N, , and it is given by:

_Li —Lz \/77828 _xz
p(n):—%]z ge 2 +~1-€°ne 2 _17 /e édx (4.14)

where

2

., — m
2" 2 (4.15)
. m,

It can be shown that € in equation (4.15) takes values in the range 0 <& <7. The probability of 77

exceeding a given value 7] can be calculated using:

g(m)=[ p(nyn (4.16)
n
Substituting (4.14) into (4.16) and integrating, we obtain:

o _x? _2 \/?8 _x?
j e édx+\/7—€ze ﬂéj-_li /e édx} (4.17)

n/e
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where the dummy variable 7] has been replaced by 77 to simplify the notation. Now, we can calculate the
mean peak maxima 7], . In order to do so, the probability density function of a random process

consisting in that IN randomly selected maxima are not larger than a given value is calculated as:
g y g g

nax >

d N
= |71- 4.18
p (n/)mx ) d?]ﬂmx q (nmax ):| ( )

The expression shown in equation (4.18) corresponds to the probability density function for the peak
maximum of the stochastic process. Now, the mean peak maxima 7], can be calculated as the

expectation of the function in equation (4.18):
7, (N)= T?]ip—q(?])JN an 4.19)
max 4 477

where, again, the dummy integral variable 7

max

was changed onto 7] for simplicity. In the case of narrow
band processes, as the case of ground motion excitations, the variable £ tends to 0. Introducing £€=10 in

equation (4.17), we obtain a conservative approximation for ¢(77):

1 n<o
Ji =1 4.20
lim (1) {e% ns0 (4.20)

Onto substitution of equation (4.20) into equation (4.19) we finally find that:

N-

7. (N )=TN77 7 [7 —e"%} dn @4.21)

A plot of 77, (N) in equation (4.21) is shown in Figure 4.1. A simplified procedure for finding an

approximate for 77, (IN) for the case €=0 was also proposed by Cartwright and Longuet-Higgins

max

(Cartwright and Longuet-Higgins, 1956). They proposed the so called asymptotic approximation:

2n(N

ml (N)=y2i(N)+ ﬁ 4.22)

where ¥ is the Euler-Mascheroni constant, calculated as ¥ = —I ¢ " Inxdx = 05772 (Abramowitz and
0

Stegun, 1972). Equation (4.22) is also plotted in Figure 4.1 for comparison.
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Figure 4.1. Mean peak maxima to root mean square ratio

Finally, it is recalled that the maximum expected amplitude Y, = of the random process y (z‘) is obtained

Nax

from the power spectral density moments as:

YvAIﬂx = 777/]ﬂx (N) Y

RMS

(4.23)

where 77

max

(N) can be calculated using either equation (4.21) or equation (4.22), N is computed using

equation (4.10) and Y,,,, is computed using equation (4.3) for »=0.

4.1.1.2 Generation of ground response spectrum consistent power spectral density functions

This subsection presents a procedure, combining the method proposed by Gupta and Trifunac (Gupta
and Trifunac, 1998) for generating ground response spectrum compatible power spectral density functions
and the theory of maxima presented in subsection 4.1.1.1, for generating USGS-USH ground response

spectrum consistent power spectral density functions. First, the power spectral density function

S (o

07

I 0) for the absolute acceleration response of a SDOF oscillator with natural frequency @,
and damping ratio ¢ excited by a ground acceleration stochastic process with power spectral density

0

function §, (a), 4 0) given by (Singh, 1976):

S, (@@,0)=S5, (0.0)[4 0o+ |H, (o) 4.24)

where
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H,(0)=(&] -’ +2z’§0wga))4 (4.25)

where 7=+/—7 denotes the imaginary unit. The term H, (a)) in equations (4.24) and (4.25) is the

2
frequency response function for the SDOF. Considering that the function ‘Hﬂ (a))‘ exhibits a single and

marked peak at @ = @),, Gupta and Trifunac (Gupta and Trifunac, 1998) proposed to simplify equation

2
(4.24) by considering a constant value obtained from evaluating ‘Ho ((0)‘ at W=, in a range of

frequencies with bandwidth B, = @, centered at @, . The bandwidth B, is selected in such a way that

the area under ‘Ha (a))r and the approximate function are the same (Elishakoff, 1983), i.e.:

1{ o
B, =2 = g“; — =7 W, (4.26)

1w’

0 0

Moreover, Gupta and Trifunac proposed to replace the term (a), 4 0) in equation (4.24) by its value at

@ = @,. By introducing those approximations into equation (4.24), the following simplified formula for

the absolute acceleration response power spectral density function is obtained:

2

S (wa,{)=S, (w@,(ﬂ){ﬂﬁ 72} (4.27)

@ 4

Using equation (4.3), the root mean square amplitude for the absolute acceleration response for a SDOF

oscillator with frequency @, and damping ratio ¢ can be calculated as:

P
2 (02
%RZUY a)o) é/ \/J. S a) wo) ; ) 25/7# (a)o) é/o) '[ (a)z + 44/2 (428>
5,0, 0 0
0,20

2

Calculating the integral at the right side of equation (4.28) we have:

oS, (0,
ﬁ;m<wo,;>=J%é/”(u:;mz:w) 429
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Now, the expected maximum absolute acceleration response for the SDOF oscillator %de (a),g“ 0),

4
which cortesponds, by definition, to the acceleration response spectrum at a frequency @,, S, (a)o Ne ) ,

can be estimated using equation (4.23) and then:

S, (ww go) = %ATM ( 015 ) 10,0 ( )”&m( g ) (4.30)

T
By introducing also the approximation N =——into equation (4.22) and replacing into equation (4.30):
T

T

d 71'(005” (wo’;a) 2 2 w4
5, (@,¢,)= zzﬂ(T;)oij\/z/ (7“0) \/ 6§ (1287 +7°¢) +3) (4.31)

Finally, after simplifying the notation for clarity, the ground acceleration response spectra compatible

power spectral density function is obtained as:

-2

64

S Ta)
(725+ (+3 \/ / Ta)

8, (00)= 4.32)

where T), is, for simplicity, the estimated duration of the random earthquake process, equation (4.11),

although, for the sake of exactness, it should correspond to the SDOF response process duration.
Equation (4.32) can also be expressed in terms of the SDOF natural period instead of natural frequency as

commonly used in engineering applications.

Information presented until this point is sufficient to generate ground acceleration realizations it'g (z‘)

using, for example, the procedure presented by Soong and Grigoriu (Soong and Grigoriu, 1993a):
Z a)k,g“ Aa)[V cos a)z‘)+W Jm((l) z‘)] (4.33)

where 7, and IV, are independent realizations of Gaussian processes with zero mean and unit standard
deviation;  is the number of non-ovetlapping intervals of width A@ considered in discretizing the

power spectrum S, (@,{);and @, is the central frequency of the &% interval.

91



4.1.2  Structural model for parametric seismic demand analysis

4.1.2.1 Model description

The building model considered for the seismic demands analysis consists of a continuous elastic cantilever
beam combining a flexural beam (Bernoulli’s beam) and a shear beam, both connected throughout an
infinite number of axially rigid links distributed along the height of the model, as illustrated in Figure 4.2.
In this continuous model, shear and flexural beams undergo the same deformations, allowing for
modeling of generic buildings whose seismic resistant systems are composed of a combination of shear
walls and moment resisting frames. This model, proposed and studied in the early 1960’s by Coull and
Choudhury (Coull and Choudhury, 1967a; Coull and Choudhury, 1967b), Heidebrecht and Stafford-Smith
(Heidebrecht and Stafford-Smith, 1973), and Stafford-Smith and Coull (Stafford-Smith and Coull, 1991),
has been extensively studied by other researchers (Akkar ez a/, 2005; Chopra and Chintanapakdee, 2001;
Iwan, 1997; Kim and Collins, 2002; Kim e a/., 2006; Lavelle e al., 1988; Miranda, 1999; Miranda and
Akkar, 2006; Miranda and Reyes, 2002; Miranda and Taghavi, 2005; Nicholson and Bergman, 1986;
Reinoso and Miranda, 2005; Taghavi and Miranda, 2005; Taghavi and Miranda, 2006; Wang e7 al., 1992),
and recently has shown promising results in simulating the seismic responses observed in multistory

buildings during real ground motions (Reinoso and Miranda, 2005; Taghavi and Miranda, 2000).

X
GA EI
EE k 5 ’—> us (h’ 0
1 m,—
——d [ 000
I ¢,
H 1
T h
H )
(1)

Figure 4.2. Continuous flexural-shear beam model

The differential equation of motion governing the undamped dynamic response of the system is:

+EI(X)%—GA(X)

azug (z‘)
o+

azﬂ(x,z‘)
or’

azu(x,t)

() -

=)

(4.34)

92



where m(x), I(x) and A(x) are the mass per unit length, and sectional inertia and area along the

height of the beam; and E and G are the Young and shear modulus of the material, respectively. In order

to simplify the following discussion, properties and materials will be considered uniform along the beam,
and therefore m(x)=7, I(x)=1 and A(x)=A. Introducing these simplifications into equation (4.34)

yields:

2 4 2 9’
%8z&xJ)+Elaﬂ(%f)_GAaZKXJ)z_% AQ) (4.35)
or’ ox’ ox’ or’

For the case of undamped free vibrations, equation (4.35) can be rewritten as:

Zazﬂ(x,t) N 9"u(xx,1) _GA 9% u(x,1)
EI 9 ox’ EI  ox’

=0 (4.36)

By using separation of variables to solve equation (4.36) and considering the change of variables

n(x,)=@(x) y(2), equation (4.36) can be rewritten as:

95(1), V()
o’ ox*

() ()= $()=0 437)

where o =.,/GA/EI is a parameter accounting for the relative stiffness of the shear and flexural beams

considered in the model. A limiting value & = 0 allows for replicating the deformation pattern associated
to pure flexural beams; while a value @& =oo represents a pure shear beam, typically used to model
structures with beams significantly stiffer than columns (Miranda and Akkar, 2006). By separating

variables in equation (4.37) we have:

= = +o =—Q (438)

and then,
J(t)+ @ y()=0 (4.39)
@' (x)—’@"(x)—k'p(x)=0 (4.40)
whetre
o’
k= 4.41
=T (4.41)

The general solution to equation (4.40) is given by:

@(x) = Acos(Ax)+ Bsin(Ax)+C cosh(A,x) + Dsinb(A,x) (4.42)
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where

A= -, (4.43)
Nk v ”
2
From equations (4.43) and (4.44):
Xk va (4.45)

The constants A, B, C and D in equation (4.42) are obtained by imposing the boundary conditions for
displacements, rotations, bending moments and shear forces at free and clamped ends of the continuous

beam model:

p(0)=0 (4.46)
@ (0)=0 (4.47)
¢’ (H)=0 (4.48)
¢ (H)-o’g(H)=0 (4.49)

In equations (4.48) and (4.49) the term H denotes the total height of the cantilever beam. After some
algebra, and after introducing the change of variables /T, =AH and /TZ =A,H , the normalized (in terms

of total beam height H) #-th modal shape is obtained:

(0ﬂ(x)=ms(kj—msb(z’2x] % mx( ) — jmj/?(/ii) xiﬂ(Z”XJ— /E” ;z‘n/y[z’?xj (4.50)
H H &Qﬁn(ﬂ + 4,4, sin (ﬂ, ) H A, H

nl 7

The /Tﬂ , term shown in equation (4.50) is obtained by solving the following characteristic equation:

2

{2/1,4;4212; j+af}m( 22+ o )M(ZM)JrZ;ﬁm/y(\/Zj+aj):m(Z,,):o (4.51)

nl nl

nl

where the variable ¢, =aH is a dimensionless parameter which takes values in the range 1.5 to 6 for

most of real structures (Miranda and Akkar, 2006). The term /T,, , in equation (4.50) is calculated

combining equations (4.45) and (4.51).

By combining equations (4.41) and (4.43) a relation between the fundamental period of the system and

higher mode vibration periods can be found as:
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(4.52)

where

((H) =21+ A e (4.53)

nl nl o

Finally, using modal superposition, the solution to equation (4.36) can be written as:
oo N,

u(x,2) =2 7,0, (x), ()= 27,0, (x),(7) (4.54)

n=1 n=1

where N is the number of significant modes considered in the analysis and ¥, is the modal participation

factor, defined as:

y, =0 (4.55)

The 7-th modal response y, (#) can be found by solving the N, uncoupled damped modal equations of

motion:
where ¢, and @, are the modal damping and the modal angular vibration frequency, respectively.

4.1.2.2 Estimation of peak absolute accelerations and peak interstory drifts

The following subsections present the methodologies for estimating peak absolute accelerations and peak
interstory drifts along height of the building model described in subsection 4.1.2.1 excited by ground

motions represented by a ground response spectrum compatible power spectral density function.

4.1.2.2.1 Estimation of peak absolute accelerations

The procedure described in this subsection is an extension of the floor response spectrum (FRS) approach
developed by Singh (Singh, 19706) using the structural model described in subsection 4.1.2.1. The objective
here is to estimate the mean peak absolute accelerations in the response of a SDOF secondary system
attached at any level along the height of the building model. The method described in subsection 4.1.1.1,

used here to compute peak absolute acceleration demands, requires knowing the corresponding power
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spectral density function. In order to obtain this PSDF, the absolute acceleration i’ (x,t) along the

height of the building is first defined as:

il (x,t)= % i 2 r)+ii,(2) (4.57)

Equation (4.57) can be simplified by considering a reduced number of significant modes IN,, as:

Zm x)j, (2)+ii, (#) (4.58)

On the other hand, from equation (4.56):
3, (8) =i, ()= 28,0,5,(¢) - @] 5,(2) (4.59)

Onto substitution of equation (4.59) into equation (4.58):

7 () ==X 1 (), )+ 2805, () + @, ()] i ) (450)
()=, (0] -S| S (92005, 0)00.00] an

£(#) AG

By omitting the dependence on x of the expressions for ¢, (x), just to simplify notation, the correlation

function for the absolute acceleration process is calculated from:

ELi" (x,4,)i" (x,1,) {[ﬁ (7, ][f, (2)]) (4.62)
E{f(x;fi)f(x;fz)}=E{ﬁ(4)ﬁ(fz)} E{/( } E{.( )} E{f(4) f:(2,)} (4.63)

The first term at the right side of equation (4.63) is calculated as:

E{A(4) £(5)} = E{ { Zw} {7 Zw}} (4.64)
E{/ (1) /(%)= [7 227{/’ +ZZM¢4 {ii, ()i, (+.)} (4.65)

=1 m=1

E{/(4)£(1,)} = {7 227(/) +ZZ]/}/(0(/)}JS Vel (4.66)

n=1 n=1 m=1

The second term at the right side of equation (4.63) is given by:

B =i ]S | Srelstes e e)] oo
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E{4 () £ (1)} = { Zy(p[zgwj )+, (1, )]}Jr...

n=1

(4.68)
{ ZZW 0.0,[20,0,5,(1,)+ @y, (4, )]}
n=1 m=1
where the first term in E{ f, fz( )} , equation (4.68), is given by:
)\7///
2E {ﬂ (1) 2 7.0.405,(4 )}+---
E{”g (Zli)zyn¢ﬂ ':2;7@1.)‘/;1 (t2)+a)fzzyn(f2 ):I}: " N (469)
=l .o “ 2
et E{%g (ti)z 7.9,0, 7, (Iz )}
n=1
where
{ Z }/ ¢H§H ﬂ»yf/ } ZZ }/wa/é/ﬂa)}l J. Za)S ( ) (a)) glw(t,itZ)da) (4.7(:))
and

{ Zm] @, y, (¢ } Zw,w js o) 10 @71)

In equations (4.70) and (4.71) the term H, (@) corresponds to the #-th modal complex frequency

response function, and is given by:
H,(0)=(0 - +2i{ 0m,)’ (4.72)

The second term in E{f, () 1. (2, )} , equation (4.68), is given by:

N, N, N, N,
P{u DD 00, 28,0,5,(1,)+@ (2, )]} = ZP{ﬂ DS 000,53, (fg)}+
n=1 m=1 n=1 m=1 (4'73)
N, N,

+p{ )0 0.0.0.0.0, (1 )}

n=1 m=1

where

{ I3 rree. } S .00, ¢, [ ios, (0)H, (o) do 474

n=1 m=1 n=1 m=1 —oo

and
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{ ZZM 00,0y, ( } ZZVMD%% S, (0)H, (@)™ dw  (475)

n=1 m=1 n=1 m=1

The third term at the right side of equation (4.63) is given by:

E{fz (;7)]”7(;2)}=E{ﬁ(t7)]f2(;2)} (4.76)

The result shown in equation (4.76) arises directly from the property of symmetry of correlation matrices.
The fourth term in equation (4.63) is given by Singh (Singh, 1976):

E{f,(4) f.(2,)}= ZZyyqorp 00, [a)a) +4(.¢ +2i0(w,, -0,) ]J? o)H, (0)H, (o)™ da @&.77)

n=1 m=1

Finally, merging the results in equations (4.60), (4.70), (4.71), (4.74), (4.75) and (4.77), the power spectral

density function for the absolute acceleration along the height of the building model is obtained as:

N,,

5, (@)-25, (@)Y 7,0, (x)|:7+ H, (0)(a; +gz~;ﬂw@ﬂ+...

n=1

5 (50) =15, (@) 23770, (5)o. ()1 211, (@) 0 + 2L ) - 419
ii;f}/gﬂ (x)w0, [a)a) +4¢{. ¢, +2io0(0,¢, -0(,) ]X VH, (0)H, (@)

n=1 m=1

Equation (4.78) corresponds to the PSDF for the absolute accelerations along the height of the building
model. The PSDF for the absolute acceleration response of a secondary component modeled as a SDOF
system, attached at a single point located at a height 4, arbitrary along the height of the building, and that

does not interact dynamically with the primary system (cascade approach), is given by (Singh, 19706):
S.(hoo)=5, (ho)(1 oo +o')H, (0)H (o) .79)

where ¢ and @ are the damping ratio and the natural angular vibration frequency of the secondary
component, respectively, and H ((l)) is the frequency response function for the secondary component,
given by:

—~1

H, (@) =(&] -’ +2i o)) (4.80)

Finally, using the principles described in subsection 4.1.1.1, the mean peak absolute acceleration demands
acting on acceleration sensitive components with different dynamic properties and located at different

heights along a building can be found.
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4.1.2.2.2 Estimation of peak generalized drifts

The theory of generalized drift considered herein is based on the concept originally proposed by Iwan
(Iwan, 1997) and recently extended and discussed by Miranda and Akkar (Miranda and Akkar, 2000),
Chopra and Chintanapakdee (Chopra and Chintanapakdee, 2001), Akkar et al. (Akkar ez a/, 2005), Kim
and Collins (Kim and Collins, 2002), Kim et al. (Kim 7 4/, 2006), and Nicholson and Bergman (Nicholson
and Bergman, 1986), among other researchers. The generalized drift concept provides an estimation of the
distortion expected along the height of a building during strong motion. The concept is particularly
suitable for building systems modeled as continuum beams. In this research, the original concept has been

extended for use with the shear-flexure beam model in combination with the stochastic method for
estimating peak distortions along the building height. The generalized drift 8(x,#) along the height of the

beam model is defined as:

oo N, d
o) =220 52y 22, )25y 2B, s)

=1 dX

dg, (x)

In equation (4.81) the term is obtained after derivation of equation (4.50) as:

For estimating the mean peak generalized drift spectrum by using the method described in subsection
4.1.1.1, the power spectral density function for the generalized drifts is required. The PSDF for

generalized drifts along the height of the building model are calculated as:

E{0(x,4,)0(x,1,)} = E {Z ¥, ==y, )\27 Mym (fg)} (4.83)

n=1 m=1 dX

E{H(x,z‘,)ﬁ(x,z‘z)}=E{z

n=1 m=1

D)) s

N, N, o _
E{6(x,1,)0(x,7,)} = 2. D 7.7,9(x) @] (x) f 5, (@)H, (@) H, (0)¢™" " do  (485)

n=1 m=1

The PSDF for generalized drift along the height of the building §, (X , a)) can be obtained from:

N, N,

d d *
Sy(x0)=S, (a))ZZ}/ﬂ}/m%(x)%(x)Hﬂ (o) H (o) (4.86)
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Finally, using the methodology described in subsection 4.1.1.1, the mean peak drift demands acting on

displacement sensitive components can be found.
4.2 Estimation of seismic demands on nonstructural components along building height

The continuous beam model presented in subsection 4.1.2 was considered to model a generic multistory
building and to describe the seismic loading path traveling from the ground to both acceleration and
displacement sensitive nonstructural components. The input ground motion was characterized by a Power
Spectral Density Function (PSDF) compatible with the USGS Uniform Seismic Hazard (USH). The USH
is considered here to account for the aggregated local seismic hazard and generating a broadband PSDF,
consistent with the seismic hazard defined by current code provisions. Considering a modal event, in
combination with the Specific Barrier Model (SBM), would be more suitable for estimating a narrow band

PSDF, associated to near fault excitations, which are not directly considered in current code provisions.

For the analysis presented here, a USH with a Probability of Exceedance (PE) of 10% in 50 years for the
city of Northridge, California, was selected. The input/output relations for the combined
primary/secondary system derived in subsection 4.1.2.2 are used to compute the PSDF for the secondary
system demands. The principles presented in subsection 4.1.1.1 are used to estimate the mean peak

seismic demands expected on nonstructural components.

In the estimation of seismic demands, a Seismic Hazard (SH) with PE of 10% in 50 years is considered
representative of broadband ground motion excitations typically observed in fault parallel components of

strong ground motion records. This approach is consistent with that used by Krawinkler et al. (Krawinkler

et al., 2000).
4.2.1 Characterization of seismic hazard

For the estimation of seismic demands representative of relatively short return periods, a seismic hazard
with a probability of exceedance of 10% in 50 years for a rock site (site class B according to ASCE 7-05)
in the city of Northridge (longitude 118.518 W, latitude 34.237 N), obtained from the USGS website?, was
considered. This city is chosen as representative of a largely populated high seismicity urban area
(Wanitkorkul and Filiatrault, 2005). Other site locations will be considered later to evaluate more general

seismic demands. Table 4.1 shows the events with contributions larger than 1% to the disaggregated SH

6 URL: http://earthquake.usgs.gov/research/hazmaps/design/
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for a PE of 10% in 50 years. Figure 4.3 shows all pairs R- M, (source to site distance-moment magnitude)

contributing to the local SH (with contributions up to 0.05%).

Table 4.1. Disaggregated SH for City of Northridge (Only contributions up to 1%)

Source-to-Site Moment Contribution

Distance R Magnitude to Local
(km) M, SH (%)

7.6 6.48 13.3

7.9 6.64 51.7

11.7 6.65 2.06

7.9 6.85 21.0

11.0 6.84 1.45

7.7 7.05 448

In Table 4.1 it can be seen that the modal event, the event with the higher contribution to the local SH
(Kramer, 1996), is an earthquake with 2 moment magnitude M, =6.64 occurring at a distance R =7.9 km
from the selected site. This event is identified to occur along the Santa Susana fault and controls the
deterministic local seismic hazard (DLSH). This modal event is used along with equation (4.11) to estimate

the duration of the ground motion process.

Prob. Seismic Hazard Deaggregation
Northridge_10PGA 118.518° W, 34.237 N.
f Peak Horiz, Ground Accel >=0,6345 g

60

Mean Return Time 475 years

Mean (R,M,g;)) 8.2 km, 6.66, 0.59

Modal (R,M,g;) = 7.9 km, 6.64, 0.58 (from peak R,M bin)

Modal (R,M,e*) = 8.0 km, 6.63, I to 2 sigma (from peak R,M.,g bin)
Binning: DeltaR 10. km, deltaM=0.2, Deltag=1.0
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Figure 4.3. Probabilistic seismic hazard with a probability of exceedance of 10%/50yts for the City of
Northridge (From USGS interactive disaggregation website, 2002)

Table 4.2 shows the USGS-USH ground acceleration response spectra coordinates for a SH with a PE of
10% in 50 years. Those values, plotted in Figure 4.4, account for the aggregated probabilistic local seismic
hazard (PLSH) in the site under study. In order to apply the random vibration theory presented in

subsection 4.1.1, the USH ground acceleration compatible PSDF is required. Before applying equation
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(4.32), the USGS-USH ground response spectrum data is interpolated using the following spectral shape

function:

»
rea( 7
A
S, (T)= = - (4.87)
a ’I q
L (T
T 1+
0.1T +— T
R
where A represents the peak ground acceleration (PGA), T is the period at peak spectral acceleration

(T, =0.2 seconds in this case), and the parameters R, p and ¢ are estimated using best fit techniques. Table

4.3 summarizes the mean values for the best fit coefficients calculated considering 95% confidence
bounds. The interpolated acceleration spectrum best fitting the USGS seismic hazard is also shown in

Figure 4.4.

Table 4.2. USGS-UHS spectral acceleration Table 4.3. Best fit parameters for USGS-USH
amplitudes for a SH with PE 10%/50yrs ground response acceleration spectrum
Period T (sec) Anfgl?::flil © Parameter B&Ziilt
0.0 0.63 A, 0.63g
0.1 1.22
02 1.51 L 02 sec
0.3 1.34 R 0.160
0.5 0.96 ? 1.472
1.0 0.50 g 2471
2.0 0.22

Upon calculation of the interpolated (best fit) continuous USGS-USH ground acceleration response
spectrum, the procedure described in subsection 4.1.1.2 and given by equation (4.32) is used to estimate
the corresponding hazard compatible ground acceleration PSDF. Figure 4.5 shows the PSDI’s obtained
from the USGS-USH that will be used as input for the upcoming calculations of seismic demands acting

on nonstructural components within buildings.
4.2.2  Building model

The continuous flexural-shear building model described in subsection 4.1.2.1 and shown in Figure 4.2 has
been considered for estimating the seismic demands expected in acceleration and displacement sensitive

nonstructural systems located at different elevations of a generic building. Three values for the parameter
a, controlling the deformation pattern of the building, &, = 0, 5 and 10, have been selected to perform

the seismic demand analysis. Figure 4.6 compares the modal shapes governing the deformation patterns
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for the flexural-shear beam (for the case &, =10), the pure flexural beam (¢, = 0), and the pure shear beam
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4.2.3 Estimation of absolute acceleration demands

The procedure summarized in subsection 4.1.2.2.1 is used to estimate: 1) the PSDF of absolute
accelerations along the height of the building model, and ii) the PSDF for absolute acceleration responses
of acceleration-sensitive secondary systems attached at a single level (single point) along the height of the
building. A “cascade” type approach was intrinsically considered in equations presented in subsection
4.1.2.2.1, neglecting dynamic interactions between primary and secondary systems. That assumption is
valid for estimating the seismic demands acting on relatively light nonstructural components and
equipment, which is the case of the nonstructural components and systems that can be tested using the

UB-NCS. The first ten vibration modes (N, =70) of the primary system were considered in the

computation of the secondary system’s mean peak acceleration responses.

Figure 4.7 shows the three dimensional absolute acceleration floor response spectra (3D FRS’), obtained

for the case &, = 5, for primary systems with fundamental vibration periods TP ranging between 0 and 5

seconds and SDOF secondary systems with vibration periods T, ranging also between 0 and 5 seconds.

The 3D FRS’ are shown at 10 specific levels along the height of the building. The graph shown in the
upper left corner of Figure 4.7 for the ground level corresponds to the three dimensional representation

of the interpolated USGS-USH ground response spectra shown in Figure 4.4.

Similar 3D FRS’s are obtained for the other ¢,’s considered in the analysis, as shown in Figure 4.8. In

Figure 4.7 and Figure 4.8 it can be seen that the peak response accelerations of secondary components
increase from grade to the building roof level. Significant amplification effects ate also evident for
secondary systems with natural vibration periods coupled either with the natural period of the primary
system or the dominant period of the ground motion. Effects of amplification due to coupling with
ground period are significant for peak acceleration observed on systems placed at the bottom third of the
building. At higher elevations, the maximum acceleration amplifications are observed for secondary
systems with periods similar to the primary system. The peak maximum amplitudes are observed for the
cases in which both primary and secondary systems have simultaneously natural periods in the range of
the dominant ground motion period. In those cases the acceleration in the secondary system can reach a

maximum peak value approximately 23 times the peak ground acceleration.
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3-D Floor Response Spectra at 0.1H, o, =5

3-D Floor Response Spectra at Ground Level
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Figure 4.7. Three dimensional absolute acceleration floor responses spectra for ¢,
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3-D Floor Response Spectra at Roof Level, o. =5

3-D Floor Response Spectra at 0.9H, o.,=5
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3-D Floor Response Spectra at 0.2H, 0. =10

3-D Floor Response Spectra at Roof Level, o =0

A S
\ \ \
\ \ \
D i St

(B) uone1a|900Yy INjosqy

3-D Floor Response Spectra at 0.6H, 0. =10

3-D Floor Response Spectra at 0.4H, 0. ;=10

(B) uoneia|900Yy dINjosqy

3-D Floor Response Spectra at Roof Level, (x0=10

3-D Floor Response Spectra at 0.8H, (x°=10

(B) uoneia|pooy INjosqy

< 5@

0 and ¢,=10

Figure 4.8. Three dimensional absolute acceleration floor response spectra for ¢,
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The data shown in Figure 4.7 and Figure 4.8 have been statistically processed to be used in general testing

protocols capable of subjecting nonstructural systems, to conservative but realistic hazard compatible

The resulting demands are independent of building deformation patterns, seismic
107

resistant system and primary system fundamental vibration period. The dependency of demands on

normalized building height within a multistory building is considered.

seismic demands.



The peak absolute accelerations shown in the three dimensional response spectra in Figure 4.7 and Figure

4.8 were further processed to get a single absolute acceleration response spectrum for each building
height. In order to do so, the petiod of the secondary system T, and its location along the building height
h were kept variable and statistic analysis was performed over the entire range of primary system
fundamental periods T, considered in the parametric analysis. Figure 4.9 shows the 84% percentile
acceleration response spectra for the secondary system obtained from the statistical analysis of buildings

with several deformation patterns (¢, = 0, 5 and 10).
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Figure 4.9. 84 Percentile FRS along height of buildings with several deformation patterns

Data presented in Figure 4.9 has been further processed to get the mean, over all &, values considered in

the analysis, 84% percentile spectral acceleration demands, as shown in Figure 4.10. In Figure 4.10, the
amplification of spectral acceleration demands along the building height can be observed. Figure 4.11
shows the ratios of the mean 84" % FRS’s along the height of the building to the ground response

spectrum.
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Mean 84" Percentile FRSs along Building Height FRS to Ground Response Spectra Ratios along Building Height
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Figure 4.10. Mean 84® percentile FRS along Figure 4.11. FRS to ground response spectrum
building height ratios along building height

Figure 4.12 shows the variation of the ratios of the peak values of the mean 84% % FRS’s to the peak value
of the ground response spectrum along the building height. Given that the peak spectral responses are, in
all cases, observed at a secondary system period T; = 0.2 sec, the data presented in Figure 4.12 is
equivalent to a profile of Figure 4.11 at a period T; = 0.2 sec. Using best fit techniques, a function
FRS,... (5/H) interpolating the data presented in Figure 4.12 is used to extrapolate the ground response
spectrum, matching the peak values of the mean 84t % FRS’s along the height of the building model. The

function FRS /9/H ) reflects the amplification effects of ground acceleration along the building

Factor (

height. The obtained best fit curve is given by:

2 3
FRS,,, (ij —1+102~ 79.4(ij + 72.4(ij (4.88)
H H H H

The extrapolated mean 84t percentile floor response spectrum along the building height, shown in Figure

4.13, is calculated using:

FRS(T;@%}FRSM, (%jfﬂ(nf) (4.89)

where S, (T:,f ) denotes the ground response spectrum calculated, in this case, using equation (4.87).

Figure 4.14 shows a comparison between the mean 84™ percentile FRS’s estimated using the continuous
beam model in combination with principles of RVT, the smoothened (extrapolated) mean 84% percentile
FRS’s estimated according to equations (4.87), (4.88) and (4.89), the AC156 (ICC-ES, 2007) testing

protocol floor response spectra, currently used for seismic qualification of equipment, and the floor
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response specttum recommended in FEMA450 (BSSC, 2003a) for the site under study. Upper and lower

limits of AC156 and FEMA450 floor response spectra are not included in the plots.
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In Figure 4.14, it can be seen that the extrapolated mean 84" percentile FRS propetly smoothes and
matches the random vibration theory results. Furthermore, the extrapolated FRS’s closely match the
FEMA450 spectra at the uppermost building levels, for periods greater than 0.4 sec. For periods smaller
than 0.4 sec, the RVT (random vibration theory) and extrapolated spectrum based on equation (4.89)
overestimate the AC156 and FEMA450 floor response spectra since the latter two consider inelastic
building response. The AC156 floor response spectrum seems to be the most conservative spectrum for

periods greater than 0.7 seconds.
4.2.4  Estimation of generalized drift demands

Using the procedure described in subsection 4.1.2.2.2, the PSDF for generalized drifts has been calculated.

The first N,, =10 vibration modes of the continuous beam model wete considered in those calculations.
Buildings with deformation patterns defined by parameters &, = 0, 5 and 10 were considered. Using the
procedure described in subsection 4.1.1.1 the peak generalized drifts, or simply the Generalized Drift
Spectrum (GDS), were calculated for buildings with fundamental periods T, ranging between 0 and 5
seconds. In order to apply equation (4.82) it is necessary to find a relation between the total height H of

the building and its fundamental vibration petiod T),. The T,-H relation used to calculate the GDS was

derived from the following relations proposed by Chopra and Goel (Chopra and Goel, 2000):

Ty = 0.035H" (4.90)

Tor =0.018H” (4.91)
0.0023

TRCYW’ = Z H (492)

¢

where T

orr s Leyge and Ty, are the fundamental vibration periods of steel moment resisting frames

Cl

(SMRF), concrete moment resisting frames (CMRF), and reinforced concrete shear wall buildings
(RCSW), respectively. H (in ft) is the total height of the building and ;lﬂ , the equivalent shear area, is

calculated as a percentage of the building plan area A, as:

. 2
— 100 H A
A =— (—J _t (4.93)
A H.
7+0.83[ j
Di

where A4,, H, and D, are the area, height, and dimension of the /" shear wall, respectively; and N, is

B =1 i

the total number of shear walls. The empirical formulas given by equations (4.90), (4.91) and (4.92) were

estimated by Chopra and Goel through best fit regression analysis of the data recorded in 42 SMRF, 27
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CMREF and 16 RCSW buildings during strong motions in which the structures responded in the elastic

range.

Equations (4.90) through (4.93) are used instead of equations recommended in Section 12.8 of ASCE 7-05
(ASCE, 2005), also derived by Chopra and Goel, because the code equations were intentionally calibrated
to underestimate structural periods and conservatively calculate pseudo-spectral accelerations and
subsequent design seismic forces. However, these formulae are not conservative for estimating building
displacement demands (Chopra and Goel, 2000), and therefore, the mean values obtained in Chopra and
Goel’s regression are used instead. Assuming that the proportion of instrumented buildings studied by
Chopra and Goel is representative of the actual proportion among structural seismic resistant systems, the

following approximate relation between H and Tﬁ was used:

_ 42 T.WRF +27 TC\JRF + 76TRCYW’
T,,.= 95 (4.94)

The term T, ., in equation (4.94) has been calculated considering a value ;15 =2.5%. Figure 4.15 shows a

comparison between the T -H relations shown in equations (4.90) to (4.94).
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Figure 4.15. Building natural period T), — Total building height H relations

From the data shown in Figure 4.15, it is seen that the range of periods for the primary system (T, =0-5

sec) considered for developing the testing protocol is associated with buildings having total heights up to
620 ft, or equivalently, up to 50 story levels. Figure 4.16 shows the generalized drift spectra calculated for
buildings with parameters ¢, = 0, 5 and 10. The GDS’ presented in Figure 4.16 were further processed to

eliminate the dependence of seismic drift demands on the period of the primary system T,. Accordingly,
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the 84t percentile drift demands were calculated along building height for each deformation pattern ¢, , as

shown in Figure 4.17.
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Figure 4.16. Generalized drift spectra at several building heights (¢, = 0, 5 and 10)

The data presented in Figure 4.17 was statistically analyzed to get the mean, over all ¢, considered in the

analysis, 84™ percentile generalized drift demands shown in Figure 4.18. In Figure 4.18 it can be seen that
the maximum mean 84" percentile generalized drift reaches 1.09% at a height equal to 0.3 times the total
height of the building (5/ H=0.3). At the roof level (b)/ H=1), the mean 84t % generalized drift reaches a
value equal to 0.86%. Those values are associated to a seismic hazard with a probability of exceedance of
10% in 50 years. Equation (4.95) shows the best fit interpolation curve for the mean 84t percentile

generalized drift along the building height. Equation (4.95) is also plotted in Figure 4.18.

o )2l 724 ) +ro( 2] (495)
H) 4 H) 5\H H

Recognizing that the zero mean 84t percentile generalized drift observed in Figure 4.18 at the base of the

generic building model (5 (0) = 0) corresponds to a numerical limitation of the continuous beam model,
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the following distribution of generalized drift ratio along building height, in terms of percentage, is

proposed:
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The generalized drift distribution described by equation (4.96) is also plotted in Figure 4.18.
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4.3 Testing protocol for seismic qualification

Testing protocols currently used for the seismic qualification of nonstructural components and equipment
focus either on displacement or acceleration sensitive components, through racking or shake table
protocols. However, some nonstructural systems may be sensitive to both displacement and accelerations.
Nonstructural systems typically found in office, hotel and hospital buildings may be composed of
components that individually may be either acceleration or displacement sensitive, but when combined

with other systems may become sensitive to both accelerations and interstory drifts.

The seismic performance of individual distributed nonstructural components and the interactions between
components composing a nonstructural system can be evaluated through a testing protocol that
simultaneously imposes the expected drift and acceleration demands. This subsection proposes a general
dynamic testing protocol for experimental seismic qualification of acceleration, displacement and
acceleration/displacement sensitive nonstructural components, systems and equipment. The testing

protocol was mainly developed for use with the Nonstructural Component Simulator developed in the
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Structural Engineering and Earthquake Simulation Laboratory (SEESL) at the University at Buffalo (UB-
NCS), taking full advantage of its testing capabilities. However, the methodology proposed herein can also
be extended and used for experimental seismic qualification of acceleration sensitive nonstructural
components and equipment performed using conventional shake tables. Previous research developed by
Krawinkler et al. (Krawinkler er @/, 2000) and Wilcoski et al. (Wilcoski ez a/, 1997), among others,
constitute the basis for the development of this testing protocol. Similatly, the applicable aspects of
current testing protocols such as AC156 (ICC-ES, 2007), IEEE 693 (IEEE, 2006) and FEMA 461
(FEMA, 20006) have been considered. The proposed testing protocol complements the current provisions
in AC156 for seismic qualification of distributed displacement and/or displacement sensitive components,
systems and equipment. Furthermore, the proposed protocol extends the minimum testing frequency that
can be considered in an experiment from 1.3 Hz, as in current AC156 procedure, to 0.2 Hz,
approximately, allowing for more realistic testing of nonstructural components and systems sensitive to

low frequency actions.

The proposed protocol consists of a pair of displacement histories for the bottom and top levels of the
UB-NCS that simultaneously matches: i) a target acceleration response spectrum with peak values mainly
dominated by high frequencies, and ii) a generalized interstory drift with peak amplitudes applied at low
frequencies. Both the target spectral accelerations and drifts can be specified based on the expected values
at a given normalized building height 4/H, where 4 is the height above grade where the nonstructural
component is located, and H is the total height of the building. The seismic hazard can be specified using
the USGS-USH as in the previous subsection. However, here the protocol motions are developed based
on the ASCE 7-05 design ground tresponse spectrum, in order to generate code compliant seismic

demands.

The qualification testing protocol is presented as a set of closed-form equations, which considers as

variables: (i) the location of the nonstructural component along the height of the building (through the

parameter 4/ H); (i) the range of frequencies to be assessed duting testing ( £, - f, ); and (iii) the ASCE

min

7-05 mapped design spectral coordinates at 0.2 second period, Sps, and at one second period, Sps. The
testing protocol is calibrated to induce and impose on components attached at a single or at two levels of
a building (represented by the two UB-NCS platforms) a number of cycles consistent with the number of
cycles induced and imposed by the floor motions recorded in real multistory buildings during relatively
strong shaking. The considered recorded floor motions were obtained from the California Strong Motion

Instrumentation Program (CSMIP) database (Naeim e7 a/, 2005).
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4.3.1 Generation of hazard consistent floor displacement histories

The qualification testing protocol histories are generated considering the amplification path of the peak
values of the mean 84t % floor acceleration response spectrum along building height, given by equation
(4.88); and the profile of mean 84% % generalized interstory drifts given by equation (4.96); both scaled to
the seismic hazard level associated with the ASCE 7-05 design spectral coordinates Sps and Sps, to impose
realistic and code compliant seismic demands on nonstructural systems. The key parameters for the
protocol displacement histories are the normalized location of the component along building height 4/ H;

and the mapped spectral demands Sps and Sp;.

4.3.1.1 Frequency content of loading protocol

The frequency content targeted for the seismic qualification testing protocol covers the range of

frequencies between f, = 1/6 Hz and f, = 5 Hz, equivalent to periods ranging between 0.2 and 6 sec,

which corresponds to the operating frequency range of the UB-NCS and the expected fundamental

periods of typical multistory buildings, including some higher vibration modes. The instantaneous loading
frequency f(#) considered in the proposed testing protocol cotresponds to an extension of the

logarithmic variation proposed by Wilcoski et al. (Wilcoski ez 4/, 1997), given by:

‘/"4‘_,
S |

t)=f | Lo 4.97
f(#)= 1. { fj (4.97)

where

L S h2(1 |4f, —4f, 1
) — r - max min + — + ’ 4. 9 8

In equations (4.97) and (4.98), f,.., [, and [, =0.2 Hz correspond to the maximum, and minimum

ma.

target and actual testing frequencies, respectively; and | | denotes the floor function. The total duration of

the testing protocol is 27, , where 7, is the time at which the actual minimum testing frequency /. (or

d>

peak generalized drift) is reached and is given by:

r,
t, =—Ilog, 4.99
’ Sr g2 fl:fﬂ ( )

where S, denotes a constant sweep rate calibrated to induce the same number of “Rainflow” cycles

(ASTM, 1997) on acceleration sensitive nonstructural components and equipment as would be

experienced during real seismic floor motions (Naeim ez a/., 2005).
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Equation (4.97) provides the instantaneous testing frequency transitioning from high to low frequencies,
then back to high frequencies. The final high frequency sweep is intended to capture the behavior of
components that might be damaged initially by drifts and become sensitive to accelerations (e.g., partition
walls acting as a cantilever after failure of top slab connections). Figure 4.19 shows a typical instantaneous

testing frequency variation, for the case £ . = 1/6 Hz, = 5.0 Hz, and § =12 octaves/min.
g q } min r
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Figure 4.19. Typical instantaneous testing frequency variation
4.3.1.2 Qualification protocol histories

4.3.1.2.1 Displacement history for UB-NCS bottom level

The displacement testing protocol proposed for the UB-NCS bottom level (x,, ) closely matches the

floor response spectrum specified by FEMA 450 for acceleration sensitive nonstructural components
placed at a given normalized building height 4/H > 0. The testing protocol has also been calibrated to
approximate the ASCE 7-05 ground response spectrum, and therefore, it allows for evaluating the seismic
performance of nonstructural systems located at the grade level (4/H =0). The closed-form equation for

the bottom level qualification testing protocol time history is expressed as:
XBaltm// [) i’ SD.Y 2 SDi = [) i’ SD.Y 2 SDi f (i)ﬁ cos ( ¢ ( 4 )) w ( l) FR‘S‘Fa[tar i (4' 1 OO)
H H H

In equation (4.100), f(#) is the instantaneous loading frequency given by equation (4.97). The factor

FRS,...., (/9/ H ) , equation (4.88), is used to amplify the amplitude of the UB-NCS platform motions in
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order to match the ASCE 7-05 ground response spectrum and the FEMA 450 floor response spectrum at

a specified normalized height 4/H .

The function & (z‘, /7/ H )vasm) in equation (4.100) is used to control the shape of the protocol response

spectrum, and is given by:

t
sin| = 0<r<t,
2t
b 38
a(nﬁ,&ay,fmj:Z—; 1 b StS20—1, (4.101)
sin 2 (1=2t,+ 2, )} 2t,—t, <1<2t,
where
h\S
1. = (7 +0.25 —)ﬁ (4.102)
DS
1
tTy e = T/Og 2 (.fwax TF[{,’X ) (4 l 03)

r

The parameter 1, defined in equation (4.102) corresponds to the corner period of the ground or floor
response spectrum, as defined by ASCE 7-05 and FEMA 450, respectively. The larger the ratio S, /S, ,

as typically observed for soft soils, the larger the corner period T,

i - Similarly, it is observed that the

higher the location of the nonstructural component or equipment within the building, the larger the
corner petiod. The parameter #, defined in equation (4.103) corresponds to the time at which the
instantaneous testing period, the inverse of the instantaneous testing frequency, sweeps the corner period

T,

1 - The parameter #, controls the petiod at which the peak spectral response is observed.

The function 0{(1,/9/ H,S,,S D,) in equation (4.101) has not a rigorous theoretical foundation, but its

effectiveness in modulating the shape of the protocol response spectrum is demonstrated later in

subsection 4.3.3 through a series of examples.

The coefficient # =-1.25 in equation (4.100) is a calibration factor used to minimize the etror observed in
matching the target (ground or floor) acceleration response spectrum in the long period range (1T'>T,, ).

The function @(#) in equation (4.100) is the instantaneous testing phase, given by:
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2r )
max 7_ ﬁw OSjSlLd
S in2 S

¢(t):2ﬂjf(f)d1= - (4.104)

t
d

. ——1
27[ 27z-fmiﬂ fmax jt _ 2

==+
S n2 Jue S 2|\ f.

7

t,<t<2t,

The function »(#) in equation (4.100) is a sinusoidal windowing function used to smooth the ramp-up

and ramp-down portions of the testing protocol, given by:

z 7—[0;(2]} 0<r<z,
2 z,

w(r)=41 L <t<2t,—1, (4.105)
1 i V4
> 7—;0;[—(;‘—25 +2fw)ﬂ 2t,—t,<t<2¢,
.

where 7, is the duration of the ramp-up and ramp-down portions of the floor displacement histories,

which typically takes values between 0.5 and 2 seconds.

4.3.1.2.2 Interstory drift protocol

The interstory drift protocol is calibrated to impose a controlled number of small and large amplitude
cycles. The peak interstory drift reached during testing matches the mean 84% percentile generalized drift
expected at a given normalized building height 4/H , as calculated in subsection 4.2.4, scaled to the ASCE
7-05 site dependent design seismic hazard level. The closed-form equation for the proposed interstory

drift (A4) protocol time history is:

2
1=t

A[;,%,Smj=/ym S e_[ - 6[%);0;((0(1))1:/(;) (4.106)

05¢

where O (b/ H ) is the mean 84" percentile generalized drift at a given normalized height /9/ H , equation

(4.96), and b, denotes the free interstory height of the testing equipment (approximately 13 ft).

The function e_[ ’ ] is a Gaussian-shaped modulating function in which ¢ is a constant factor calibrated
to control the number of total and large (damaging) cycles imposed by the interstory drift protocol. The

term Sp;/0.5¢ corresponds to the scaling factor, where 0.5g is the USGS-USH spectral coordinate at one
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second period for the site considered in the generalized drift demand estimation. @(#) and w(#) were

previously defined in equations (4.104) and (4.105), respectively.

4.3.1.2.3 Displacement history for UB-NCS top level

The protocol displacement history for the top UB-NCS level (xT aﬁ) is calculated based on the bottom

level and interstory drift protocol histories. The closed-form equation for the top level displacement

protocol is:

h h h
Xop (f)E)SD.wSm) = X Bottom (f)EJSD.s')Spfj'i' A(f:E)SDzj (4.107)

Displacements for the top and bottom UB-NCS levels are, in consequence, in phase.
4.3.2 Examples of testing protocol histories

This subsection presents examples of testing protocol displacement histories proposed for the
experimental seismic qualification of distributed nonstructural components, systems and equipment. Table

4.4 shows a summary of the three examples considered.

Table 4.4. Summary testing protocol examples

Coordinates Mapped Spectral Demands Norm.

Example City Longitude  Latitude Site class Sos Spy Hbe/l??t
1 Northridge -118.52 34.237 B 1.283¢ 0.461¢g 0.0
Northridge -118.52 34.237 B 1.283¢ 0.461¢g 1.0
3 New York -73.920 40.867 D 0.365¢ 0.114¢ 1.0

4.3.2.1 Testing protocol histories for example 1

As a first case, protocol displacement histories are generated for a site characterized by ASCE 7-05
mapped spectral coordinates Sps=1.283g and Sp;=0.461g. The parameter 4/H is chosen to be equal to 0.
At this building level, the imposed generalized drift is maximum and the floor motion histories match the
ASCE 7-05 design ground response spectrum. This type of floor motions are recommended for testing
nonstructural components and systems predominantly displacement sensitive and/or placed at the grade
level. Figure 4.20 shows the proposed floor displacement, velocity and acceleration histories for the
bottom and top UB-NCS levels. Five-point numerical differentiation with local cubic polynomial fit is
used to compute floor velocity and acceleration histories. Figure 4.21 shows the interstory drift protocol

history obtained from equation (4.106). Figure 4.22 shows the response spectra for the UB-NCS bottom

120



and top level floor motions. In Figure 4.22 it is observed that the mean response spectrum for the bottom
and top level platform motions closely matches the ASCE 7-05 ground response spectrum in the range of
periods of engineering interest and within the operating range of the UB-NCS (0.2-5.0 sec). Table 4.5

summarizes the peak motion values for this testing protocol.
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Figure 4.20. Proposed protocol floor motions for Sps=1.283g, Sp/=0.461g, and b/ H =0
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Interstory Drift History Comparison Ground Response Spectra
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Figure 4.21. Proposed interstory drift testing Figure 4.22. Comparison target and protocol
protocol for Spy=1.283g, Sp/=0.461g, FRS for Sps=1.283g, Sp;=0.461g, and b/ H =0
and /7/ H =0

Table 4.5. Envelope floor motions testing protocol for Sps=1.283g, Sp;=0.461g, and b/ H =0

Peak Displacements Peak Interstory Drift Peak Velocities Peak Accelerations
DMax Bot DMax Top AMax 6Max VMax Bot VMax Top AMax Bot AMax Top
(in) (in) (in) (%) (in/s) (in/s) © ©
4.70 6.21 1.52 1.00 6.64 8.49 0.16 0.19

4.3.2.2 Testing protocol histories for example 2

In the second example, protocol displacement histories are generated for a site characterized by ASCE 7-
05 mapped spectral coordinates Sps=1.283¢ and Sp;=0.461g. The parameter 4/H is chosen to be equal
to 1 in this case, which corresponds to a building roof level. At this level, the accelerations imposed on
specimens are maximum and the protocol floor motions match the FEMA 450 floor response spectrum at
the roof level. This protocol history is recommended for testing nonstructural components and systems

predominantly sensitive to floor accelerations.

Figure 4.23 shows the proposed floor displacement, velocity and acceleration histories for the bottom and
top UB-NCS levels. Figure 4.24 shows the interstory drift protocol history estimated using equation
(4.100). Figure 4.25 shows the floor response spectra for the bottom and top UB-NCS level floor
motions. In Figure 4.25 it is observed that the mean FRS for the platform motions closely matches the
FEMA 450 FRS at roof level in the range of periods of engineering interest (0.2-5.0 sec). Table 4.6

summarizes the peak motion values for this testing protocol.
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Table 4.6. Envelope floor motions testing protocol for Sps=1.283g, Sp,=0.461g, and 4/ H =1

Peak Displacements

Peak Interstory Drift

Peak Velocities

Peak Accelerations

D Max Bot D Max Top AMﬂX 8Max VMax Bot VMﬂx Top AMﬂx Bot AMaX Top
(in) (in) (in) (%) (in/s) (in/s) © &
18.8 20.0 1.21 0.79 26.6 28.0 0.55 0.58
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Figure 4.23. Proposed testing protocol floor motions for Sps=1.283g, §p;=0.461g, and b/ H =1 (roof
level)

123



Interstory Drift (in)

0.5F

-0.5r

Interstory Drift History

FRS (9)

15 20

30 35 40 45

I
25
Time (sec)

50

Figure 4.24. Proposed interstory drift testing

protocol for Sps=1.283¢g, §p;=0.461g,
and 4/ H =1

4.3.2.3 Testing protocol histories for example 3

In this example, protocol displacement histories are generated for a site characterized by ASCE 7-05
mapped spectral coordinates Sps=0.365g and Sp;=0.114g. The parameter 4/H is chosen to be equal to 1,
as in the previous example. This example illustrates typical testing protocol time histories recommended
for seismic qualification of nonstructural components, equipment and systems to be used in regions of
low seismicity. The resulting floor motions for the bottom and top platform levels and the interstory drift
protocol history are shown in Figure 4.26 and Figure 4.27. Figure 4.28 shows the FRS’s for the bottom
and top UB-NCS level floor motions, and again, it is observed that the mean FRS for the platform

motions closely matches the FEMA 450 FRS at roof level. Table 4.7 summarizes the peak motion values

for this testing protocol.

Comparison Floor Response Spectra

Target FEMA450 FRS

— — ~ Bottom level
Top level
Mean

| | I | |
1.5 2 25 3 3.5
Period Secondary System (sec)

0 I I

Figure 4.25. Comparison target and protocol

FRS for Sps=1.283g, $»=0.461g, and h/H =1

Table 4.7. Envelope floor motions testing protocol for Sps=0.365g, Sp/=0.114g, and b/ H =1

Peak Displacements Peak Interstory Drift Peak Velocities Peak Accelerations
D Max Bot D Max Top AMax 6Max VMaX Bot VMﬂx Top AMﬂx Bot AMaX Top
(in) (in) (in) (%) (in/s) (in/s) © ©
4.65 4.95 0.30 0.20 6.57 6.92 0.15 0.16
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Figure 4.26. Proposed testing protocol floot motions for Sps=0.365g, Sp/=0.114g, and s/ H =1 (roof
level)
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Interstory Drift History Comparison Floor Response Spectra
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Figure 4.27. Proposed interstory drift testing Figure 4.28. Comparison target and protocol
protocol for §ps=0.365g, Sp;=0.114g, FRS for $ps=0.365g, Sp/=0.114g, and b/ H =1
and /7/ H=1

4.3.3 Calibration of testing protocol for general seismic hazard levels

This subsection describes the ability of the proposed testing protocol to match target ASCE 7-05 ground
and FEMA 450 floor response spectra. In particular, the adequacy of the function O((t,b/H ,Sm.,Sm)
presented in equation (4.101) to control the shape of the protocol response spectra is assessed. The
versatility of the & (t, h/H, Sy, S D,) function is demonstrated in Figure 4.29, which compares the ASCE

7-05 ground response spectrum for soils class B at different sites and the mean (for both platform

motions) protocol response spectra.
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Figure 4.29. Testing protocol imposing ground response spectral demands
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Figure 4.30 and Figure 4.31 demonstrate the ability of the testing protocol to impose spectral accelerations

associated with several soil conditions. A comparison of target ASCE 7-05 ground response spectra and

mean protocol response spectra for a city with high seismicity such as Northridge (Latitude 34.237,

Longitude -118.518) is shown in Figure 4.30. The same comparison is shown in Figure 4.31 for a city with
low seismicity such as New York City (Latitude 40.867, Longitude -73.920).
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Figure 4.30. Testing protocol to imposing

ground response spectral demands for several
soil conditions (Northridge)
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Figure 4.31. Testing protocol to imposing ground

response spectral demands for several soil
conditions (New York City)

Finally, Figure 4.32 and Figure 4.33 show comparisons of FEMA 450 floor response spectra (for soil class

C) and mean (for both platform levels) testing protocol response spectra for normalized building heights

h/H=0.25, 0.50, 0.75 and 1.0.
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Figure 4.32. Testing protocol imposing floor
response spectral demands for several building
heights (Northridge)
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Figure 4.33. Testing protocol imposing floor
response spectral demands for several building
heights (New York City)

127



In Figure 4.32 and Figure 4.33 it is observed that the testing protocol closely matches the FEMA 450 FRS
for normalized building heights 4/ H greater than 0.5. At lower levels, the differences observed in floor
response spectra are caused by the disagreement between the triangular inverted distribution of
accelerations considered by current code provisions and the distribution considered by the proposed
testing protocol (see equation (4.88)) obtained using principles of random vibration theory. In Figure 4.29
through Figure 4.33, the upper and lower limits for ASCE 7-05 ground and FEMA 450 floor response

spectra were not included.
4.3.4 Calibration of induced/imposed vibration cycles

Cumulative damage effects of nonstructural components subjected to earthquake loading are dependent
on the number and amplitude of vibration cycles induced (on acceleration sensitive components) and
imposed (on displacement sensitive components) during the seismic action. For this reason, it is important
to examine and compare the number of cycles induced and imposed by the loading protocol and recorded

building floor motions. The number of cycles induced and imposed by the testing protocol depends on
the instantaneous frequency variation function f(#), the constant sweep rate §,, and the parameter &

controlling the interstory drift qualification protocol’s shape.

Floor motion histories recorded during historical earthquakes at the upper levels of 6 instrumented
buildings selected from the California Strong Motion Instrumentation Program (CSMIP) database have

been considered.

In the building selection, buildings with several number of floor levels, with different seismic resistant
systems and natural vibration periods, designed and built between 1960’s and 1990’s, affected by a variety
of historical strong ground motions, and with distance to earthquake sources less than 15 km, were
considered. Buildings located in sites with different geological conditions, with the highest recorded

ground and floor accelerations, and with several uses, were also selected for the calibration process.

Table 4.8 lists the characteristics of the set of buildings considered in the cycle counting analysis. Photos
of the instrumented buildings considered in the cycle counting analysis are shown in Figure 4.34. More
detailed schematics of the floor plans and details of the instrumentation schemes are provided in Figure

4.35.
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Table 4.8. CSMIP Instrumented buildings selected for cycle counting analysis

Min.
CSMIP Building Number Building Desion Site Recorded Distance Max. Max.
Station City Structural of Storics Period Type Dati Geoloay Earthquakes to PGA PFA
D System Sromes © Teclosy in Station Source © ©
(km)
24464 North Reinforced 20 2.56 Hotel 1967 Sandstone, Whittier 15 0.30 0.65
Hollywood concrete shale Northridge
columns and
beams
24514 Sylmar Concrete slab, 6 0.40 Hospital 1976 Alluvium Whittier 13 0.80 1.50
metal deck, steel Northridge
frames
24629 Los Angeles Concrete slabs, 54 6.20 Office 1988 Alluvium Northridge 32 0.13 0.18
steel frames and over
deck sedimentary
rock
47459 Watsonville Concrete slabs 4 0.37 Commercial - Fill over Loma Prieta 17 0.58 1.20
and shear walls alluvium
24322 Sherman Concrete slabs, 13 0.84 Commercial 1964 Alluvium Whittier 13 0.75 0.42
Oaks beams, and Landers
columns Northridge
24386 Van Nuys Concrete slabs, 7 1.58 Hotel 1965 Alluvium Landers 7 0.45 0.58
columns, Big Bear
spandrel beams Northridge

Building 24629
Figure 4.34. Pictures of buildings considered for cycle counting analysis (Taken from
CSMIP database)

Building 47459
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Building 24322 Building 24386
Figure 4.34. Pictures of buildings considered for cycle counting analysis (Taken from
CSMIP database) (Cont’d)
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Figure 4.35. Detail instrumentation of buildings considered for cycle counting analysis (Taken from
CSMIP database)
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Figure 4.35. Detail instrumentation of buildings considered for cycle counting analysis (Taken from
CSMIP database) (Cont’d)
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Van Nuys - 7-story Hotel
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Figure 4.35. Detail instrumentation of buildings considered for cycle counting analysis (Taken from
CSMIP database) (Cont’d)

4.3.4.1 Number of cycles induced on acceleration sensitive nonstructural components

In order to compute the number of cycles induced on acceleration sensitive nonstructural components
during earthquakes, linear elastic analyses of SDOF systems have been performed considering the bin of
recorded building floor accelerations and the proposed testing protocol. A damping ratio equal to 5% has
been considered for the SDOF oscillator. The “Rainflow” counting algorithm (ASTM, 1997) was used to
simplify the SDOF’s response excursion amplitudes. This counting method has been extensively used in
the past for estimating the number and amplitude of cycles imposed by the ATC-24 and CUREE/Caltech
testing protocols proposed by Krawinkler (Krawinkler, 1992) and Krawinkler et al. (Krawinkler ez al.,

2000), respectively. In order to induce and impose a controlled number of cycles using the testing

protocol, a parameter N, defined as:

N,=N, > 1A

Dycles

(4.108)

Cycle Max

| A

is considered to calibrate the testing protocol sweeping rate. N, corresponds to the number of rainflow

cycles N, larger than A% times the maximum rainflow amplitude A,, . observed

Cycles

with amplitude 4

Cyle Max
in response of the SDOF oscillator. In particular, two statistical parameters are calculated, N9 (number of
excursions with rainflow amplitude greater than 10% the largest rainflow excursion amplitude) and Ny
(number of excursions with rainflow amplitude greater than 50% the largest rainflow excursion

amplitude), representative of the total number of damaging excursions and the number of large excursions
p > Iep ging g

observed in the SDOF’s response, respectively.
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Figure 4.36 through Figure 4.39 show comparisons between the number of rainflow cycles induced by the
testing protocol (for a constant sweeping rate S, =12 octaves/minute) and the mean and 84% percentile
number of rainflow cycles induced by the set of recorded building floor accelerations on SDOF with

frequencies in the UB-NCS operating range (0.2-5 Hz).
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Figure 4.36. Ny and Nsg number of rainflow
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Figure 4.38. Ny and Ns9 number of rainflow
cycles induced by recorded building floor
motions and testing protocol for New York

Sps=0.365g, Sp;=0.114g, and 4/H =0

Figure 4.36 through Figure 4.39 show comparisons of the effectiveness of the calibrated protocol for sites
with several seismic hazard levels. It can be seen that for systems with frequencies lower than 1.5 Hz, the
proposed testing protocol closely matches the mean number of large cycles (INsg) induced by the recorded
floor motions. For SDOF systems with frequencies larger that 1.5 Hz, the testing protocol closely matches

the 84t percentile number of large cycles induced by real floor motions. The testing protocol
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overestimates the 84" percentile number of large cycles induced by real floor motions for oscillators with
natural frequencies larger than 4.5 Hz. Similarly, it is observed that the testing protocol closely matches
the mean total number of damaging excursions (INyg) for oscillators with natural frequencies in the range

of interest (0.2-5 Hz).

4.3.4.2 Number of cycles induced on displacement sensitive nonstructural components

This subsection describes the procedure used to calibrate the factor ¢ controlling the shape of the
Gaussian function used to envelope the interstory drift qualification protocol history presented in

equation (4.106) and shown in Figure 4.21, Figure 4.24 and Figure 4.27.

The rainflow counting algorithm was used to compute the number of cycles IN,, as defined in equation
(4.108), observed in the interstory drift histories. The interstory drift histories were calculated from the
displacement histories obtained after integration and baseline correction of the floor acceleration histories
recorded (CSMIP database) at the upper levels of the selected buildings (Naeim e a/, 2005). The
“Rainflow” counting algorithm was also applied to the proposed interstory drift protocol, iteratively,
considering several values for the parameter 0 until achieving convergence with the recorded data. Figure
4.40 shows the results of the calibration process for the proposed testing protocol. Dots in Figure 4.40

denote individually processed data. The optimal value found for the parameter ¢ is 10.5 seconds.
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Figure 4.40. Comparison of number of rainflow cycles imposed by recorded building interstory drifts
and testing protocol

In Figure 4.40 it is seen that the number of rainflow cycles imposed by the interstory drift protocol closely
matches the mean number of rainflow cycles imposed by real building interstory drift histories. It is seen

that the combined use of the calibrated Gaussian window and the proposed instantaneous frequency
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function allows for closely matching the mean number of cycles in the whole profile of cycle amplitudes,
for which A varies between 10 and 90. The profile of cycle amplitudes shown in Figure 4.40 only depends
on the parameter 0, and therefore, it is independent of the seismic hazard level associated to the protocol

history, or peak drift ratio reached during testing.
4.4 Testing protocols for fragility assessment

Testing protocols currently used for experimental fragility assessment of nonstructural components and
equipment are mainly based on the recommendations of the FEMA 461 document (FEMA, 2006). FEMA
461 proposes two separate testing protocols for fragility assessment of acceleration and displacement
sensitive nonstructural components. The protocol for acceleration sensitive nonstructural components
consists of a shake table protocol, suitable for testing building contents and self-supported equipment
with attachments at a single building level. The seismic fragility is assessed by applying the testing protocol
consecutively at increasing amplitudes, which can induce undesired low cycle fatigue damage on the tested
specimens. The protocol recommended for testing displacement sensitive nonstructural components
consists of a quasi-static racking protocol suitable for testing components attached at more than one level,
but whose seismic performance is independent on the dynamic actions. This subsection proposes two
general testing protocols, based on the FEMA 461 protocols, suitable for testing nonstructural

components, systems and equipment that may be sensitive to both floor accelerations and interstory drifts.

The first fragility testing protocol, consisting of a pair of dynamic floor motions for the UB-NCS
platforms, is recommended for fragility analysis of nonstructural components and systems that may be
simultaneously sensitive to the interstory drifts, and absolute velocities and accelerations imposed by the
dynamic action of two adjacent levels in a multistory building. The proposed protocol allows for assessing
the seismic performance of individual nonstructural components and equipment, and the dynamic
interactions between components of a nonstructural system or equipment. This protocol attempts to find
the seismic demands triggering all potential specimen damage states by performing a single test, reducing

the risk of inducing low cycle fatigue damage on the tested component.

The second testing protocol proposed for fragility assessment consists of a quasi-static interstory drift
testing history that is recommended for fragility assessment of nonstructural components, systems and
equipment not sensitive to the loading rate. The proposed quasi-static protocol is consistent with the
proposed dynamic fragility testing protocol and is presented here as an alternative to the FEMA 461
quasi-static testing protocol. The main reason for proposing the alternative quasi-static testing protocol is

to have a baseline for comparing quasi-static and dynamic test results.
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4.4.1 Dynamic fragility testing protocol

The fundamental objective of the dynamic fragility testing protocol is to find the median seismic demands
(interstory drifts, absolute velocities or absolute accelerations) triggering the different damage states of
displacement and/or acceleration sensitive nonstructural components, systems and equipment. In order to
find a relation between the demand parameters, the maximum seismic demands expected within a set of
buildings with fundamental periods ranging between 0.1 and 5 seconds, representatives of several seismic
resistant structural systems, are examined. The general testing protocol is developed for a generic site
characterized by seismic design spectral coordinates Sps=7g and Sp;=0.6g. The challenge is to develop a
single protocol that will trigger all potential damage states without having to repeat the load history at

increased amplitude.

4.4.1.1 Frequency content of testing protocol

The instantaneous frequency for the dynamic fragility testing protocol is given by equation (4.97). The

target frequency limits for the protocol are set equal to f,, =1/6 Hz and f,  =5.5 Hz, and therefore, the

effective minimum testing frequency calculated according to equation (4.98) is £ =0.20 Hz. The

maximum testing frequency f, = is set slightly higher than 5 Hz in order to better control the number of

large vibration cycles induced on acceleration sensitive nonstructural components with natural vibration

frequencies in the range between 4.5 and 5 Hz.

4.4.1.2 Estimation of protocol target peak demands

This subsection presents the process for estimating the maximum peak accelerations and the maximum

peak generalized drift to be imposed by the protocol histories.

4.4.1.2.1 Maximum peak spectral acceleration amplification along building height

The maximum peak spectral acceleration amplification along building height, FRS , calculated from

Factory,,,.

the factor FRS, . (h/H) given in equation (4.88) and shown in Figure 4.12, is given by:

FR‘SVFM/W‘,"\ = nmax {FR‘S‘FWM/‘ (%j} = FR‘S‘FMM/‘ (7) = 4 (4109)

4.4.1.2.2 Mean spectral acceleration shape

In order to define a conservative but rational testing protocol history, a target spectral shape, controlled by

the function a(#,4/H,S,,,S,,) presented in equation (4.101), should be specified. An enveloping
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spectral acceleration shape is estimated assuming a factor b/ H =1, corresponding to a building roof level.
Substituting this value into equation (4.102), a corner period Trz. =0.75 seconds is obtained. Accordingly,

using equation (4.103), a factor 7, =10.2 seconds is calculated. Finally, merging all these results into

equation (4.101) a function ¢, (#) is obtained:

sin(0.154¢) 0<1<10.2
o, (t)=0941 10.2<1<2t,-10.2 (4.110)

sin(m+0.154(1=2¢,)) 21,-10.2<1< 2t

where 7, =24 seconds is calculated using equation (4.99); and a constant sweep rate S, = 12 octaves/min

has been considered.

4.4.1.2.3 Maximum peak generalized drift along building height

In analogy with the calculations presented in subsection 4.4.1.2.1, the maximum peak generalized drift

along building height is computed from equation (4.96):

Oy =m><{5(%j}=5(0)=7.09 % @4.111)

4.4.1.2.4 Testing protocol modification factor

The dynamic testing protocol proposed for seismic fragility assessment incorporates a ductility

modification factor, R, to account for potential nonlinearities in the seismic response of the primary
system. The R, factor allows for controlling the relation between the peak accelerations and the peak

interstory drift imposed on the specimen. Subsection 4.4.1.6 describes the alternatives for applying this
testing protocol for assessing the seismic fragility of distributed nonstructural components. The ductility

modification factor is defined as:

R
R, ~z (4.112)

where R and €2 denote the response modification coefficient and the system overstrength factor,

respectively. The K factor is commonly used in engineering practice to design structures under reduced
elastic force levels. The R factor typically takes values between 1 and 8 (ASCE, 2005), depending on the
type and characteristics of the primary structural system. Figure 4.41 shows a typical force-displacement

relation used in structural design. Fr in Figure 4.41 denotes a design force level required for the structure
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to remain essentially elastic, associated with a deformation level 6,.. F, = F, /R denotes a typical reduced

force level for which a structure is normally designed, with corresponding deformation level d; =0, /R .

The system overstrength factor £2 accounts for the expected variations of the strength of the materials

used in construction, the safety factors used in structural design and the intrinsic structural system

overstrength, among other factors. Typical values for the overstrength factor are in the range between

1.25 and 3. In consequence, typical values for the Rﬂ factor are in the range between 1 and 4. A detailed

description of the parameters R and £2 is presented in the commentary of FEMA 450 (BSSC, 2003b).

As shown in Figure 4.41, the expected maximum force in the nonlinear system, F, =2 F, =F, / R, ,is
associated with the elastic displacement &, =£2,J; =J, /R, . The actual maximum displacement
experienced by the nonlinear system is then J,, = ud, , where f denotes the structural ductility factor.

max

A relation between R, and (4 was proposed by Newmark and Hall (Newmark and Hall, 1982):

R +1
L= "2 In the velocity and displacement spectral regions @.113)

R, In the acceleration spectral region

The relation between R, and # can be used to estimate the maximum system force and displacement:

F,=F,(R,)F, (4.114)
where
F (R ):L 4.115)
X H R
/i
and
R +1 . . .
U 0, In the velocity and displacement spectral regions
é‘max :l[ldY :_5E = 2R,u (4116)
R
“ 0, In the acceleration spectral region

A conservative estimate for displacement is then:

R +1
r =50 4.117)
2R,
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The F, (Ru) factor will be considered later to modify the platform displacement histories (and in

X

consequence platform absolute accelerations), while a factor:

R; +1
F,(R,)= ;R+ (4.118)

“

will be used to modify the interstory drift ratios computed for the linear elastic continuous beam model
studied in subsection 4.1.2. Figure 4.42 shows a plot of the F), (Rﬂ) factor. Finally, the R, factor can be
selected to control the relation between the maximum absolute acceleration and interstory drift imposed
by the dynamic fragility testing protocol. A more thorough discussion about the R, and 4 parameters

can be found in Uang (Uang, 1991).

4.4.1.3 Dynamic fragility protocol histories

The equations presented in subsection 4.3.1 for the qualification protocol are modified here to be used for
general dynamic fragility assessment. The modifications adjust the peak interstory drifts and accelerations
imposed by the protocol. However the same shape of the loading history is maintained since the number

of induced and imposed cycles have been carefully calibrated.
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Figure 4.41. Typical force-displacement relation Figure 4.42. Interstory drift modification factor

4.4.1.3.1 Displacement history for UB-NCS bottom level

The closed-form equation for the displacement protocol history proposed for the UB-NCS bottom level

Fragility :
x is expressed as:

Bottom

xp (1)=F, (R, )FRS,,,, o, (2) f () cwos(p(1))w(7) 4.119)
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where FRS,, =4 as calculated in subsection 4.4.1.2.1; F, (Rﬂ) is the acceleration modification factor
defined in equation (4.115); R, is the ductility reduction factor typically ranging between 1 and 4,
corresponding to structural ductility factors 4 between 1 and 8; ¢, (#) is the spectral shape modulating

function given in equation (4.110); /() is given in equation (4.97); S = -1.25 is a constant parameter

controlling the spectral shape at long periods; and @(#) and w(#) are given in equations (4.104) and

(4.105), respectively.

Conservatively, it is recommended to consider a value R, =1 for calculating the F, (Rﬂ) factor used for

generating the bottom level platform displacement history, and therefore, equation (4.119) becomes:

Xf};;‘”/iﬁb (Zl) = FR‘S‘FWM/“\,"\ aF (i)f(t)ﬂ [0j(¢(f))]]}(f) (4120)
Subsection 4.4.1.4 presents examples of dynamic fragility protocol histories.

4.4.1.3.2 Interstory drift protocol history

The closed-form equation for the interstory drift fragility protocol history (AF’”‘?"””) is given by:

AFrqgi/xg)' (l‘)_A 6’_[%] 60§(¢(f))7l/(f) (4121)

— “Max

where @(#) and w(#) are given in equations (4.104) and (4.105), respectively; and 0. =9.8 seconds is a
constant factor calibrated to impose the same mean number of total and damaging cycles imposed by the
floor motions recorded in instrumented multistory buildings during strong shaking (see subsection 4.3.4).

One alternative to compute maximum interstory drift to be imposed dutring testing, 4, , is:

Max >

S .
Ay, = by F (Ry )ﬁ . (4.122)

where /Ancs is the free interstory height of the UB-NCS testing facility; and F, (Rﬂ) is given in equation

(4.118). After substitution of Sp;=0.6g and J,,,, =1.09 % (maximum generalized drift ratio as calculated in

subsection 4.4.1.2.3), equation (4.122) becomes:

A

M ax

=1.3hy,F,(R,) (4.123)

where the F), (R ) factor is given in equation (4.118). The ductility reduction factor R, takes values in

"

the range 1 to 4, for structural ductilities in the range 1 to 8.
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Conservatively, a ductility reduction factor R, =4, associated to a structural ductility =8, is

recommended to be considered for generating the interstory drift protocol history. However, it is

important to consider the maximum possible drift so that all possible damage states are triggered.

A second alternative for estimating the peak interstory drift 4, . to be imposed by the fragility protocol is
provided in (Krawinkler ez @/, 2000). The method, originally proposed for estimating the maximum
deformation to be imposed on wood-frame components during cyclic tests, consists in performing a

. This A4

.. 1s defined as the

preliminary monotonic test to obtain the specimen deformation capacity, 4,

deformation at which the load in the component drops for the first time below 80% of the maximum load

sustained by the component. This approach for estimating A

Max

is preferred to ensure that sufficient

interstory drift is applied on the specimen to trigger all potential damage states.

The interstory drift protocol defined by equation (4.121) is symmetric about a time instant #, and
therefore, one half of the cycles imposed by the protocol corresponds to primary cycles, while the other
half, applied after reaching the target peak drift, corresponds to trailing cycles. Nevertheless the total
number of rainflow cycles imposed by the protocol closely matches the median total number of rainflow
cycles imposed by recorded building floor motions, as discussed in subsection 4.4.1.5. Subsection 4.4.1.4

presents examples of dynamic interstory drift fragility protocol histories.

4.4.1.3.3 Displacement history for UB-NCS top level

Fragility
Top

The fragility displacement history for the top UB-NCS level (x ) is calculated based on the bottom

level and interstory drift fragility protocol histories. The closed-form equation for the top level protocol is:

XFmgi/ify (l‘) — XFra(gi/igy (f) + AFrz{g//ig)‘ (f) (4124>

Top Bottom

Displacements for the top and bottom UB-NCS levels are, in consequence, in phase. Subsection 4.4.1.4

presents examples of dynamic fragility protocol histories.

4.4.1.4 Example histories for dynamic fragility testing protocol

This subsection presents a series of examples of dynamic fragility testing histories. The first three cases

studied consider ductility reduction factors R, = 1, 2.5 and 4, associated to structural ductilities 4 =1, 3.6

and 8.5, to modify both platform displacement and interstory drift protocol histories. A fourth case study

considers a ductility reduction factor R, = 1 for computing the bottom platform displacement history,

equation (4.120); and a targeted maximum interstory drift ratio 4, . =3% directly substituted into equation
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(4.121) for computing the interstory drift protocol history. Figure 4.43 through Figure 4.46 illustrate
several key characteristics of the proposed fragility protocol for all cases studied. Table 4.9 summarizes the
peak motion values for the dynamic fragility testing protocols shown in Figure 4.43 through Figure 4.46.

As observed in Table 4.9 and in Figure 4.43 through Figure 4.45, the peak platform accelerations drop

drastically as the R, factor is increased, while the imposed peak drift slowly increases. Consequently, for

nonstructural systems whose seismic performance is simultaneously controlled by both accelerations and

interstory drifts, it may be convenient to consider, conservatively, a ductility factor R, =1 (associated to an

unreduced acceleration level) for calculating the bottom platform displacement history given in equation

(4.119); and a value R, 24 in equation (4.123), for computing the interstory drift protocol history. This

scenario is assessed in the fourth case study, whose protocol histories are shown in Figure 4.46.

Table 4.9. Envelope floor motions dynamic fragility testing protocol

Ductility Peak Displacements Peak Interstory Drift Peak Velocities Peak Accelerations
Red. If actor Dmax Bot DM.ax Top Af\hx OMax Vf\[ax Bot Vl_\[ax Top Abax Bot Abax Top
4 (in) (in) (in) (%) (in/s) (in/s) @ ®
1 22.5 24.3 1.79 1.30 33.9 36.1 0.57 0.60
2.5 9.00 11.6 2.60 1.89 13.6 16.9 0.23 0.28
4 5.63 9.43 3.80 2.76 8.48 14.5 0.14 0.23
1" 225 26.6 4.14 3.00 33.9 39.1 0.57 0.65

* This case considers a factor R,=1 only for computing bottom level displacement history.

4.4.1.5 Calibration of cycles imposed/induced on specimens

This subsection assesses the number of cycles imposed and induced by the displacement and interstory

drift protocols, respectively. Figure 4.47 shows comparisons between the number of rainflow cycles
induced by the fragility testing protocol (for a constant sweeping rate S, =12 oct/minute) and the mean

and 84%% number of rainflow cycles induced by the set of recorded building floor accelerations
(described in Subsection 4.3.4) on SDOF with frequencies in the UB-NCS operating range (0.2-5 Hz). In
Figure 4.47, it can be seen that for systems with frequencies lower than 1.5 Hz, the proposed testing
protocol closely matches the mean number of large cycles (INs5g) induced by the recorded floor motions.
For SDOF systems with frequencies in the range 1.5 to 3.5 Hz, the testing protocol closely matches the
84t percentile number of large cycles induced by real building floor motions. For oscillators with natural
frequencies larger than 3.5 Hz, the testing protocol overestimates the 84% percentile number of large
cycles induced by real floor motions. More importantly, it is observed that the testing protocol closely
matches the mean total number of damaging excursions (INyg) for oscillators with natural frequencies in

the range of interest (0.2-5 Hz).
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Figure 4.43. Proposed dynamic fragility protocol, R,=1: (a) Bottom platform motions; (b) Top platform

motions; (c) Interstory drift history; (d) Acceleration response spectrum; (e) Velocity response spectrum;
and (f) Displacement response spectrum
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Figure 4.44. Proposed dynamic fragility protocol, R,=2.5: (a) Bottom platform motions; (b) Top platform
motions; (c) Interstory drift history; (d) Acceleration response spectrum; (e) Velocity response spectrum;
and (f) Displacement response spectrum
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Figure 4.45. Proposed dynamic fragility protocol, R,=4: (a) Bottom platform motions; (b) Top platform
motions; (c) Interstory drift history; (d) Acceleration response spectrum; (e) Velocity response spectrum;
and (f) Displacement response spectrum
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Figure 4.46. Proposed dynamic fragility protocol, R,=1 and Ay..=3%: (a) Bottom platform motions; (b)
Top platform motions; (c) Interstory drift history; (d) Acceleration response spectrum,; (e) Velocity
response spectrum; and (f) Displacement response spectrum



The “Rainflow” counting algorithm was also applied to the proposed interstory drift dynamic fragility
protocol to verify the adequacy of the parameter 0. = 9.8 seconds, controlling the shape of the Gaussian
enveloping function, considered in equation (4.123). Figure 4.48 compares the number of rainflow cycles
imposed by the proposed testing protocol and by recorded building floor motions. The adequacy of the
value considered for the parameter O, is demonstrated in Figure 4.48. In Figure 4.48 it is seen that the
number of rainflow cycles imposed by the interstory drift protocol closely matches the mean number of
rainflow cycles imposed by real building interstory drift histories. It is seen that the combined use of the
calibrated Gaussian window and the proposed instantaneous frequency function allows for closely
matching the mean number of cycles in the whole profile of cycle amplitudes, for which A vaties between

10 and 90.
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Figure 4.47. N9 and Nsp number of rainflow cycles  Figure 4.48. Number of rainflow cycles imposed by
induced by dynamic fragility platform protocol recorded building interstory drifts and dynamic
motions fragility drift protocol
The number of rainflow cycles shown in both Figure 4.47 and Figure 4.48 are valid for the proposed

fragility protocol, independent of the R, factor considered for generating the floor and interstory drift

histories.

4.4.1.6 Recommendations for using dynamic fragility testing protocol

Two options are described in this subsection for using the proposed dynamic fragility testing protocol for
assessing the seismic performance of distributed nonstructural components, systems and equipment

sensitive to both absolute floor accelerations and interstory drifts. The options depend on the damage

characteristics of the specimens and their sensitivity to low amplitude cycles.
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4.4.1.6.1 Equipment sensitive to low cycle fatigue damage

For nonstructural components, systems and equipment susceptible of exhibiting low cycle fatigue damage,
the experimental seismic fragility should be evaluated through a single test. In order to capture the instant
at which each damage state is triggered, time-stamped high definition videos should be used to correlate
with the applied accelerations, velocities and interstory drifts. Extensive instrumentation is required all
along the specimen’s components for characterizing the seismic demand path traveling from the platforms

to the specimen’s components.

Nevertheless, a low intensity test will be required for compensating the input command signal to be used

in the single final test and for checking the functionality of the data acquisition system.

4.4.1.6.2 Equipment not sensitive to low cycle fatigue damage

In the case that the nonstructural component, system or equipment is not sensitive to low cycle fatigue
damage, a procedure similar to the one described in FEMA 461 can be used. The protocol can be applied
at several increasing levels of shaking in order to populate the fragility data curves for all damage states
anticipated for the specimen. The minimum testing amplitude, generally performed for checking the
functionality of the data acquisition system, should be large enough to allow for an appropriate
compensation of the equipment’s command input signal; while the maximum testing amplitude should be
within the operational limits of the equipment. Moreover, the number of tests to be carried out during the
experimental fragility test series should be carefully selected. Section 5 presents a detailed example of the
application of the proposed methodology for assessing experimentally the seismic performance of
displacement and acceleration sensitive components included in a full scale composite hospital emergency

room.
4.4.2 Quasi-static fragility testing protocol

The main objective of the quasi-static fragility testing protocol is to assess the median seismic demands
triggering the different damage states of distributed nonstructural components, systems and equipment
which are not loading rate dependent. The proposed protocol is intended to be consistent with the
protocol included in the current version of FEMA 461 (FEMA, 2006) and the testing procedures
previously presented in this section. The basic difference resides in that this alternative testing protocol
has been calibrated to impose a number of cycles matching observations of recorded building floor
motions. The philosophy and methodology for applying the proposed quasi-static testing protocol are
identical to the ones described in FEMA 461.
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The interstory drift protocol history presented in this subsection consists of a simple but general loading
pattern that can be applied by using any displacement-controlled testing equipment. In particular, the
protocol can be imposed on full-scale specimens by using the UB-NCS testing facility, inputting the

protocol history at the top platform and keeping the bottom platform at rest.

All cycles imposed by the quasi-static fragility protocol are primary cycles. No trailing cycles are
considered in the proposed history. Furthermore, and in order to use the same principles described along

this section, all parameters controlling the shape of the testing protocol have been recalibrated.

4.4.2.1 Quasi-static fragility testing protocol histories

The closed form equation for the quasi-static fragility testing protocol is given by:

e{ e ] w5 (9, (#)) 12 << (4.125)

min

AQK (l‘) = AAI ax

where A, is the maximum interstory drift ratio imposed by the testing protocol, typically set equal to 3

or 4%, or according to the methods described in subsection 4.4.1.2.3. The parameter 0, =258.9 seconds

controls the shape of the testing protocol envelope. The parameter z‘;y corresponds to the time at which

the peak drift is reached, calculated as:

. 1 il S S 2
where the parameters S =0.467 octaves/min, f< =0.167 Hz, and f<' =0.011 Hz have been

calibrated to impose a controlled number of cycles on displacement sensitive nonstructural components.

Although it is recognized that the low frequencies considered in equation (4.126) do not have any effect
on the specimen performance, their relation, in conjunction with the value of the sweep rate Sf)'y R

controls the number of large and small cycles imposed by the protocol. The operator L] in equation
(4.126) denotes the floor function. The function (p_@.(f) in equation (4.125), derived from equation
(4.104), is the instant testing phase, given by:

?

2mf2 | (L2 , <
(p,@_(;):S i f’%@. 18 <1<t (4.127)

max

where /2 denotes the effective minimum testing frequency, and which in analogy with the dynamic
g Ireq Y, gy Y

min

case, is calculated using:
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The limits of equation (4.125) and (4.127) are given by:
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The parameter #2° defined in equation (4.129) denotes the total duration of the quasi-static protocol. The
parameter ¥ in equation (4.130), accounts for the minimum drift amplitude considered in the test history,

expressed as a fraction of the maximum drift A4 . A value y=4 /A  =0.05is recommended here, as

max i max

min

in FEMA 461. The parameter #< defined in equation (4.130) corresponds to the time at which the

protocol defined in equation (4.125) crosses the horizontal axis (zero interstory drift ratio) before reaching
for first time the minimum interstory drift ratio considered in testing. All the aforementioned calculations
can be performed using standard mathematical worksheets. Figure 4.49 shows examples of interstory drift

histories for a target interstory drift ratio A, =3%, and for parameters } =0.05 and 0.10.
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Figure 4.49. Quasi-static fragility interstory drift history for: (a) ¥ =0.05 and (b) ¥ =0.10

The time scale shown in Figure 4.49 is only illustrative of the total duration of the test. The time variable

has been included in equations (4.125) through (4.130) for consistency with the equations presented in
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preceding subsections and for protocol calibration purposes. In Figure 4.49, it is observed that all cycles

imposed by the quasi-static fragility protocol are primary cycles.

4.4.2.2 Additional comments on the proposed quasi-static fragility testing protocol

The testing protocol presented in the previous subsection is recommended for use following the same

methodology detailed in FEMA 461 and therefore, further details are not presented here.

The parameters controlling the shape of the quasi-static fragility protocol were calibrated to impose a
controlled number of “rainflow” cycles on displacement sensitive components, systems and equipment.
Figure 4.50 compares the number of rainflow cycles imposed by the proposed testing protocol and by
recorded building floor motions. The number of cycles with N, =10 imposed by the protocol histories

generated for ¥ =0.05 and 0.10 are the same, and therefore, only one curve is shown. In Figure 4.50, it is

observed that the number of rainflow cycles imposed by the interstory drift protocol matches the mean
number of rainflow cycles imposed by real building interstory drift histories, in the whole profile of cycle
amplitudes. It is also observed that the FEMA 461 protocol imposes a reduced number of cycles with
amplitude smaller than 50% of the maximum drift (lower number of small cycles). Figure 4.51 shows a
comparison of the normalized (with respect to the first and last cycle amplitudes) cycle amplitude increase

for the quasi-static protocol for the cases ¥ =0.05 and 0.10 and for the FEMA 461 protocol.
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Figure 4.50. Number of rainflow cycles imposed by Figure 4.51. Comparison of cycle amplitude
recorded building interstory drifts and quasi-static  increase for UB-NCS quasi-static fragility protocol
fragility drift protocol and FEMA461 quasi-static testing protocol

In Figure 4.51 it is observed that the cycle amplitude, normalized with respect to the amplitude of the first
cycle, increases faster in the FEMA 461 testing protocol than in the UB-NCS testing protocol. This is a
consequence of the lower number of small cycles imposed by the FEMA protocol. In the case in which

the cycle amplitude is normalized with respect to the maximum imposed interstory drift, the protocol for
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X = 0.10 exhibits a similar rate of increase as the FEMA 461 quasi-static protocol. It is also observed that
by increasing the value of y, the total number of cycles imposed by the UB-NCS quasi-static fragility

protocol is reduced from #»=25 to #=18. However, the ratio @,/ a; becomes significantly different.
4.5 Summary

A detailed methodology for estimating the hazard consistent seismic demands expected along the height
of linear elastic multistory buildings has been presented. The seismic demands were derived by applying
the theory of random vibration processes to continuous building models. The estimated absolute
accelerations and story drift demands were incorporated into a set of testing protocols equations specially
calibrated to impose simultaneously those seismic demands for the seismic qualification and fragility
assessment of nonstructural components, systems and equipment located within multistory buildings. The
testing methodology proposed here will be used in section 5 for evaluating the seismic performance of a
typical hospital emergency room and assessing the dynamic interactions between its architectural

components and medical equipment.
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SECTION 5

SEISMIC PERFORMANCE ASSESSMENT OF A FULL-SCALE
HOSPITAL EMERGENCY ROOM

This section describes the first large-scale experimental tests performed using the University at Buffalo
Nonstructural Component Simulator (UB-NCS). A model hospital emergency room was constructed and
subjected to two types of excitations: (i) the proposed qualification protocol (see subsection 4.3) that
applies seismic demands consistent with building floor motions, and (if) simulated floor motions obtained
from a four story building model excited by hazard consistent ground motion realizations. The
emergency room specimen included atchitectural finishes, distributed piping systems for medical gas and
fire extinguishing systems, and content such as life support medical equipment. These experiments also
serve to demonstrate the actual testing capabilities of the UB-NCS, subjecting various nonstructural

systems to trealistic floor motion demands.

The main objectives and scopes of the experimental program are described in Subsection 5.1. Subsection
5.2 presents a description of the test specimen, including construction details, and Subsection 5.3
summarizes the tests program and the instrumentation used to monitor the response of the specimen.

Subsection 5.4 presents the results and observations from the experiments.

The analysis and discussion of the results and experimental observations described in this Section are

presented in Section 6.
5.1 Objectives and scope of experiment

The main objectives of the full-scale hospital test series were: (i) to valuate the actual capabilities and
limitations of the UB-NCS in subjecting full-scale nonstructural components and systems to full-scale
floor motions; (ii) to evaluate the seismic performance of a full-scale hospital emergency room and assess
the seismic behavior of individual components as well as the seismic interactions among the various
nonstructural components and medical equipment typically found in an emergency room setting; and (iii)
to evaluate the feasibility and efficiency of the novel testing protocol described in Section 4 specifically
developed to assess the seismic performance of nonstructural components, systems and contents

sensitive to accelerations and/or displacements.

The seismic performance of the test specimen was assessed considering floor motions obtained from a
suitable testing protocol, as described in Subsection 5.3.1, and the simulated seismic response of a four

story medical facility. Recorded building floor motions are not directly used in the test series but their
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properties (frequency content, number of cycles induced and imposed, etc.) are implicit in the properties

of the testing protocol considered.
5.2  Description of Emergency Room (ER) test specimen

A full-scale Emergency Room (ER) mock up was constructed for seismic testing under full-scale floor
motions. Only the nonstructural components, content and equipment were included in the experiment.
The room was enclosed by steel studded gypsum partition walls with a layout similar to a specimen
previously tested by Restrepo and Lang (Lang, 2007; Lang and Restrepo, 2006; Restrepo and Lang, 2005)
using the FEMA 461 pseudo-static loading protocol. The reason for constructing a similar specimen was
to compare the behavior of partitions walls when subjected to a dynamic loading protocol. Minor
modifications were made to the original design in order to fit the specimen within the UB-NCS (Keller
and Mosqueda, 2005). The walls were constructed between concrete slabs attached to the UB-NCS as
shown in Figure 5.1. The room was approximately 4.4 m (14’-6”) in length, 3.2 m (10’-7”) in width, and
3.85 m (12’-6”) in height, as shown in Figure 5.2.
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Figure 5.1. Photograph of UB-NCS Figure 5.2. Geometry of specimen for the UB-NCS

with concrete slabs demonstration project
The simulated emergency room was furnished with medical equipment critical for inpatients’ life support
following a seismic event (Myrtle ez a/., 2005). Medical equipment found in other hospital critical services
was also considered for demonstration purposes. The nonstructural components and systems, along with

the medical equipment included in these experiments, are listed in Table 5.1.
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Table 5.1. Nonstructural components and medical equipment included in specimen

Nonstructural components and equipment

Steel stud framed gypsum partition walls
Suspended ceiling and suspended light
Flooring

Sprinkler system

Medical gas pipes with in-wall outlets
Wall mounted patient monitors
Freestanding poles with IV infusion pumps
Ceiling mounted surgical light
Operating room video equipment rack
Gurney

Medical cart on casters

180 Ib crash dummy

g R I R SA N ST I R

—_
\S]

Detailed descriptions of the key items listed in Table 5.1 are presented in the following subsections.
Figure 5.3 shows a general layout of the medical equipment included in the experiment and Figure 5.4

shows several photographs of the interior of the emergency room.
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Figure 5.3. Plan layout for equipment in emergency room tests
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Figure 5.4. Photographs of interior of emergency room: (a) view through door opening; (b) dummy
sitting on gurney, video rack, and monitor 1; (c) monitors 1 and 2, and medical cart; and (d) dummy,
poles 1 and 2, and video rack

For fragility assessment purposes, the hospital emergency room was subjected to increasing levels of
shaking including design and maximum considered earthquake level motions, as detailed in Subsection
5.3. The floor displacement histories considered for these tests were obtained from the simulated
response of an existing medical facility located in the San Fernando Valley, in Southern California, and

from a simplified version of the qualification testing protocol described in Subsection 4.3.
5.2.1 Partition walls

Figure 5.5 shows the elevations and dimensions of the gypsum partition walls enclosing the emergency
room. Figure 5.6 and Figure 5.7 show isometric views of the steel stud framing system and the finished

specimen, respectively.
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Figure 5.5. Elevations partition walls (Cont’d)

Figure 5.6. Isometric view of steel stud framing  Figure 5.7. Isometric view of finished specimen

The partition wall frame was constructed using steel studs model SSMA 3625125-43 (18 gauges in
thickness) with a typical spacing of 40 cm (16”) and slotted tracks model SSMA 362T125-43 (18 gauges

in thickness). The tracks were connected to the 47 in thickness concrete platform slabs (cylindrical

strength f = 3.3-4.0 ksi) detailed in Figure 5.8 and Figure 5.9 using standard power driven 25 mm (17)
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fasteners, spaced at 30 cm (1°) using a Ramset gun model SA-270 and Ramset .27 caliber shots. Two
fasteners were used at the track ends and wall intersections. Studs were screwed to bottom and top tracks
and to adjacent studs at wall intersections (with a spacing of 18” o.c.) using standard Phillips self-drilling
#8 screws, as shown in Figure 5.10. A gap of approximately 1/8” was left in the connection between the
top ends of studs and top tracks. The construction of the steel stud framing followed specifications

contained in the Steel Stud Manufacturers Association manual (SSMA, 2001).
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Figure 5.8. Detail geometry of concrete slab Figure 5.9. Detail reinforcement of concrete slab

Figure 5.10 shows typical stud arrangements at wall intersections. Figure 5.11 shows the detail of the
bottom and top stud to track and gypsum to stud and track connections. Figure 5.12 shows a photograph
of the typical connections of studs to tracks and studs to studs at wall intersections. Figure 5.13 shows
the details of the door frame around the opening, including the connections to the main steel stud frame.
Figure 5.14 shows the detail of the connection of the top track to the concrete slab, including the typical
distribution of fasteners. A general view of the completed steel stud framing system is provided in Figure

5.15.

Self Drill Screw #8 Steel Stud SSMA
t18ino.c. (T -
Self Drill Screw #6 at 18 in o.c. (Typ) 3625125-43 (Typ)
at 12 in o.c. (Typ)
] I I

S

A

- -

Self Drill Screw #6
at 12 in o.c. (Typ)

5/8" Gypsum Board (Typ) ,\

I
s
|

Figure 5.10. Stud arrangement at wall intersections
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Figure 5.11. Stud to track and gypsum to stud and track connections details

Gypsum wallboard panels (4’x8’) with a thickness of 15 mm (5/8”) wete screwed to the studs using
standard Phillips self-drilling #6 screws. Typical spacing for screws was 12 and 8 inches for field and
perimeter screws, respectively. Drywall panel joints were offset on opposite faces of partition walls.
Gypsum wallboards were screwed to the top and bottom tracks. The partition walls were finished with
metal corner beads (1-1/4”), drywall paper joint tape (2-1/16” in width), mud and water-based semi-gloss
paint. Figure 5.16 and Figure 5.17 show general views of the installed gypsum drywall panels on the

south, and east and north walls, respectively.
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Figure 5.16. General view of gypsum wallboards Figure 5.17. General view of gypsum wallboard
panels in south wall panels in east and north walls

5.2.2 Suspended ceiling

A suspended ceiling system was installed for finishing the interior of the emergency room. The ceiling
was placed at a height of 9 above the finished floor level. The main beams and cross tees were
Armstrong model Prelude XL 15/16” Fire Resistant, exposed tee. The wall moldings used were 2”’x2”
angle sections. The main runners were installed in the east-west direction at spacing of 4’ on center. Four
ft. cross runners were installed in the north-south direction at spacing of 2’ on center, whereas 2’ cross
runners were installed in the east-west direction at spacing of 2’ on center. The tiles used were 247°x24”

Fine Fissured with Angled Tegular edge profile. Figure 5.18 shows the layout of the ceiling grid.
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Figure 5.18. Layout of suspended ceiling grid
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Standard steel hanger wires #12 in gage were used to support the main beams at the points indicated in
Figure 5.18. The spacing between wite hangers was 4’ in both directions. A 24x48” light was installed in

the opening shown in Figure 5.18, with its weight supported by the ceiling grid.

Figure 5.19 shows a detail of the connection between the main beams and the 4” in length cross tees. The
connection detail of the wire used to suspend the ceiling grid and the light attached to the grid is also
shown. The wall molding angle supporting the perimeter of the ceiling can be seen in Figure 5.20. Figure
5.21 shows a general view of the installed ceiling while Figure 5.22 shows the detail of the ceiling around

one of the UB-NCS columns.

Figure 5.19. Main runner and grid hanger detail Figure 5.20. Ceiling grid and wall molding detail

Figure 5.22. Detail of ceiling around UB-NCS

Figure 5.21. General view of suspended ceiling column

5.2.3 Fire extinguishing system

A fire extinguishing system, composed of vertical and horizontal schedule 40 pipe runs, 2" in diameter,
was considered for the test specimen. Figure 5.24 and Figure 5.23 present elevation and plan views of the
pipe runs. The rising portion of the pipe run was attached to the UB-NCS concrete slabs using a
combination of flanges and pipe clamps as shown in Figure 5.25. The horizontal sprinkler pipe run was

attached to the partition walls using a combination of flanges and pipe clamps as shown in Figure 5.26,
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and to the top UB-NCS concrete slab using 3/8” all threaded rod hangers 7” in length, as shown in
Figure 5.27. Figure 5.28 shows a general view of the fire suppression pipe runs. A Standard Spray
Pendant sprinkler head model Rasco F1 with glass bulb type LPC-VdS (rated for response at 155°F) was
considered to interact with the suspended ceiling system (Figure 5.29). During testing, the fire

extinguishing system was connected to a hydrant providing typical working pressure.
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Figure 5.23. Elevation of sprinkler pipe runs
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Figure 5.24. Plan view of sprinkler pipe runs

Figure 5.25. Attachment detail of vertical pipe run
to UB-NCS concrete slab
e TR N

Figure 5.26. Detail of sprinkler run crossing
partition wall

Figure 5.27. Vertical rod hanger detail
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Figure 5.28. General view
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5.2.4 Medical gas piping

A medical gas distribution system was also installed within the emergency room test specimen. The

piping layout is shown in Figure 5.30.
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Figure 5.30. Plan view of medical gas pipes

The copper pipes used were 2" in diameter. The vertical pipe run was attached to the UB-NCS concrete
slab, similar to the sprinkler horizontal run, as shown in Figure 5.25. The horizontal runs were hanged
from the top slab using trapezoidal hangers with 3/8” in diameter all-thread rods (35” in length) inserted
into the top concrete slab using standard drop-in devices. Bracing systems were deliberately not

considered for the trapezoidal hanger.

Figure 5.31 and Figure 5.32 show details of the hanging system including the clamp used to connect the
medical pipe to the trapeze and the drop-in device used to attach the threaded rod to the concrete slab.
Figure 5.33 shows a general view of the medical pipes within the partition walls and the in-wall mounted
outlets, installed using standard hospital construction techniques. Details of the in-wall mounted outlets
geometry are shown in Figure 5.34. In order to reproduce normal ER operation conditions, the medical
pipes were pressurized through an air line during testing. The free space between the horizontal medical

gas run and the sprinkler vertical run was approximately 5”.
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Figure 5.31. Detail of clamp connecting pipe ~ Figure 5.32. Connection Figure 5.33. In-wall outlets
to hanger hanger to top concrete slab mounting detail
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Figure 5.34. Geometric details of in-wall mounted medical gas outlets

5.2.5 Wall mounted patient monitors

Four wall mounted patient monitors were installed in the emergency room as indicated in Figure 5.3.
Monitors 1, 2 and 3, were multi-parameter electrocardiogram monitors (ECG) Hewlett Packard model
HP M1176A; and Monitor 4, was a multi-parameter vital signal monitor Hewlett Packard model HP
78352C. Table 5.2 summarizes the geometric properties and the weights of these monitors and

photographs are provided in Figure 5.35.

Table 5.2. Geometric properties and weights of wall mounted patient monitors

. Dimensions (in) Weight
Monit Model - -
ontor ode Height Width Depth (Ibf)
1,2and 3 HP M1176A 19.7 14.6 17.8 57.2
4 HP 78352C 7.0 13.0 16.0 19.0
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The monitors were installed using GCX PolyMount instrument mounting systems. The wall channels for
Monitors 1, 2 and 4 were installed following the OSHPD pre-approved seismic anchorage (OPA-0079)
detailed in Figure 5.36 and shown in the photographs in Figure 5.38. The wall channel for Monitor 3 was
intentionally installed using the deficient anchorage shown in Figure 5.37. The detail shown in Figure 5.37
does not consider an effective anchorage of 6 of the 7 #10x2.0” oval head sheet metal screws installed at
both sides of the wall channel. Figure 5.38 also shows the differences between the mounting plates for
large /heavy monitors (Monitors 1, 2 and 3) and for small/light monitors (Monitor 4). The wall channels
were installed at wall heights indicated by the manufacturer. Accordingly, the base for the wall channels
were installed at 52 and 60” above the emergency room floor, for the large and the small monitors,

respectively.

(a) Monitors 1, 2 and 3 (b) Monitor 4

Figure 5.35. Wall-mounted patient monitors
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Figure 5.36. Details installation GCX wall channels for Monitors 1, 2 and 4
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Figure 5.38. Detail of mounting systems: (a) Wall channels for Monitors 2 and 3; (b) Mounting systems
for Monitors 1, 2 and 3; and (c) Mounting system for Monitor 4

5.2.6 Freestanding poles with IV infusion pumps

Two movable freestanding poles with 1V infusion pumps were included in the test series. The poles,
shown in Figure 5.39, were positioned in the emergency room as indicated in Figure 5.3. Both IV
infusion pumps were Abbott model Plum XI.. Table 5.3 summarizes the geometric properties and the
weights of these infusion pumps. Both 1V infusion pump stands have a total adjusted height of 72”
(operating position), and a 26” diameter base, which incorporates five 3” in diameter casters. The bases
of the poles weight approximately 20 Ibf each. The IV infusion pumps where located at a height of
approximately 45 above the floor. It should be noted that the infusion pumps had limited clearance to

move freely during the test.
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(a) IV infusion pump pole 1 (in the background) (b) IV infusion pump pole 2
Figure 5.39. Freestanding poles with IV infusion pumps

Table 5.3. Geometric properties and weight of IV infusion pumps

Dimensions (in) Weight
Model Height Width Depth (b
Abbott Plum XL 8.25 7.5 8.75 7.75

5.2.7 Ceiling mounted surgical light

The surgical light shown in Figure 5.40 installed at the Niagara Falls Memorial Medical Center was

mounted hanging from the bottom UB-NCS platform, as shown in Figure 5.41.

Figure 5.40. Surgical light in operating theater Figure 5.41. Surgical light hanging from bottom UB-
at Niagara Falls Memorial Medical Center NCS platform
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The surgical light shown is model ALM 751, with capacity for rotating 360 degrees. The light heads were

connected to the arms using standard 3/16” in diameter socket cap screws.
5.2.8 Operating room video equipment rack

The operating room video equipment rack on casters shown in Figure 5.42 and Figure 5.43 was included
in the tests. The metal video rack is 76” in height, 28” in width and 26” in depth. A detail showing the
dimensions of the rack is shown in Figure 5.44. The rack was filled with the operating theater equipment
shown in Figure 5.42, including, from top to bottom: a TV monitor, a surgical CO» insufflator, a color
video printer, and a digital signal processing system. All equipment has rubber bearings at its base with no
additional attachments. The position of the video rack inside the emergency room, shown in Figure 5.3,
was intentionally selected to evaluate the seismic interaction with Monitor 1. The rack is mounted on top
of swivel casters whose break devices were activated prior to testing. The rack door was also locked shut

during testing. The geometric properties of the equipment inside the video rack are listed in Table 5.4.

Figure 5.42. General view of interior of Figure 5.43. General view of exterior of video equipment
video equipment rack rack

Table 5.4. Geometric properties and weights equipment on video rack

Dimensions (in)

Item Height Width Depth
TV monitor 17 18 19
CO;, insufflator 6 14.5 9.5
Video printer 5 17 16
Digital signal processing 3 12 12
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5.2.9 Medical gurney and dummy

A 180-pound crash dummy sitting on a medical gurney was included in the test series, as shown in Figure
5.45. The gross dimensions and location of the gurney inside the emergency room are shown in Figure
5.3. The gurney’s breaking system was activated before and after each test to simulate typical gurney

operating conditions.

%\

0 O/Q/f

Figure 5.44. Detail geometry
operating theater video rack

Figure 5.45. Crash dummy sitting on medical gurney

5.2.10 Medical cart

A medical cart on casters was placed in the room with vatious items on the top shelf to demonstrate the
response of free-standing content. The medical cart is shown in Figure 5.43. Among the medical
accessories put on top of the cart are a bottle of water, a glass, paper towel, pills, medicine bottles, and a

recipient with medical supplies.
5.3 Testing program

The emergency room test specimen was subjected to increasing levels of a simplified version of the
qualification testing protocol presented in Section 4. For comparison purposes the specimen was also
subjected to the floor motions obtained from the simulated seismic response of a four story steel framed
medical facility. Finally, the specimen was loaded with a simplified version of the qualification interstory
drift protocol described in Section 4, applied quasi-statically, and considering scaling factors to reach a

target peak interstory drift ratio of 3%.
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5.3.1 Seismic qualification protocol

The simplified version of the closed-form equation for the bottom UB-NCS level displacement history
considered in this test series is given by:

X hom [z‘,%j = &f(f)ﬂ my((/)(t))w(f)FRSlWr (ij (;.1)

H

where @ =0.75 and [ =-1.35 ate constant calibration parameters controlling the shape of the target
response spectrum. A normalized building height 4/H=1, corresponding to the roof building level, was
substituted into equation (5.1). At this normalized building height the absolute acceleration imposed by

the testing protocol is the greatest. The functions (), ¢(#), w(#) and FRS,

Factor (b/H) were glVen in
equations (4.97), (4.104), (4.105) and (4.88), respectively. The minimum and maximum frequencies

included in the test series were f,. =0.2 Hz and f, . =5 Hz, respectively. The constant sweep rate

min

considered was S, =12 octaves/min.

The simplified version of the closed-form equation for the qualification interstory drift protocol history is

given by:

A(f%j=/ame‘[’?”y6[§jm(¢<f>)w<f> 52

where 0 =9.8 seconds is a constant parameter calibrated to impose a controlled number of large and

total cycles on displacement sensitive nonstructural components and systems; 7, is calculated using

equation (4.99); and & (/9/ H ) was given in equation (4.96).

The dynamic loading protocol used in the test series is shown in Figure 5.46. The figure shows the
instantaneous loading frequency and the motion histories for the top and bottom levels of the UB-NCS.

This dynamic testing protocol was applied at various amplitude scales including 10, 25, 50, 100 and 150%.

Figure 5.47a shows a comparison between bottom and top platform displacement histories while Figure
5.47b shows the dynamic interstory drift protocol history. Table 5.5 lists the tests series performed and
the corresponding expected peak platform motion values. In Table 5.5, the 100% scaled protocol
histories, also shown in Figure 5.46 and Figure 5.47, are inherently associated to a seismic hazard (SH)
with a probability of exceedance (PE) of 10% in 50 years, which corresponds to as design earthquake
level; while the 150% scaled protocol histories impose demands expected with an earthquake having a PE

of 2% in 50 years, commonly referred to as maximum considered earthquake (BSSC, 2003a).

172



Instantaneous Frequency

5 \ \
4 —
N
Z
g°0 il
ool _
E
£,k |
0 | | | | | | |
0 5 10 15 20 25 30 35 40
Time (sec)
(a) Instantaneous testing frequency
Bottom Displacement History
20 T T

Disp (in)

5 10 15 20 25 30 35 40
Time (sec)
Bottom Velocity History
40 T T

20—

-
=
-
i

| | | | | |
5 10 15 20 25 30 35 40
Time (sec)
Bottom Acceleration History
1
I I

Ace @
o
o (4]
EN I
| ? |

| | | | | |
0 5 10 15 20 25 30 35 40
Time (sec)

(b) Bottom UB-NCS level floor motions

Top Displacement History
20 T T

Disp (in)

-20 :
5 10 15 20 25 30 35 40
Time (sec)
Top Velocity History
40 T T
20 —

| | | | | | | |
5 10 15 20 25 30 35 40
Time (sec)
Top Acceleration History

Velo (in/sec)
° T é T
=
=
§

Acc (g)
o
=

| | | | | |
0 5 10 15 20 25 30 35 40
Time (sec)

(c) Top UB-NCS level floor motions

Figure 5.46. Testing protocol floor motions for nonstructural systems located at roof level (4/H=1)
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Figure 5.47. Testing protocol at 100% scale for nonstructural systems located at roof level (4/H=1)

Table 5.5. List of tests performed and envelope of peak floor motion for dynamic protocol

Test Scaling Peak Displacements Peak Interstory Drift Peak Velocities Peak Accelerations
Factor | Dyjay got (in) | Dytax rop (in) | day (in) Oty (%) [Vitay pot (in/s) Vvax Top (i0/5) Antay Bot () | Amtax Top (8)

1 10% 1.63 1.76 0.13 0.09% 3.1 3.3 0.07 0.08

2 25% 4.08 4.4 0.33 0.22% 7.6 8.2 0.18 0.19

3 50% 8.15 8.80 0.66 0.43% 15.3 16.3 0.37 0.39

4 100% 16.3 17.6 1.31 0.87% 30.5 32.6 0.73 0.77

5 150% 24.5 26.4 1.97 1.30% 45.8 48.9 1.10 1.16

5.3.2  Simulated building floor motions

In order to validate the suitability of the testing protocol to impose earthquake compatible damage levels,
the specimen was also subjected to the floor motions obtained from the simulated response of an existing
four story steel framed medical facility located in the San Fernando Valley in California (Wanitkorkul and
Filiatrault, 2005). This four story steel framed building model with non-uniform distribution of mass and
stiffness, shown in Figure 5.48, has been extensively studied by MCEER investigators (Yuan and
Whittaker, 2002).

The floor motions were obtained from nonlinear seismic analysis of the building excited by synthetic
ground motions corresponding to seismic hazards with probabilities of exceedance of 10% in 50 years
and 2% in 50 years. The absolute displacement response histories calculated for the 4t and roof levels of
the building, shown in Figure 5.49 and Figure 5.50, were applied to the bottom and top levels of the UB-
NCS, respectively. Figure 5.49 shows the response histories along with other relevant properties
computed for the simulated building response associated to a SH with a PE of 10% in 50 years. Figure

5.49a illustrates the floor displacement histories observed at the 4t and roof building levels, while Figure
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5.49b shows the interstory drift history for the uppermost building level. Figure 5.49¢ and Figure 5.49d
show the floor velocity and acceleration histories, respectively. Figure 5.49e presents a comparison
between the Fast Fourier Transforms (FFT’s) computed for the simulated building floor motions and the
testing protocol (scaled to 100%). In Figure 5.49¢, the dominant period of T'= 0.8 seconds for the four
story building can be identified. Figure 5.49f shows a comparison between the floor response spectra
(FRS’s) computed for the simulated building floor motions and the testing protocol (scaled to 100%).
Figure 5.49¢ and Figure 5.4%9h show comparisons of the number of “Rainflow” cycles induced and
imposed by the simulated floor motions and the testing protocol (scaled to 100%) on acceleration and

displacement sensitive nonstructural components, respectively.

Figure 5.48. Four story building model used to simulate building floor motions.
After Yuan and Whittaker (Yuan and Whittaker, 2002)

In Figure 5.49f it can be observed that the spectral demands imposed by the simulated building floor
motions exceed the spectral demands imposed by the testing protocol for frequencies close to the
dominant building frequency. This is expected since the protocol averages the response of buildings with
different periods. In Figure 5.49¢ it can be observed that the number of cycles induced by the simulated
building floor motions exceed the number of large cycles (IN5p) induced by the testing protocol on
acceleration sensitive nonstructural components with natural frequencies tuned with the natural
frequency of the building. The parameters A and N plotted in Figure 5.49h were previously defined in
Subsection 4.3.4. In Figure 5.4%h it can be observed that the number of cycles imposed by the simulated
building floor motions on displacement sensitive nonstructural systems is only slightly lower than the

number of cycles imposed by the testing protocol.
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Figure 5.49. Simulated building floor motions (FM) for earthquake event with PE of 10% in 50 yrs
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Figure 5.49. Simulated building floor motions (FM) for earthquake event with PE of 10% in 50 yr
(Cont’d)

Similar plots are shown in Figure 5.50 for the simulated building floor motions corresponding to a PE of
2% in 50 years. In Figure 5.50, the protocol FFT’s and FRS’s have been amplified by a factor 1.5 to
account for a compatible seismic hazard level. Figure 5.50e, f, g, and h exhibit the same trends observed

in Figure 5.49¢, f, g, and h, respectively.

Table 5.6 summarizes the tests series performed considering the simulated building floor motions and the

expected peak platform motion values.
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Figure 5.50. Simulated building floor motions (FM) for earthquake event with PE of 2% in 50 yr
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Floor Velocity Histories for SH with PE 2%/50yr
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Table 5.6. List of tests and envelope of peak floor motions for simulated building floor motions

Test Test Scaling Peak Displ t Peak Interstory Drift Peak Velocities Peak Accelerations
° Description Factor | Dypay ot (in) | Dypay op (i) | diyyy (i) Syiax (%) | Vtax ot (0/8)[Viray rop (/) Antay Bot (8) | Awmtax Top (8)
6 [Floor Motion PE 10%/50yr 25% 2.23 242 0.26 0.17% 10.3 12.7 0.17 0.27
7 |Floor Motion PE 10%/50yr 50% 4.45 4.83 0.53 0.35% 20.5 25.5 0.35 0.53
8 [Floor Motion PE 10%/50yr 100% 8.90 9.66 1.05 0.70% 41.0 50.9 0.69 1.06
9 [Floor Motion PE 2%/50yr 25% 2.78 2.85 0.42 0.28% 11.1 13.7 0.19 0.36
10 [Floor Motion PE 2%/50yr 50% 5.55 5.70 0.84 0.55% 22.2 27.4 0.39 0.72
11 [Floor Motion PE 2%/50yr 100% 11.1 114 1.67 1.11% 44.4 54.8 0.77 1.44
5.3.3 Quasi-static tests

In order to assess the seismic performance of displacement sensitive components and damage states at

interstory drift levels larger than those imposed by dynamic testing as listed in Table 5.5 and

Table 5.6, larger drifts were applied quasi-statically. The loading history is similar to the interstory drift

applied in the dynamic protocol shown in Figure 5.47b, but with the time scale extended by a factor of

10. Figure 5.51 shows the resulting full-scale drift protocol for quasi-static testing. The drift was applied

by maintaining the bottom level actuators under constant zero displacement and imposing the protocol

as a displacement command to the top level UB-NCS actuators. Table 5.7 summarizes the test series with

scaling factors and peak demands applied during each test.

Interstory Drift (in)

Interstory Drift

Protocol Roof Level 100%

450

1.5 : : : :

i i
0.5} ﬂ ‘ ﬂ 1
0.5+ ‘ U 1

1+ -
_15 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
Time (sec)

Figure 5.51. Quasi-static interstory drift protocol (scaled to 100%0)

Table 5.7. List of tests performed and envelope of peak floor motions for quasi-static protocol

Test Test Scaling Peak Displ t Peak Interstory Drift Peak Velocities Peak Accelerations
es Description Factor | Dyiay got (i) | Dyiax 1op (i) | diviay (in) Svtax (%) | Vvtax Bot (i0/9)|Viiay Top (/) Antax ot (8) | Amtaxrop (8)
12 |Drift Protocol (Quasi-static) 200% - 2.62 2.62 1.73% - - - -
13 |Drift Protocol (Quasi-static) 250% - 3.28 3.28 2.17% - - - -
14 |Drift Protocol (Quasi-static) 300% - 3.93 3.93 2.60% - - - -
15 |Drift Protocol (Quasi-static) 350% - 4.59 4.59 3.03% - - - -
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5.3.4 Instrumentation setup

The instrumentation scheme focused on measuring the responses of the UB-NCS platforms, wall
mounted vital sign patient monitors and gypsum partition walls. Table 5.8 lists the instruments used in
these tests and Figure 5.52 through Figure 5.60 illustrate the location of the instruments within the test
specimen. More specifically, the instrumentation included: load cells on the actuators to record the forces
imposed on the UB-NCS; accelerometers to record the longitudinal, transverse and vertical accelerations
of both UB-NCS platforms (Figure 5.52), tri-axial accelerometers at the base of the wall-mounted patient
monitors (Figure 5.53); and string potentiometers to measure wall deformations in the direction of
loading (East-West direction). Additional potentiometers were installed to closely monitor the behavior
of the partition walls including relative slip between bottom and top steel tracks and concrete slabs, and
to capture wall rocking effects. The rocking effects were evaluated by using potentiometers to measure
relative displacements between the studs located at the wall boundaries and tracks and concrete slabs, as
shown in Figure 5.54. Figure 5.54 also summarizes the notation for the instrumentation listed in Table

5.8.

The photographs in Figure 5.55 through Figure 5.60 show details of the instrumentation installation. The
three accelerometers installed at the base of Monitor 1 (M1AVb, MIANSb and M1AEWDb) were used to
measure the dynamic amplifications of the platform motions due to the partition wall system flexibility.
Figure 5.56 shows a detail of the string potentiometer installed to measure the diagonal deformations of
the central portion of the south wall (SCWD2), and the hook end of the potentiometer used to record
diagonal deformations of the eastern portion of the south wall (SEWD1). Furthermore, Figure 5.56
shows the potentiometer used to record the relative slip of the south wall top track (SCWLT). Figure 5.57
shows a detail of the instrumentation of the partition walls around the bottom right corner of the
doorway. In Figure 5.57, the string potentiometer used to measure the diagonal deformations of the
eastern portion of the south wall (SEWD2), and the potentiometers used to measure the relative motion
between the corner stud and track (SEWVBWI) and the corner stud and the concrete slab (SEWVBW),
are shown. Figure 5.58 shows a detail of the instrumentation of the partition walls around the bottom left
corner of the door. Figure 5.58 shows the string pot used to measure the diagonal deformations of the
western portion of the south wall (SWWD1), and the potentiometer used to measure the relative motion
between the corner stud and the concrete slab (SWWVBE). Figure 5.59 and Figure 5.60 show details of
the potentiometers installed to measure the relative slip of the bottom (NEWLB) and top (NEWLT)
tracks of the eastern portion of the north wall, respectively. The sampling rate for the dynamic and quasi-

static test series listed in Table 5.5, Table 5.6 and Table 5.7 were 256, 256 and 32 Hz, respectively.
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Table 5.8. Instrumentation list

Channel D | Instrument Resposlse Min O.pe:ratlon Orientation Location and comment
quantity Limits
Data acquired from Actuators
1 Time Time
2 ComACctA Actuator Disp +40in Actuator A command
3 ComActB Actuator Disp +40in Actuator B command
4 ComActC Actuator Disp +40in Actuator C command
5 ComActD Actuator Disp +40in Actuator D command
6 DispActA Actuator Disp +40in Actuator A displacement
7 DispActB Actuator Disp +40in Actuator B displacement
8 DispActC Actuator Disp +40in Actuator C displacement
9 DispActD Actuator Disp +40in Actuator D displacement
10 ForceA Actuator Force +50kip Actuator A
11 ForceB Actuator Force +50kip Actuator B
12 ForceC Actuator Force +50kip Actuator C
13 ForceD Actuator Force +50kip Actuator D
Accelerometers in Platforms
14 ACBLNE Accelerometer Acceleration +10g EW Bottom Platform
15 ACBLSE Accelerometer Acceleration +10g EW Bottom Platform
16 ACBTSW Accelerometer Acceleration +10g NS Bottom Platform
17 ACBTSE Accelerometer Acceleration +10g NS Bottom Platform
18 ACBV Accelerometer Acceleration +10g \ Bottom Platform
19 ACTLNE Accelerometer Acceleration +10g EW Top Platform
20 ACTLSE Accelerometer Acceleration +10g EW Top Platform
21 ACTTSW. Accelerometer Acceleration +10g NS Top Platform
22 ACTTSE Accelerometer Acceleration +10g NS Top Platform
23 ACTV Accelerometer Acceleration +10g \ Top Platform
Instrumentation North East Wall
24 NEWDI1 String Pot Displacement +6 in Diagonal Diagonal north east wall
25 NEWD2 String Pot Displacement +6 in Diagonal Diagonal north east wall
26 NEWVTE Potentiometer Disp uplift +1in \% North cast wall top east end (stud to concrete)
27 NEWVTEi Potentiometer Disp uplift +1in \% North cast wall top east end (stud to track)
28 NEWVTW Potentiometer Disp uplift +1 in \ North east wall top west end (stud to concrete)
29 NEWVTWi Potentiometer Disp uplift +1in \ North east wall top west end (stud to track)
30 NEWVBE Potentiometer Disp uplift +1in \ North east wall bottom east end (stud to concrete)
31 NEWVBEi Potentiometer Disp uplift +1in \ North east wall bottom east end (stud to track)
32 NEWVBW Potentiometer Disp uplift +1 in \ North east wall bottom west end (stud to concrete)
33 NEWVBWi Potentiometer Disp uplift +1in \ North east wall bottom west end (stud to track)
34 NEWLT String Pot Displacement +6 in EW North east wall relative motion top track
35 NEWLB String Pot Displacement +6 in EW North east wall relative motion bottom track
Instr ion North West Wall
36 NWWDI String Pot Displacement +6 in Diagonal Diagonal north west wall
37 NWWD2 String Pot Displacement +6 in Diagonal Diagonal north west wall
38 NWWVTE Potentiometer Disp uplift =1 in \Y North west wall top east end (stud to concrete)
39 NWWVTEi Potentiometer Disp uplift =1 in \Y North west wall top east end (stud to track)
40 NWWVTW Potentiometer Disp uplift +1 in \ North west wall top west end (stud to concrete)
41 NWWVTWi | Potentiometer Disp uplift +1 in \% North west wall top west end (stud to track)
42 NWWVBE Potentiometer Disp uplift +1in \ North west wall bottom east end (stud to concrete)
43 NWWVBEi Potentiometer Disp uplift +1in \% North west wall bottom east end (stud to track)
44 NWWVBW Potentiometer Disp uplift +1in \ North west wall bottom west end (stud to concrete)
45 NWWVBWi [ Potentiometer Disp uplift +1in \% North west wall bottom west end (stud to track)
46 NWWLT String Pot Displacement +6 in EW North west wall relative motion top track
47 NWWLB String Pot Displacement +6 in EW North west wall relative motion bottom track
Instr ion South West Wall
48 SWWDI1 String Pot Displacement +6 in Diagonal Diagonal south west wall
49 SWWD2 String Pot Displacement +6 in Diagonal Diagonal south west wall
50 SWWVTW Potentiometer Disp uplift +1in \ South west wall top west end (stud to concrete)
51 SWWVTWi | Potentiometer Disp uplift +1 in \ South west wall top west end (stud to track)
52 SWWVBW Potentiometer Disp uplift +1in \ South west wall bottom west end (stud to concrete)
53 SWWVBWi | Potentiometer Disp uplift +1in \ South west wall bottom west end (stud to track)
54 SWWVBE Potentiometer Disp uplift +1 in \% South west wall bottom east end (stud to concrete)
55 SWWVBEI Potentiometer Disp uplift +1 in \% South west wall bottom east end (stud to track)
56 SWWLB String Pot Displacement +6in EW South west wall relative motion bottom track
Instr ion South East Wall
57 SEWDI String Pot Displacement +6 in Diagonal Diagonal south cast wall
58 SEWD2 String Pot Displacement +6 in Diagonal Diagonal south cast wall
59 SEWVTE Potentiometer Disp uplift +1 in Vv South cast wall top east end (stud to concrete)
60 SEWVTEi Potentiometer Disp uplift +1 in \% South cast wall top east end (stud to track)
61 SEWVBW Potentiometer Disp uplift +1 in \ South east wall bottom west end (stud to concrete)
62 SEWVBWi Potentiometer Disp uplift +1 in \ South east wall bottom west end (stud to track)
63 SEWVBE Potentiometer Disp uplift +1 in \ South east wall bottom east end (stud to concrete)
64 SEWVBEi Potentiometer Disp uplift +1 in \ South east wall bottom east end (stud to track)
65 SEWLB String Pot Displacement +6 in EW South east wall relative motion bottom track
Instrumentation South Central Wall
66 SCWD1 String Pot Displacement +6 in Diagonal Diagonal south central wall
67 SCWD2 String Pot Displacement +6 in Diagonal Diagonal south central wall
68 SCWLT String Pot Displacement +6in EW Sputh central wall relative motion top track
Instr ion Monitor X
69 MXAVCh Accelerometer Acceleration +10g \% Chanel instrumentation
70 MXANSCh | Accelerometer Acceleration +10g NS Chanel instrumentation
71 MXAEWCh [ Accelerometer Acceleration +10g EW Chanel instrumentation
72 MXAVb Accelerometer Acceleration +10g \% Bottom equipment instrumentation
73 MXANSb Accelerometer Acceleration +10g NS Bottom equipment instrumentation
74 MXAEWb Accelerometer Acceleration +10g EW Bottom equipment instrumentation
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Figure 5.56. Detail of instrumentation of wall
diagonal and track slip. In the photo: string pot
SCWD2 and potentiometer SCWLT. Hook for

string pot SEWD1 is also shown

Figure 5.55. Detail of instrumentation at the base
of wall mounted vital sign monitors. In the photo:
accelerometers M1AVb, M1ANSb and M1AEWb

P

Figure 5.57. Detail of instrumentation at wall Figure 5.58. Detail of instrumentation at wall

boundary. In the photo: string pot SEWD2, and boundary. In the photo: string pot SWWD1, and
potentiometers SEWVBW and SEWVBWi potentiometers SWWVBE and SWWVBEi

Figure 5.59. Detail of instrumentation for bottom  Figure 5.60. Detail of instrumentation for top track
track slip. In the photo: potentiometer NEWLB slip. In the photo: potentiometer NEWLT
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5.3.5 Damage observations

Detailed damage investigations were conducted after most tests in order to identify the progression of
damage, the different damage states, and the level of excitation at which the damage states occurred.
Measured data and video were collected during each test. After some of the tests, a detailed damage
assessment was conducted, consisting of visual observations and high resolution photographs. Table 5.9

summarizes the damage assessment method used following each of the tests performed in this research.

Table 5.9. Damage assessment method

Damage assessment

Measured

Test type Test description Data Video Photo .Detail.ed
inspection
Dynamic Scaled to 10% v
testing Scaled to 25% v 4 v v
protocol Scaled to 50% v 4 v v
Scaled to 100% (Design earthquake level) v 4 v
Scaled to 150% (MCE level) v v v v
Simulated Design earthquake level scaled to 25% v v
building Design earthquake level scaled to 50% v v
floor Design earthquake level scaled to 100% 4 v v 4
motions MCE level scaled to 25% 4 4
MCE level scaled to 50% v v
MCE level scaled to 100% v v v v
Quasi-static ~ Scaled to 200% v v v v
testing Scaled to 250% 4 4 4 4
protocol Scaled to 300% v 4 v 4
Scaled to 350% v 4 v v

5.4 Experimental results

This subsection presents the detailed qualitative and quantitative results and observations obtained from
the test series performed on the mock emergency room described in Subsection 5.2. The seismic
performance of the specimen and the fidelity of the UB-NCS for replicating the desired floor motions are
discussed in Section 6. The findings presented here are based on the data collected during the
experiments as summarized in Table 5.9. All recorded data channels have been filtered using a low-pass
Butterworth filter of order 50 with a cutting frequency of 5 Hz. The observations presented in this
subsection are later used in Section 6 to evaluate the overall progression of damage to the various

components of the emergency room and perform fragility analysis.
5.4.1 Results and observations for seismic qualification protocol floor histories
This subsection presents the observations and results of the tests performed using the floor motion

histories described in Subsection 5.3.1, corresponding to the proposed seismic qualification protocol.
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5.4.1.1 Dynamic testing protocol scaled to 10%

This low-level test was performed mainly to verify the operation of the test setup including control and
data acquisition systems. A brief inspection of the room was performed following the experiment. No

damage was observed in any of the acceleration or displacement sensitive nonstructural components.

5.4.1.2 Dynamic testing protocol scaled to 25%

The purpose of the 25% amplitude scaled testing protocol was mainly to evaluate the fidelity of the UB-
NCS in applying the command motions. A compensated input motion to be used as the command signal
for the UB-NCS platforms in subsequent tests was generated based on this test. Nevertheless, damage

investigations were conducted to identify any noticeable damage experienced at this intensity.

5.4.1.2.1 Command signal compensation

The iterative command signal compensation procedure described in Section 3 was used to prepare the
floor motions to be used at larger intensity test levels. Figure 5.61 summarizes the preliminary results of
the 25% scaled test performed using the non compensated signals shown in Figure 5.46b and Figure
5.46¢. Figure 5.61a shows a comparison between desired and observed platform displacements while
Figure 5.61b compares desired and observed interstory drift histories. Although not perceptible in Figure
5.61a, undershoots were observed at low amplitude-high frequency platform motions. Figure 5.61c shows
the relative displacements between actuators placed at a same platform level. In Figure 5.61c it is seen
that the relative displacements do not exceed 1/8 of an inch, the limiting value observed during the
shake-down process. Figure 5.61d shows the forces imposed by each UB-NCS actuator, from where the
residual force capacity, available to load the test specimen, can be estimated. Note that the peak actuator
force is 22 kip. Figure 5.61e and Figure 5.61f compare the desired (DRS) and observed (ORS) floor
response spectra (FRS’s) for the bottom and top UB-NCS platform levels, respectively. The ORS
underestimated the DRS for both bottom and top UB-NCS platforms by more than 50%. This is
believed to be a direct consequence of the displacement undershoots observed for frequencies greater
than 1 Hz. Based on the criteria and methodology for command signal compensation described in
Section 3, the UB-NCS platform input motions required compensation. Figure 5.61g and Figure 5.61h
show the compensated signals with amplified displacement amplitudes at frequencies larger than 1 Hz,
for the next (second) iteration. The modified signal amplifies the displacement input at higher frequencies

in order to achieve the desired response spectrum.
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Figure 5.61. Experimental results dynamic testing protocol scaled to 25%, before compensation
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Figure 5.61. Experimental results dynamic testing protocol scaled to 25%, before compensation (Cont’d)

Figure 5.62 compares the DRS and ORS after compensating the platform displacement command inputs.
After signal compensation, the ORS closely matches the DRS for the whole range of frequencies of
interest. The iterative process was stopped at this point and the compensated input motions were used

for larger amplitude tests.
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Figure 5.62. Comparison of DRS and ORS for (a) bottom level platform; and (b) top level platform for

dynamic testing protocol scaled to 25% after command input compensation

5.4.1.2.2 Tests results and damage observations

Table 5.10 summarizes the envelope of desited and observed peak floor response parameters recorded

during the 25% scaled test carried out using the compensated dynamic testing protocol. From Table 5.10
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it can be observed that the errors in replicating floor displacements’, velocities, and interstory drifts
histories are less than 5%. However, errors up to 20% are observed in replicating top platform
accelerations. The acceleration overshoots are evident in Figure 5.63, and are likely due to the

compensation procedure to match the desired response spectra in Figure 5.62.

Table 5.10. Envelope of peak floor motions for dynamic testing protocol scaled to 25%

Peak Platform . Peak Platform Peak Platform
: Peak Interstory Drift ; )
R s Displacement N Velocity Acceleration
€spo (in) Miax (in/sec) (©)
DMax Bot DMax Top (11'1) (0/ 0) VMax Bot VMaX Top AMax Bot AMax Top

Desired 4.07 4.40 0.33 0.22 7.63 8.16 0.18 0.19
Observed 411 4.43 0.34 0.23 7.60 8.11 0.22 0.24
Error (%) 0.82 0.71 4.02 4.02 0.42 0.62 16.6 20.4

The key results from the 25% scaled dynamic protocol test are shown in Figure 5.63. A comparison
between the desired and observed response histories for displacement, drift and acceleration demonstrate

that the UB-NCS performed adequately after command signal compensation. Figure 5.63e shows the
force history imposed on the partition wall specimen. The force history in the partition walls, F p (z‘),

shown in Figure 5.63e, is calculated using:
(F, (1)-F, (2)) (5.3)

where F, (#) and E, (#) denote the forces in the partition walls computed using the accelerations and

forces recorded at top and bottom UB-NCS platform levels. These forces are computed by subtracting

the inertial forces generated by the platform mass from the total force applied by the actuators.

£ ()= ()= + 0 54
F, (¢)=F, (t)—[WB +%)‘Z“Tff) (5.5)

The forces F, (#) and F,(#) denote the total force applied by the actuators located at top and bottom

UB-NCS levels, respectively; Wr = 14.6 kips, W5 = 15.3 kips, and W5 = 4.0 kips denote the reactive

weight of the top and bottom UB-NCS platforms (including concrete slabs), and of the test specimen,

respectively. a, (#) and a,(#) denote the average accelerations recorded at top (channels ACTLSE and

7 Note that the maximum errors in replicating floor displacements are observed at small-high frequency displacements, and not
at peak displacements.
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ACTLNE) and bottom (channels ACBLSE and ACBLNE) platform levels, respectively, and g denotes

acceleration due to gravity. Figure 5.63f shows the resulting hysteresis loop based on the estimated forces

in the partition walls F, (#) and the measured drift. Pinching of the hysteresis is evident even at this low

interstory drift level.
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Figure 5.63. Experimental results for dynamic protocol scaled to 25%, after command input
compensation

The initial stiffness of the specimen, Kj, can be estimated by using the information presented in Figure

5.63f and:
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where, according to Figure 5.63f, F, = 10.7 kips, F, = -10.8 kips, A, = 0.34in (0.22 %), and 4, =

[ =
-0.34 in (0.23 %). After replacing those values into equation (5.0), an initial stiffness K; = 31.6 kips/in is
obtained. The stiffness is similar to the initial stiffness computed by Lang and Restrepo (Lang, 2007,
Lang and Restrepo, 2006): Kr= 25.5 kips/in. The discrepancy in the stiffness values is partially due to the
difference in specimen height, which for the case of the UCSD’s specimen was 14 ft and for the UB-NCS

test series was 12.6 ft.

During this test, some incipient damage was induced in the gypsum partition walls, as summarized in
Figure 5.64. On the exterior side of the north wall, some slight screw pop-out was observed at the base of
the wall. On the exterior of the south wall, a 4 hairline crack starting at the base of the south east corner
of the specimen was observed along the corner bead. A photograph of this damage is shown in Figure
5.65a. A vertical crack was also observed along the joint of the gypsum wallboard over the upper right
corner of the door opening, as shown in Figure 5.65b. Furthermore, a 1’ in length crack, inclined
approximately 30 degrees, was observed at the top left corner of the south wall opening, as shown in

Figure 5.65¢. Similar minor damage was observed in the interior face of the south wall.

Crack in Gypsum board t<gg"

12
30° AN

Crack along gypsum panel joint t<;k"

Hairline crack along corner bead
N
[ee]

(a) Damage to exterior south wall

Figure 5.64. Damage observed in partition walls during dynamic testing protocol scaled to 25%
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Crack in tape t<"
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Crack along tape t<%"
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(b) Damage to interior south wall. Note that north wall (not shown) did not exhibited significant damage

Figure 5.64. Damage observed in partition walls during dynamic testing protocol scaled to 25% (Cont’d)

(a) Haitline crack (b) Crack along tape (c) Diagonal crack at top corner of door

Figure 5.65. Example of damage observed in gypsum partition walls

Table 5.11 summarizes the damage observations in the exterior face of the partition walls oriented in the
direction of loading. The damage observed on the exterior faces of the partition walls is considered in the
fragility analysis given that: 1) it is representative of the global level of damage of the whole room, and ii)

the experimental observations database is more populated for this case.
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Table 5.11. Quantification of partition wall damage during dynamic testing protocol scaled to 25%

Damage measure Quantified damage
(Total length)

Hairline cracks 48 in

Cracks 1< /" 67 in

The seismic behavior of Monitor 2 (Figure 5.3), one of the two monitors attached to the partition wall
perpendicular to the direction of testing, was closely examined for this test. This piece of equipment is
examined further because: 1) it is a clear example of an acceleration sensitive component interacting
dynamically with a displacement sensitive component (partition wall); ii) it demonstrates the unique
testing capabilities provided by the UB-NCS; iii) it allows for the validation of the proposed testing
protocol; and iv) it failed at the design earthquake level test. Figure 5.66 shows a set of plots summarizing
the seismic performance of the monitor. Figure 5.66a shows the longitudinal (EW direction) acceleration
histories of the bottom and top platforms and the base of Monitor 2. Little acceleration amplification is
observed in Figure 5.66a, demonstrating the high out-of-plane stiffness of the partition wall configuration
tested. Figure 5.66b shows the vertical acceleration histories of the bottom platform, the wall channel and
the base of the monitor, clearly showing the amplification at the base of the monitor. Figure 5.66¢
presents the Fast Fourier Transforms (FFT’s) for the triaxial response accelerations recorded at the base
of Monitor 2 (channels M2AEWB for longitudinal, M2ANSB for transverse, and M2AVB for vertical
accelerations, respectively). In Figure 5.66¢ it can be observed, in both transverse and vertical response
FFT’s, a dominant frequency at 2.5 Hz. Figure 5.66d shows the transfer functions (TF’s) for longitudinal

and vertical accelerations at the base of Monitor 2.
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Figure 5.66. Experimental results of Monitor 2 for dynamic testing protocol scaled to 25%, after
command input compensation
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Figure 5.66. Experimental results of Monitor 2 for dynamic testing protocol scaled to 25%, after
command input compensation (Cont’d)

The input vertical acceleration considered in the calculation of the vertical TEF’s corresponds to the
acceleration history recorded at the center point of the bottom UB-NCS platform (Channel ACBV in

Figure 5.52). In Figure 5.66d, peak amplifications are observed around a frequency of 2.5 Hz.
5.4.1.3 Dynamic testing protocol scaled to 50%

A test using the dynamic protocol scaled to 50% amplitude was performed mainly to populate the

damage progression database required for constructing the fragility curves described in Subsection 5.5.

Table 5.12 summarizes the envelope of desired and observed peak floor motions recorded during the
50% scaled test using the dynamic testing protocol. In Table 5.12 it can be observed that the errors in
replicating floor displacements, floor velocities, and interstory drifts histories are less than 8%. As in the

previous test, errors close to 23% are observed for the platform accelerations.

Table 5.12. Envelope of peak floor motions for dynamic testing protocol scaled to 50%

Peak Platform . Peak Platform Peak Platform
. Peak Interstory Drift . )
R e Displacement 5 Velocity Acceleration
spo (in) Max (in/sec) ()
DMax Bot DMax Top (lﬂ) (0/ 0) VMax Bot VMax ‘Top AMax Bot AMax Top
Desired 8.15 8.80 0.66 0.43 153 16.3 0.37 0.38
Observed 8.26 8.91 0.71 0.47 15.2 16.2 0.46 0.50
Error (%) 1.32 1.18 7.57 7.57 0.56 0.69 19.7 23.7

Figure 5.67 illustrates the key results obtained from this test. In Figure 5.67¢ and Figure 5.67f it can be
seen that the ORS slightly exceed the DRS limits recommended in Section 3. Incipient pinching is

observed in the hysteresis loop shown in Figure 5.67h.
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Force History in Specimen Hysteresis Loop 50% Testing Protocol Roof Level
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Figure 5.67. Experimental results for dynamic testing protocol scaled to 50% (Cont’d)

During this test, damage in both the north and south walls was observed mainly along cornerbeads
(exterior walls faces) and paper tape along vertical joints at wall boundaries (interior walls faces), as
shown in Figure 5.68. Note that it is probable that the damage obsetved on the interior surfaces of the
walls, as shown in Figure 5.68, has extended beyond the ceiling level. Similar damage was observed in
both north and south walls. On the exterior surface of the north wall, some screw pop out was observed
at the connection of the gypsum boards to the bottom track. On the exterior surface of the south wall,
the 17 in length crack observed at the end of the previous test at the top left corner of the door opening
propagated reaching a length of 18 inches (Figure 5.70a). Moreover, the hairline crack shown in Figure
5.70b appeared in the door frame.

Table 5.13 summarizes the quantification of the damage observed on the exterior of the partition walls
oriented in the loading direction. In Table 5.13, the damage measure “Screws pop-out area” corresponds

to the total gypsum wallboard with raised or popped out surface are that may require repairs.

Table 5.13. Quantification of partition wall damage during dynamic testing protocol scaled to 50%

Quantified damage
Damage measure
(Total length or surface)
Hairline cracks 549 in
Cracks t< 7" 73 in
Screws pop-out area 1701 in?
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(b) Damage interior north wall

Figure 5.68. Damage obsetrved in partition walls during dynamic testing protocol scaled to 50%
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Figure 5.68. Damage observed in partition walls during dynamic testing protocol scaled to 50% (Cont’d)
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Figure 5.69 shows a set of plots summarizing the seismic performance of Monitor 2 during the test

performed considering the dynamic testing protocol scaled to

50%. Figure 5.69b clearly shows the

amplification of vertical accelerations at the base of the monitor. In Figure 5.69¢c and d, a dominant

equipment frequency of 2.4 Hz is identified.
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Figure 5.69. Experimental results of Monitor 2 for dynamic testing protocol scaled to 50%

In addition, it was observed that the bulb in the larger light of the surgical lamp burned out after

impacting four times with one of the UB-NCS columns. The light bulb was replaced before the next test.

Furthermore, Monitor 4 was dismounted from its retention clip device, as shown in Figure 5.70c, but did

not fall to the floor. In the videos recorded during the test, excessive rocking of the video equipment rack

and up to 4” displacement can be observed.
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along door opening
corner bead

(a) Crack propagation at top left corner
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(c) Monitor removed from its
supporting device

Figure 5.70. Examples of damage observed in specimen during dynamic testing protocol scaled to 50%

By the end of the test, the rack was displaced 3” from its initial position. Moreover, the equipment inside
the rack displaced between 1.5 and 2.5”. The medical gurney rotated gradually until reaching an angle of
approximately 30 degrees. The infusion pumps poles displaced up to 12”.

5.4.1.4 Dynamic testing protocol scaled to 100% (design earthquake level)

This test used the seismic qualification testing protocol calibrated to impose, on displacement and
acceleration sensitive nonstructural components, the mean 84% percentile seismic demands expected at
the roof level of multistory buildings, during a design level earthquake. The design level seismic hazard is
associated with earthquake events with PE of 10% in 50 years. Table 5.14 summarizes the envelope of
the desired and observed peak floor motions recorded during the test performed considering the dynamic
testing protocol scaled to 100%. In Table 5.14 it can be observed that the errors in replicating floor
displacements and velocities, and interstory drifts histories are less than 8%. Nevertheless, errors up to

33% are observed in replicating top platform accelerations.

Table 5.14. Envelope of peak floor motions for dynamic testing protocol scaled to 100%

Pe.ak Platform Peak Interstory Drift Peak Platform Peak Platform
Response Displacement 5 Velocity (in/scc) Acceleration
P (in) e @
DMax Bot DMax Top (Hl) (0/ 0) VMax Bot VMax Top AMax Bot AMax Top
Desired 16.3 17.6 1.31 0.87 30.5 32.6 0.73 0.77
Observed 16.6 17.9 1.42 0.94 30.5 32.5 1.09 1.15
Error (%) 1.87 1.53 7.67 7.67 0.22 0.52 32.7 33.1

Figure 5.71 presents the most relevant results obtained from this test. The results observed in Figure 5.71
follow the same trends described for Figure 5.67. One exception is that the errors in matching the DRS

increase to about 20%. Thus the overshooting errors appear to increase with increasing amplitude.
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Figure 5.71. Experimental results for dynamic testing protocol scaled to 100%, design earthquake level
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30

30

20 / b 20

. TN ]\ 1 [

ol i | 3 f

m'“” \w{ \( \ \f U( | I m'“’ 1

T Em Ew o w e e aee ey o g
(2) Force history in specimen (h) Specimen hr;ster;sis loop

Figure 5.71. Experimental results for dynamic testing protocol scaled to 100%, design earthquake level
(Cont’d)
During this test, at a time of 35 seconds, Monitor 2 and Monitor 3 (Figure 5.35b) broke off their
supporting systems. In both monitors, the failure was observed in the screws connecting the monitor
mounting plate to the horizontal pin in the swivel-tilt head. Figure 5.72 shows a set of plots summarizing
the seismic performance of Monitor 2. Only the first 21 seconds of the recorded accelerations were
considered to develop Figure 5.72c and Figure 5.72d because of the failure of the monitor supporting

system.

During this design level test, extensive cracks were observed along corner beads and joints between
gypsum wallboards in both the north and south partition walls. Unfortunately, the pre-established testing
program did not allow for capturing detailed damage progression. Nevertheless, important information
regarding the overall seismic performance of the emergency room was obtained from the videos recorded
during the test. The number of popped out screws increased, as shown in Figure 5.73c, which shows this
damage at the base of the exterior surface of the north wall. The largest light in the surgical lamp shown
in Figure 5.41 broke off its support after exhibiting excessive displacement and hitting the UB-NCS
columns several times (Figure 5.73d). Furthermore, one of the drop-in devices attaching the medical gas
piping hangers to the top concrete slab (Figure 5.32) pulled out from the concrete slab, as shown in
Figure 5.73e. The gurney shown in Figure 5.45 exhibited excessive motion after deactivation of its
breaking system due to the strong shaking. The crash test dummy was thrown off the gurney. Severe
impact was observed between the video cabinet and the patient monitor shown in Figure 5.43. Most of
the medical supplies placed on top of the medical cart also shown in Figure 5.43 fell off the cart, as

shown in Figure 5.73f.
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Figure 5.72. Experimental results of Monitor 2 for dynamic testing protocol scaled to 100%, design
earthquake level

(a) Broken screws at monitor’s supporting system (b) Collapsed monitors

Figure 5.73. Examples of damage observed in specimen components during dynamic testing protocol
scaled to 100% (design earthquake level)
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(c) Increased number of popped-out screws at the
base of north wall (exterior)

(d) Collapsed light in surgical lamp

(e) Pulled-out of drop-in device (f) Medical supplies fell down from medical cart

Figure 5.73. Examples of damage observed in specimen components during dynamic testing protocol
scaled to 100% (design earthquake level). (Cont’d)

5.4.1.5 Dynamic testing protocol scaled to 150% (maximum considered earthquake level)

This test used the seismic qualification testing protocol calibrated to impose, on displacement and
acceleration sensitive nonstructural components, the mean 84% percentile seismic demands expected at
the roof level of multistory buildings, during an earthquake event associated to a maximum considered
seismic hazard. This seismic hazard level is associated to earthquake events with a probability of

exceedance of 2% in 50 years.

Table 5.15 summarizes the envelope of the desired and observed peak floor motions, recorded during the
test performed considering the dynamic testing protocol scaled to 150%. In Table 5.15 it can be observed
that the errors in replicating floor displacements and velocities, and interstory drifts histories ate less than
8.5%. Nevertheless, errors up to 50% are observed in replicating top platform accelerations. Figure 5.74
illustrates the key results obtained from this test. Figure 5.74d shows the overshots in acceleration

histories described in Table 5.15. Overshoots of the same magnitude are observed in the ORS for the
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bottom and top UB-NCS platforms. Clearly, the input motions overcompensated for the response of the

UB-NCS. The hysteresis loop shown Figure 5.74h exhibits severe pinching due mainly to the extensive

propagation of cracks along gypsum panel joints described later.

Table 5.15. Envelope of peak floor motions for dynamic testing protocol scaled to 150%

Peak Platform . Peak Platform Peak Platform
. Peak Interstory Drift ) )
Response Displacement 5 Velocity Acceleration
p (in) Ma (in/sec) (9)
DMax Bot DiMax Top (in) (%0) VMax Bot ViMax Top AMax Bot AlMax Top
Desired 24.5 26.4 1.97 1.30 45.8 48.9 1.10 1.15
Observed 24.9 26.9 2.15 1.42 46.4 49.1 2.13 1.94
Error (%) 1.96 1.92 8.39 8.39 1.30 0.35 48.4 40.7
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Figure 5.74. Experimental results for dynamic testing protocol scaled to 150% (maximum credible
earthquake level)
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earthquake level) (Cont’d)

During this test, severe damage to both the north and south walls was observed, as detailed in Figure 5.75

and Figure 5.76. It is considered highly probable that the damage observed in the interior of the

emergency room was extended beyond the ceiling level. Similar damage was observed on both the north

and south walls. Extensive residual crack openings (~1/8-1/4") were observed along all cornerbeads

(Figure 5.76a through Figure 5.76d) and severe damage was observed along gypsum panel joints (Figure

5.76e through Figure 5.76i). A significant increase in the number of rocking and popped-out screws was

observed, as shown in Figure 5.76a, Figure 5.76d, Figure 5.76j and Figure 5.76k. The cracks observed at

the top corners of the door opening continued propagating as shown in Figure 5.76l and Figure 5.76m.

Table 5.16 summarizes the quantification of the damage observed in the exterior of the partition walls

oriented in the direction of loading.
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(b) Damage interior north wall

Figure 5.75. Damage observed in partition walls during dynamic testing protocol scaled to 150%,
maximum considered earthquake level
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Figure 5.75. Damage observed in partition walls during dynamic testing protocol scaled to 150%,
maximum considered earthquake level (Cont’d)
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(a) Damage observed along cornerbeads at door (b) Damage observed along cornerbeads at door
frame (right) frame (left)

(c) Damage observed along cornerbeads at (d) Damage observed along cornerbeads at
northwest corner southeast corner

(f) Damage of gypsum  (g) Damage of gypsum
panel joints at interior panel joints at interior
surface of north wall surface of south wall

(e) Damage of gypsum panel joints at interior
surface of north wall

Figure 5.76. Examples of damage observed on partition walls during dynamic testing protocol scaled to
150%, maximum considered earthquake level
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(h) Damage of gypsum panel joints at interior (i) Damage of gypsum panel joints at interior
surface of south wall surface of south wall

(j) Screw pop-out examples (k) Screw pop-out examples

(1) Diagonal and vertical cracks at top left door (m) Diagonal and vertical cracks at top right door
opening corners opening corners

Figure 5.76. Examples of damage observed on partition walls during dynamic testing protocol scaled to
150%, maximum considered earthquake level (Cont’d)

During the test imposing demands compatible with the maximum considered earthquake, an increased
level of damage was observed in other components. Monitor 4 (see Figure 5.35¢) fell down from its
supporting system (Figure 5.77a). Moreover, at the end of the test, a permanent vertical drop of

approximately 0.25 inches respect to the wall channel was measured in the supporting arm (Figure 5.77b).

209



Noticeable residual deformations were observed in the medical gas pipes, as shown in Figure 5.77c. At
this point, it is recalled that the medical gas supporting system failed during the design earthquake level
test. As in the previous test, the gurney exhibited excessive motion after deactivation of its breaking
system (Figure 5.77d), and the dummy was thrown off the gurney and almost out of the room, as shown
in Figure 5.77e. The IV pump pole 2 overturned and fell down over the dummy, as shown in Figure
5.77e. The IV pump pole 1, shown in Figure 5.3 and Figure 5.39a, exhibited excessive displacements
(over 10 inches), and impacted and damaged the base of the gypsum panels, as shown in Figure 5.77f. All
medical supplies on the medical cart shown in Figure 5.43 fell down during the test (Figure 5.77g). Some
minor damage was observed in the suspended ceiling system. Figure 5.77h shows the only tile that fell
down during the test. Figure 5.771 and Figure 5.77j show two of the ceiling tiles dislocated from their
original installation position. Figure 5.77j also shows the deformation of the ceiling supporting frame.
Figure 5.77k shows the minor damage along the edge of several ceiling tiles located in the perimeter of
the emergency room. Excessive rotations and displacements up to 7 inches of the equipment inside the

surgical video rack were observed, as shown in Figure 5.771.

Table 5.16. Quantification of specimen’s damage during dynamic testing protocol scaled to 150%

Damage measure Quantified damage
(Total length or area)

Hairline cracks 24in

Cracks t< /" 466 in

Cracks ¥," <t< 4" 405 in

Cracks t=> 2" 96 in

Screws pop-out area 10666 in?
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. (b) Permanent vertical displacement of mounting
(a) Monitor 4 fell down arm of Monitor 4

Figure 5.77. Examples of damage observed in specimen components during dynamic testing protocol
scaled to 150% (maximum credible earthquake level)
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(d) Excessive displacement of medical gurney

(¢) Dummy thrown off medical gurney and pole (f) Gypsum wallboard damaged by IV pump pole
fell down over dummy impact

(g) Medical supplies fell down from medical cart (h) Ceiling tile fell down

Figure 5.77. Examples of damage observed in specimen components during dynamic testing protocol
scaled to 150% (maximum credible earthquake level) (Cont’d)
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(i) Permanent displacement of ceiling tiles (j) Deformation of ceiling grid

(k) Damage along ceiling tile edges

(1) Excessive displacement and rotation of surgical
video rack contents

Figure 5.77. Examples of damage observed in specimen components during dynamic testing protocol
scaled to 150% (maximum credible earthquake level) (Cont’d)

5.4.2  Results and observations for simulated building floor motions

This subsection presents the observations and results of the tests performed considering the floor motion
histories described in Subsection 5.3.2, corresponding to the simulated floor response of a four story steel
framed medical facility. Before running this test series, new mounting brackets were installed for
Monitors 2, 3 and 4, and new (fully functional) monitors were mounted. The medical gurney, the dummy
and the infusion pump poles were relocated in their original positions, as indicated in Figure 5.3. All
surgical video rack contents were also repositioned to their original location inside the rack. The medical

supplies were repositioned on top of the medical cart.

5.4.2.1 Simulated building floor motions for a SH with PE of 10% in 50 years, scaled to 25%

This test was performed mainly to compensate the input command signal for the UB-NCS platforms in
subsequent tests. Nevertheless, some observations regarding the testing frame fidelity and seismic

performance of the testing specimen are presented.
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5.4.2.1.1 Command signal compensation

The iterative command signal compensation procedure described in Section 3 was used to compensate

the floor motions to be used in this test series. Figure 5.78 summarizes the main results of the test

performed considering the original (before compensation) signals shown in Figure 5.49, scaled to 25%.

Figure 5.78e and Figure 5.78f show that the ORS underestimate the DRS for both bottom and top UB-

NCS platforms in the whole range of frequencies of interest. A poorer performance is observed in the

actuators located at the top platform level. Based on the criteria and methodology for command signal

compensation described in Section 3, the UB-NCS platform input motions were compensated. Figure

5.78¢ and Figure 5.78h show the compensated signals to be used in larger amplitude tests. The

effectiveness of using the compensated signal for running larger amplitude tests is demonstrated later.
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Figure 5.78. Experimental results for simulated building floor motions for SH with PE 10% in 50 years,
scaled to 25%, before command input compensation
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Figure 5.78. Experimental results for simulated building floor motions for SH with PE 10% in 50 years,
scaled to 25%, before command input compensation (Cont’d)

5.4.2.1.2 Test results and observed damage

Table 5.17 summarizes the envelope of the desired and observed peak floor motions, recorded during
this test. In Table 5.17 it can be obsetrved that the errors in replicating floor displacements and velocities
are less than 4%. Nevertheless, errors up to 36% and 16% are observed in replicating interstory drifts and

platform accelerations, respectively.

5.4.2.2 Simulated building floor motions for a SH with PE of 10% in 50 years, scaled to 50%

This subsection presents the main results and observations obtained during the test performed using the
simulated seismic response of the building, for a SH associated with a PE of 10% in 50 years, scaled to

50%.
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Table 5.17. Envelope of peak simulated building floor motions for PE 10%)/50yr scaled to 25%

Peak Platform . Peak Platform Peak Platform
. Peak Interstory Drift ) )
R Displacement 5 Velocity Acceleration
esponse (in) Max (in/sec) (@
DMax Bot DiMax Top (in) (%0) VMax Bot VMax Top AMax Bot AlMax Top
Desired 2.22 2.41 0.26 0.17 10.3 12.7 0.17 0.27
Observed 2.22 2.34 0.19 0.13 9.54 11.3 0.18 0.23
Error (%) 0.31 3.00 36.0 36.0 7.46 12.6 3.73 16.2

Table 5.18 summarizes the envelope of desired and observed peak floor motions, recorded during this
test. In Table 5.18 it can be observed that the errors in replicating floor displacements and velocities, and
interstory drifts histories are less than 4%. Errors up to 16% are observed in replicating peak platform
accelerations. Figure 5.79 illustrates the key results obtained from this test. In Figure 5.79a, b, d, e and f it
is observed that the UB-NCS platform accelerations closely match the desired floor response spectra in
the whole range of frequencies of interest. The measured hysteretic response of the partition walls is not
as clear as for the loading protocol. This is because the wall was already severely damaged. Also, the cyclic

nature of the protocol allows for better extraction of hysteresis from recorded data.

Table 5.18. Envelope of peak simulated building floor motions for PE 10%)/50yt, scaled to 50%

Peak Platform . Peak Platform Peak Platform
. Peak Interstory Drift ) )

Response Displacement 5 Velocity Acceleration

€spo (in) Max (in/sec) (@

DMax Bot DiMax Top (in) (%0) VMax Bot VMax Top AMax Bot AlMax Top
Desired 4.45 4.83 0.52 0.34 20.5 254 0.34 0.53
Observed 4.47 4.79 0.50 0.33 20.3 25.5 0.41 0.60
Error (%) 0.45 0.85 4.05 4.05 0.85 0.11 16.5 11.7
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Figure 5.79. Experimental results for simulated building floor motions for SH with PE 10% in 50 years,
scaled to 50%
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Figure 5.79. Experimental results for simulated building floor motions for SH with PE 10% in 50 years,
scaled to 50% (Cont’d)

Figure 5.80 shows a set of plots summarizing the seismic performance of Monitor 2. In Figure 5.80c,

dominant frequencies of 1.3, 2.6 and 3.8 Hz are observed. Figure 5.80a shows the amplification of the
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vertical accelerations measured at the base of the monitor due to the flexibility of the partition walls and
the supporting arm system. Figure 5.80d shows the TF’s for longitudinal and vertical accelerations at the
base of Monitor 2. It is observed that there is no correlation between the dominant frequencies in Figure

5.80c and Figure 5.80d.
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Figure 5.80. Experimental results Monitor 2 for simulated building floor motions for SH with PE 10% in
50 years, scaled to 50%

During this test, severe impact between the surgical video rack and Monitor 1 (Figure 5.3 and Figure
5.35a) was observed. Also, the medical gurney displaced substantially but the crash dummy remained on
the gurney. One half of the medical supplies settled on top of the medical cart fell down. Up to 10” of

displacements were observed in IV pump poles 1 and 2.
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5.4.2.3 Simulated building floor motions for a SH with PE of 10% in 50 years, scaled to 100%

This subsection presents the main results and observations obtained during the test performed using the
simulated seismic response of the building, for a SH associated with a PE of 10% in 50 years, scaled to
100%. This set of floor motions imposes on the specimen seismic demands associated to a seismic
hazard corresponding to a design earthquake level. Table 5.19 summarizes the envelope of desired and
observed peak floor motions, recorded during this test. It can be observed that the errors in replicating
floor displacements and velocities, and interstory drifts histories are less than 4 and 1%, respectively.
Errors up to 36 and 23% are observed in replicating peak bottom and top platform accelerations,

respectively. A peak error of 12% is observed in reaching peak interstory drifts.

Table 5.19. Envelope of peak simulated building floor motions for PE 10%/50yr scaled to 100%

Peak Platform . Peak Platform Peak Platform
. Peak Interstory Drift ) )
R Displacement N Velocity Acceleration
esponse in) Max (in/sec) (@
DMax Bot D Max Top (ln) (0/ 0) VMax Bot VMax Top AMﬂx Bot AMax Top
Desired 8.90 9.66 1.04 0.69 41.0 50.7 0.69 1.06
Observed 9.25 9.66 0.92 0.61 40.7 50.6 1.08 1.38
Error (%) 3.77 0.02 12.7 12.7 0.89 0.58 36.4 23.2

Figure 5.81 illustrates the key results obtained from this test. In Figure 5.81e it can be observed that the
bottom level actuators do not properly match the desired response spectrum for frequencies larger than
2.5 Hz. Figure 5.81f shows that at the top level, the actuators properly match the desired floor response

spectrum in the whole range of frequencies of interest.
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Figure 5.81. Experimental results for simulated building floor motions for SH with PE 10% in 50 years,
scaled to 100%
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Figure 5.81. Experimental results for simulated building floor motions for SH with PE 10% in 50 years,
scaled to 100% (Cont’d)



Figure 5.82 shows a set of plots summarizing the seismic performance of Monitor 2. The trends observed

are similar to the observed in Figure 5.80.
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Figure 5.82. Experimental results Monitor 2 for simulated building floor motions for SH with PE 10% in
50 years, scaled to 100%

Several additional observations were found regarding other equipment. Extremely severe impact between
the surgical video rack and Monitor 1 (Figure 5.3 and Figure 5.352) was observed. Excessive displacement
of the medical gurney was observed, as shown in Figure 5.83a. All medical supplies settled on top of the
medical cart fell down (Figure 5.83a). Up to 10” displacements were observed in IV pump poles 1 and 2
(Figure 5.83b). Furthermore, the IV pump poles impacted and severely damaged the base of the west

partition wall.
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(a) Excessive displacement of gurney and medical
cart

Figure 5.83. Examples of damage observed in specimen components during simulated building floor
motions for SH with PE 10% in 50 years, scaled to 100%

(b) Excessive motion of infusion pump pole

5.4.2.4 Simulated building floor motions for a SH with PE of 2% in 50 years, scaled to 25%

This test was performed mainly to compensate the command signal to be inputted to the UB-NCS
platforms in subsequent tests. Nevertheless, some observations regarding the testing frame fidelity and

seismic performance of the testing specimen are presented.

5.4.2.4.1 Command signal compensation

The iterative command signal compensation process was used to prepare the floor motions to be used in
the following tests. Figure 5.84 summarizes the main results of the test performed considering the non
compensated signals shown in Figure 5.50, scaled to 25%. Figure 5.84¢ and Figure 5.84f show that the
ORS underestimate the DRS for both bottom and top UB-NCS platforms in the whole range of
frequencies of interest, and therefore, the input signals needed to be compensated using the methodology
described in Section 3. Figure 5.84¢ and Figure 5.84h show the compensated signals to be used in larger
amplitude tests. The effectiveness of using the compensated signal for running larger amplitude tests is

demonstrated in subsection 5.4.2.5.

221



Desired Versus Observed Displacement at Top Level Comparison Desired and Observed Interstory Drift
3 T T T T T 0.5 T T T T T
ol — Observed | Desired
Desired 0.4 — Observed 7
0.3 q

Displacement (in)

Time (sec)
Desired Versus Observed Displacement at Bottom Level
3 T T T T T
— Observed
€ 2r I, 1
£ Desired E
=
o
£ 4
53
o
K
& 0.4} 1
a
-0.5 Il I I 1 1
0 5 10 15 20 25 30
Time (sec) Time (sec)

(a) Comparison of desired and observed platform  (b) Comparison of desired and observed interstory

displacements drift histories
Relative Displacement Actuators Top Level Forces in Actuators
0.1 T T T T T 5 T T T T T
—_ Actuator A
% 0.05+ q 4r Actuator B 7
S Actuator C
§ Ot A 3r | Actuator D |
&
& -0.05F g 7
a
01 | | | | |
0 5 10 15 20 25 30
Time (sec)
Relative Displacement Actuators Bottom Level } ‘
0.1 T T T T T ‘
£ o05f 1 ‘ ‘ ‘
|
£ of : ]
3
& 005 g E
a
01 | | | | | 5 | | | | |
5 10 15 20 25 30 0 5 10 15 20 25 30
Time (sec) Time (sec)
(c) Relative displacements between actuators (d) Actuator force histories
0 Comparison DRS and ORS Bottom Level 0 Comparison DRS and ORS Top Level
Desired
1.8 — Observed C | 1.8 N\ b
— Observed D
1.6¢ ~ Limit 1 1.6¢ ‘ 1
1.4 1 1.4+
1.2+ B 1.2+
c c
o 1r o 1r
o o
w w
0.8 0.8
0.6+ 0.6+
0.4} 0.4F J Desired g
N ) — Observed A
0.2t E 0.2t y/ ~— Observed B -
Va Limit
0 | | | | | | | | | 0 | | | | | | | | |
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5 0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Frequency (Hz) Frequency (Hz)
(e) Comparison DRS and ORS bottom level (f) Comparison of DRS and ORS top level
platform platform

Figure 5.84. Experimental results for simulated building floor motions for SH with PE 2% in 50 years,
scaled to 25%, before command input compensation
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Figure 5.84. Experimental results for simulated building floor motions for SH with PE 2% in 50 years,
scaled to 25%, before command input compensation (Cont’d)

5.4.2.4.2 Test results and observed damage

Table 5.20 summarizes the envelope of desired and observed peak floor motions, recorded during this
test, before command signal compensation. In Table 5.20 it can be observed that the errors in replicating
floor displacements and velocities are less than 1 and 11%, respectively. Nevertheless, errors up to 30 and

37% are observed in replicating interstory drifts and platform accelerations, respectively.

Table 5.20. Envelope of peak simulated building floor motions for PE 2%/50yt, scaled to 25%

Peak Platform . Peak Platform Peak Platform
. Peak Interstory Drift . )
R s Displacement N Velocity Acceleration
€spo (in) Miax (in/sec) (©)
DMax Bot DMax Top (1 ) (0/ 0) VMax Bot VMax Top AMax Bot AMax Top
Desired 2.76 2.85 0.42 0.28 111 13.7 0.19 0.36
Observed 2.79 2.88 0.32 0.21 10.6 12.4 0.17 0.26
Error (%) 1.06 1.02 30.8 30.8 4.40 10.8 16.3 37.3

5.4.2.5 Simulated building floor motions for a SH with PE of 2% in 50 years, scaled to 50%

Table 5.21 summarizes the envelope of desired and observed peak floor motions, recorded during the
test performed using the simulated building seismic response for a SH associated with a PE of 2% in 50
years, scaled to 50%. In Table 5.21 it can be observed that the errors in replicating floor displacements
and velocities, and interstory drifts histories are less than 2, 3 and 12%, respectively. Errors up to 10% are

observed in replicating peak platform accelerations.
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Table 5.21. Envelope of peak simulated building floor motions for PE 2%/50yt, scaled to 50%

Peak Platform . Peak Platform Peak Platform
. Peak Interstory Drift ) )
R Displacement 5 Velocity Acceleration
esponse (in) Max (in/sec) (@
DMax Bot DiMax Top (in) (%0) VMax Bot VMax Top AMax Bot AlMax Top
Desired 5.53 5.70 0.84 0.55 22.2 27.4 0.39 0.72
Observed 5.63 5.76 0.75 0.50 22.8 27.3 0.43 0.77
Error (%) 1.90 0.99 114 114 2.40 0.62 9.48 5.95

Figure 5.85 illustrates the most important results obtained from this test. In Figure 5.85a, b, and d it can
be seen that the UB-NCS can adequately reproduce desired floor motions, story drifts and absolute floor
accelerations, respectively. In Figure 5.85e and f it is demonstrated that the testing frame can achieve

desired floor response spectra after properly compensating command input signals.

Deswed Versus Observed Dlsplacement at Top Level Comparison Desired and Observed Interstory Drift
10 1 T T T T T
. E— Observed Desired
£ st ~ Desired 0.8f ——— Observed
€
[
£ ofb—— M W\/\JWU\JPW\W\/\AN\N 0.6 -
g W L
o
3 st 0.4 E
a
-10 I | | 0.2r ﬂ “ W f B
0 5 10 15 20 25 30 < ’}h | [ | / A i
Time (sec) =  Ofp=ns / h&ﬂf\% TATAR
£ A [ it
Deswed Versus Observed Dlsplacement at Bottom Level a WV Aﬂﬁ ‘ ‘“ w ﬂ J mﬂvﬂvlﬂd
10
-0.21 R
_ — Observed ‘ |
£ 5l — Desired -0.4F 1
5
E o \/\ WWMMWWWW sl |
o
Kl
& 5F 0.8} N
a
10 | I 1 | | | I |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (sec) Time (sec)

(a) Comp. of desired and observed displacements  (b) Comp. of desired and observed interstory drifts

015 Relative Displacement Actuators Top Level ; Deslred Versus Observed Acceleratlon at Top Level
N 0 4L ‘ ‘ ‘ ‘ ‘ i . — Obsewed
£ - ! ‘ £ osft — Desired -
§ 0% \ ) M ‘] | [ vrnenn] E i 4 | MD ‘ W i
0 N 0 [ f &
o A e
< 0.05 7 o
k) @ -0.5F b
o -01f ~ a
-0.15 Il 1 Il 1 L -1 I I I 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (sec) Time (sec)
015 Relative Displacement Actuators Bottom Level ’ Deswed Versus Observed Acceleratlon at Bottom Level
g o | H | £ ost — gzzﬁgfd ]
I W \/H W\H \Jﬂ W\WH ] £ ol \W h” A
g F \, f il H \ / ‘ | g J ﬂ/ WU\I\//\;NWWV\A
£ 008 J l J V I W\ w \ U AR | £ |
8 o1t B 87
0.15 | | | | | 1 . | | I |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (sec) Time (sec)
(c) Relative displacements between actuators (d) Comp. of desired and observed accelerations

Figure 5.85. Experimental results for simulated building floor motions for SH with PE 2% in 50 years,
scaled to 50%
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Figure 5.85. Experimental results for simulated building floor motions for SH with PE 2% in 50 years,
scaled to 50% (Cont’d)

During this test several additional observations were made. Impact between the surgical video rack and
Monitor 1 shown in Figure 5.3 and Figure 5.35a was observed. At the end of the test, the medical video
rack was rotated 45 degrees in relation to its original position. Excessive displacement of the medical
gurney and the medical cart was observed. Nevertheless the crash dummy did not fall from the gurney.
All supplies settled on top of the medical cart were thrown off. Up to 15 inches displacements were
observed in both IV pump poles 1 and 2, which impacted the UB-NCS columns and the base of the west

gypsum partition wall.

Figure 5.86 shows a set of plots summarizing the seismic performance of Monitor 2. In Figure 5.86 it is

clearly observed that the vertical accelerations were amplified at the base of Monitor 2. In Figure 5.80,
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dominant frequencies are observed around 1.3, 2.6 and 3.2 Hz. The frequency 1.3 Hz is close to the

natural vibration frequency of the studied building.
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Figure 5.86. Experimental results Monitor 2 for simulated building floor motions for SH with PE 2% in
50 years, scaled to 50%

5.4.2.6 Simulated building floor motions for a SH with PE of 2% in 50 years, scaled to 100%

This subsection presents the main results and observations obtained during the test performed using the
simulated building seismic response for a SH associated with a PE of 2% in 50 years, scaled to 100%.
This set of floor motions imposes on the testing specimen the seismic demands associated with a
maximum considered earthquake level. Table 5.22 summarizes the envelope of desired and observed

peak floor motions, recorded during this test. It can be observed that the errors in replicating both floor
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displacements and velocities are less than 5 %. Errors up to 17 and 34% are observed in replicating peak

interstory drifts and peak platform accelerations, respectively.

Table 5.22. Envelope of peak simulated building floor motions for PE 2%/50yt, scaled to 100%

Peak Platform . Peak Platform Peak Platform
. Peak Interstory Drift . )
R e Displacement 5 Velocity Acceleration
€spo (11]) Max (lﬂ / SCC) (g)
DMax Bot DMax Top (1 ) (0/0) VMax Bot VMax Top AMax Bot AMax Top
Desired 111 11.4 1.67 1.11 44.4 54.8 0.77 1.44
Observed 11.6 11.6 1.43 0.94 46.7 54.7 1.17 1.85
Error (%) 4.80 1.77 17.1 17.1 4.86 0.31 33.9 21.9

Figure 5.87 provides the key results obtained from this test. In Figure 5.87 it is observed that the
maximum relative displacement between actuators located at a same platform level are 0.25 and 0.3
inches approximately, for the bottom and top levels, respectively. In Figure 5.87¢ and f it is observed that
at this test amplitude level, the bottom platform actuators impose floor accelerations that overestimate
the DRS for frequencies larger than 2.3 Hz and that the top platform actuators impose accelerations that

overestimate the DRS for frequencies larger than 3.6 Hz.

During this test, Monitors 2 and 3 broke off their supporting systems, as was the case during the test
performed using the dynamic testing protocol scaled to 100%. Figure 5.88 shows a set of plots
summarizing the seismic performance of Monitor 2. In Figure 5.88b, the dynamic amplification of the
vertical accelerations recorded at the base of the monitor is observed, with a dominant frequency around

1.3 Hz, as indicated in Figure 5.88c.
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Figure 5.87. Experimental results for simulated building floor motions for SH with PE 10% in 50 years,
scaled to 100%
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Figure 5.87. Experimental results for simulated building floor motions for SH with PE 10% in 50 years,
scaled to 100% (Cont’d)
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Figure 5.88. Measured response of Monitor 2 for simulated building floor motions for SH with PE 2% in
50 years, scaled to 100

Following this test, a detailed inspection of the test specimen was performed. In addition to the failure of
monitor supportts, shown in Figure 5.89a, extremely severe impact between the surgical video rack and
Monitor 1 (Figure 5.3 and Figure 5.352) was observed. Figure 5.89b shows the final condition of Monitor
1, which can be compared to its original condition, shown in Figure 5.35a. Excessive displacement of the
medical gurney was observed (Figure 5.89a). For this platform motion intensity, the crash dummy was
thrown off the gurney, as sown in Figure 5.89¢. All medical supplies settled on top of the medical cart fell
(Figure 5.89a). Up to 15” displacements were observed in IV pump poles 1 and 2, as shown in Figure

5.89d. Furthermore, the poles impacted and severely damaged the base of the west partition walls, as
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shown in Figure 5.89¢. Finally, excessive displacement of the surgical video rack contents was observed

(Figure 5.89f).

(b) Final condition of Monitor 1 after impact of

(a) Monitors broke off supporting systems surgical video rack

(d) Excessive displacement of infusion pump poles

i

(f) Shifting of video rack contents

(e) Damage in base of partition walls resulting from
poles impact

Figure 5.89. Examples of damage observed in specimen components during simulated building floor
motions for SH with PE 2% in 50 years, scaled to 100%
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5.4.3 Results and observations for quasi-static protocol tests

This subsection presents the main observations and results of the tests series performed using the quasi-
static testing protocol further described in Subsection 5.3.3. The testing protocol was applied at 200, 250
and 300% amplitude scales. After each quasi-static test, a detailed inspection of the partition walls and the

analysis of the progression of damage were carried out.

5.4.3.1 Quasi-static protocol test scaled to 200%

This test used the interstory drift protocol, applied quasi-statically, with a target peak interstory drift of
2.63 inches, equivalent to 1.74% of the free interstory height. Table 5.23 compares the peak desired and
observed interstory drifts, recorded during the quasi-static testing protocol scaled to 200%. In Table 5.23
it is observed that even under the quasi-static condition the error between the desired and observed story
drifts reached 1.7%. Figure 5.90 presents the key results obtained during this test. Figure 5.90a shows
interstory drift and specimen force histories. Figure 5.90b shows the hysteresis loop observed during this
test, where an increased level of pinching of the gypsum partition walls is observed. Figure 5.91

summarizes the damage observed in the exterior surface of the walls oriented in the loading direction.

Table 5.23. Envelope of interstory drifts for quasi-static testing protocol, scaled to 200%

Peak Interstory Drift
Response Oax
(in) %)
Desired 2.63 1.74
Observed 2.67 1.77
Error (%) 1.70 1.70
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Figure 5.90. Experimental results of quasi-static testing protocol, scaled to 200%
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Figure 5.91. Damage observed in partition walls during quasi-static testing protocol, scaled to 200%
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Table 5.24 summarizes the quantification of the damage observed in the specimen at the drift level of

1.74%, as shown in Figure 5.91.

Table 5.24. Quantification of specimen damage during quasi-static testing protocol, scaled to 200%

Damage measure Quantified damage
(Total length or surface)

Haitline cracks 0in

Cracks t< /" 24 in

Cracks 7" <t< 4" 653 in

Cracks t= " 398 in

Screws pop-out area 10666 in?

Detached area 5140 in?

Figure 5.92 shows some examples of the damage observed, which is mainly characterized by residual gaps
along corner beads larger than %2” in thickness, and significant damage along joints between gypsum

panels. A more generalized level of screw pop-out was observed in the walls.

(a) Damage in panel joint in south wall (b) Damage in corner bead in door frame

(c) Damage in panel joint in north wall (d) Damage in corner bead in north wall

Figure 5.92. Examples of damage observed in gypsum partition walls during quasi-static testing protocol,
scaled to 200%
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5.4.3.2 Quasi-static

protocol test scaled to 250%

The quasi-static interstory drift protocol applied a peak interstory drift of 3.28 inches, equivalent to

2.17% of the free UB-NCS interstory height. Table 5.25 compares the peak desired and observed

interstory drifts, recorded during the quasi-static testing protocol scaled to 250%. In Table 5.25 it is

observed that even under the quasi-static condition the error of the actuators reaches 2.3%.

Table 5.25. Envelope of interstory drifts for quasi-static testing protocol, scaled to 250%

Peak Interstory Drift
Response Onax
(in) (%)
Desired 3.28 217
Observed 3.36 2.22
Error (%) 2.28 2.28

Figure 5.93 presents the key results obtained during this test. In Figure 5.93b, an increased level of
pinching of the gypsum partition walls is observed.
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(a) Interstory drift and specimen force histories

(b) Specimen hysteresis loop

Figure 5.93. Experimental results quasi-static testing protocol, scaled to 250%

Figure 5.94 summarizes the damage observed in the exterior sutfaces of the walls oriented in the loading

direction, while Table 5.26 summarizes the quantification of the damage shown in Figure 5.94.

Figure 5.95 shows some examples of the damage observed during this test, which is mainly characterized

by residual gaps along corner beads larger than '2” in thickness, and significant damage, including

crushing, along joints between gypsum panels; and diagonal cracks and detachment of several gypsum

panels. Most of the surfaces of the walls exhibit pop-out of screws.
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Figure 5.94. Damage observed in partition walls during quasi-static testing protocol, scaled to 250%
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(b) Crushing of gypsum panel along corner bead

(a) Diagonal crack in exterior south wall .
around door opening

(c) Detached panel and diagonal cracking in north  (d) Zoom of detached panel and diagonal cracking
wall in north wall

(e) Horizontal crack along joint of gypsum panels (f) Permanent gap and crushing along horizontal
in north wall joint and corner bead in north wall

Figure 5.95. Examples of damage observed in gypsum partition walls during quasi-static testing protocol,
scaled to 250%
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Table 5.26. Quantification of partition wall damage after quasi-static testing protocol, scaled to 250%

Damace measure Quantified damage
otal length or surface

8 I length f

Hairline cracks 0in

Cracks t< /" 0 in

Cracks X" <t< /" 175 in

Cracks t= " 1421 in

Screws pop-out area 28459 in?

Detached area 28065 in?

5.4.3.3 Quasi-static protocol test scaled to 300%

This test used the interstory drift protocol, applied quasi-statically, with a target peak interstory drift of
3.94 inches, equivalent to 2.61% of the free interstory height. Table 5.27 compares the peak desired and
observed interstory drifts, recorded during the quasi-static testing protocol scaled to 300%. In Table 5.27

it is observed that even under the quasi-static condition the error of the interstory drift imposed by the

actuators reaches 2.3%.

Table 5.27. Envelope of interstory drifts for quasi-static testing protocol, scaled to 300%

Peak Interstory Drift

Response Oax

(in) (%)
Desired 3.94 2.61
Observed 4.03 2.67
Error (%) 2.27 2.27

Figure 5.96 presents the key results obtained during this test. In Figure 5.96 it is observed that the

partition walls do not carry loads for drift ratios lower than approximately 1.2% due to pinching effects.
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(a) Interstory drift and specimen force histories (b) Specimen hysteresis loop

Figure 5.96. Experimental results quasi-static testing protocol, scaled to 300%
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Figure 5.97 shows some examples of the damage observed during this test. The observed damage can be
categorized as total damage or complete loss of the partition walls. The damage generally includes
residual gaps along corner beads, crushing along joints between gypsum panels, and diagonal cracks and
detachment of most gypsum panels. The gypsum partition walls need to be replaced in order to repair the

walls. However, no damage was observed in the steel stud framing.

(a) Generalized damage of north wall (b) Generalized damage of south wall

Figure 5.97. Examples of damage observed in gypsum partition walls during quasi-static testing protocol,
scaled to 300%

5.4.3.4 Quasi-static protocol test scaled to 350%

This test used the interstory drift protocol, applied quasi-statically, with a target peak interstory drift of
4.60 inches, equivalent to 3.04% of the free interstory height. This test was performed mainly to observe
the reserve capacity of the partition walls and any additional damage states in the already badly damaged
test specimen. Table 5.28 compares the peak desired and observed interstory drifts, recorded during the
quasi-static testing protocol scaled to 350%. In Table 5.28 it is observed that under quasi-static condition

the error of the actuators reaches 2.4%.

Table 5.28. Envelope of interstory drifts for quasi-static testing protocol, scaled to 350%

Peak Interstory Drift
Response OMax
(in) (%0)
Desired 4.60 3.04
Observed 4.71 3.11
Error (%) 2.37 2.37

Figure 5.98 presents the key results obtained during this test. In Figure 5.98 it is observed that the
partition walls do not carry loads for drift ratios lower than approximately 1.5% due to pinching effects.
Figure 5.99 shows some examples of the damage observed during this test. The observed damage can be

categorized as general damage, as in the previous test.
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Figure 5.98. Experimental results quasi-static testing protocol, scaled to 350%

(a) Generalized damage of north wall (b) Generalized damage of south wall

(c) Crushing at edge of detached panel in south (d) Damage around interior corner of door
wall opening

Figure 5.99. Examples of damage observed in gypsum partition walls during quasi-static testing protocol,
scaled to 350%
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(e) Crushing of gypsum board around screw (f) Crushing of gypsum panel joint

Figure 5.99. Examples of damage observed in gypsum partition walls during quasi-static testing protocol,
scaled to 350% (Cont’d)
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SECTION 6

ANALYSIS AND DISCUSSION OF EXPERIMENTAL RESULTS

This Section presents the analysis and discussion of the experimental results described in Section 5.
Subsection 6.1 presents further analyses of the seismic performance of the hospital emergency room
replica, focusing mainly on the damage progression of the gypsum partition walls, and the seismic fragility
analysis of wall-mounted inpatient monitors. Subsection 6.2 analyses the fidelity of the UB-NCS in
replicating the desired floor motions. Finally, the key conclusions from the test series described in Section

5 are presented in Subsection 6.3.
6.1 Specimen global performance analysis

In order to better understand the progression of damage in the fully equipped emergency room, the
results from the series of quasi-static and dynamic tests are combined to identify suitable damage
measures for key components and the instance at which these damage states occur. First, the observed
damage on all components included in the experiment and the corresponding drifts and accelerations at
which the damage occurred are summarized. A comparison is made between the intensity levels at which
damage was observed for the testing protocol and the simulated building floor motions. Following the
global damage survey, a more detailed analysis is conducted for gypsum partition walls (displacement
sensitive component) and wall-mounted patient monitors (acceleration sensitive component) in order to

derive experimental fragility curves for their identified damage states.
6.1.1  Global performance of components

As detailed in Subsection 5.4, most of the components in the hospital test specimen exhibited certain
degree of damage during the test series. This subsection summarizes the experimental damage
observations as a function of the seismic demands imposed on the test specimen. Table 6.1 summarizes
the test damage observations. The first two columns of Table 6.1 present the mean peak acceleration

recorded at the top and bottom UB-NCS platforms (PFA) and the observed peak interstory drift ratio.

During all tests included in this experimental test series, no damage was observed in the fire suppression
system, including the vertical and horizontal pipe runs, and in the sprinkler head. Only one drop in device
used to connect one medical gas pipe hanger was pulled out the concrete slab (see subsection 5.4.1.4). At

the end of the test series, no damage was observed in the steel studded frame.
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Table 6.1. Summary of damage obsetrvations in mock emergency room

pra Dt
Ratio Observed Damage

(g) (0/0)

0.07 0.09 No visible damage in specimen’s components.

0.23 0.23 Incipient hairline cracks along base of cornerbeads and gypsum panel joints.

0.48 0.47 Raised areas and small cracks around screws near bottom and top tracks. Hairline cracks all
along of corner beads and door fenestration, and vertical cracks along wall boundary panel
joints.

One bulb in surgical lamp ran out of service after impacting four times one of the UB-NCS
columns.
Monitor 4 moved out of its supporting system retention clip, without falling.
Significant motion of surgical video rack.
Medical gurney rotates 30 degrees from its initial position.
Infusion pumps displaced up to 12 inches from its initial position.
1.12 0.94 Monitor 2 and Monitor 3 broke off their mounting systems.
Extensive cracks along cornerbeads and at joints between gypsum panels.
The largest light in the surgical lamp broke off its supporting system after exhibiting excessive
displacements and hitting the UB-NCS columns several times.
One of the drop-in devices used to attach the medical gas pipes to the top concrete slab was
pulled out from the concrete.
The gurney exhibited excessive motion after deactivation of its breaking system.
The crash dummy was thrown off the gurney.
Severe impact was observed between surgical video rack and Monitor 1.
Most of medical supplies placed on top of the medical catt fell down the cart.

2.04 1.42 Widespread screws pop-out around wall boundaties was observed. The tape covering vertical
wall boundaries were completely damaged. Permanent gaps were observed along cornerbeads,
some horizontal gypsum panel joints, and door opening.

Monitor 4 fell down from its clipped supporting system.

Noticeable residual deformations are observed in vertical runs of the medical gas pipes.

The gurney exhibited a larger level of displacements after deactivation of its breaking system
and the crash dummy was thrown off the gurney and almost out of the room.

IV pump Pole 2 overturned and fell down over the crash dummy.

IV pump Pole 1 exhibited excessive motion (up to 12 inches) impacting and damaging the base
of the gypsum panels.

All medical supplies placed on top of the medical catt fell down.

Some slight damage was observed in the suspended ceiling system: One ceiling tile fell down,
permanent displacements of ceiling tiles, deformations of ceiling grid, and damage along ceiling
tile edges.

Excessive displacement of the equipment inside the surgical video rack was observed.

- 1.77 Widespread pop-out of screws in the whole specimen. The paper tape covering vertical wall
boundaries was completely damaged. Permanent gaps were observed along cornerbeads,
horizontal gypsum panel joints, and door opening.

Initiated gypsum panel detachment from steel studded frame.

- 2.22 Generalized screws pop-out in the whole specimen. The tape covering vertical wall boundaries
was completely damaged. Large permanent gaps and crushing of joint compound along
cornerbeads, horizontal gypsum panel joints, and door fenestration.

Gypsum panels detached from steel studded frame.

- 2.67 Total damage of partition wall specimen: most of gypsum panels were detached from the steel

studded frame, and extensive crushing of gypsum along panel joints and cornerbeads.
6.1.2 Comparison of observed damage for testing protocol and simulated building floor

motions

A couple of quantitative and several qualitative observations allow for validating the adequacy of the

proposed testing protocol to induce and impose damage on nonstructural components compatible with

that induced and imposed by simulated building floor motions. The quantitative aspects include:
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The damage imposed by the proposed testing protocol and by the simulated building floor motions
are, in principle, compatible given that they impose/induce similar number of cycles on
displacement/acceleration sensitive nonstructural components, as shown and compared in Figure
5.49.

For the case of protocol floor histories, the collapse of Monitors 2 and 3 was observed for a peak
acceleration at the base of the monitor of 1.38g, while for the simulated building floor motions, the
collapse was observed for an acceleration equal to 1.62g. The difference in the peak acceleration

triggering the damage of the monitor’s supporting system is less than 15%.

The qualitative aspects include:

The amplitudes and characteristics of the displacements observed in the gurney, medical cart and
infusion pump poles are comparable for both design and maximum considered earthquake levels, for
the testing protocol and simulated floor motions.

The magnitude of the damage imposed on the base of the gypsum partition walls by the excessive
motion and impact of the infusion pump poles is similar for both testing protocol and simulated
building floor motions.

The characteristics of the interaction observed (basically impact) between the surgical video rack and
Monitor 1 during the protocol and simulated floor motion excitations are comparable, for both
design and maximum considered earthquake levels.

The characteristics of the excessive displacement of the equipment placed inside the surgical video
rack is similar for the maximum considered earthquake, for both protocol and simulated building
floor motion histories.

Similar effects on the medical supplies placed on top of the medical cart were observed for both
protocol and simulated building floor motion histories, associated to design and maximum

considered earthquake levels.

It is important to highlight that the protocol is intended to be representative of various floor motions and

should impose conservative seismic demands.

6.1.3  Seismic performance of gypsum partition walls

This subsection presents the ensemble of hysteresis loops observed during the dynamic and the quasi-

static tests performed with the proposed testing protocol. A summary of the progression of damage in

the gypsum walls is presented as a function of the imposed interstory drift.
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6.1.3.1 Force-displacement response

Figure 6.1 shows the ensemble of partition walls hysteresis loops observed during the dynamic and the
quasi-static (QS) tests carried out using the testing protocol proposed in subsections 5.3.1 and 5.3.3,
respectively. The peak resisting force of approximately 28 kips is more than double the peak force
obtained during the quasi-static tests performed by Lang et al. (Lang, 2007) using a similar specimen (~13
kips). Moreover, the drift ratio value at which the peak force is achieved shifts from the 0.6 % observed
by Lang et al. to 1.2 % observed during the dynamic tests using the UB-NCS. Note that at a drift of 0.6
%, the peak force in Figure 6.1 is approximately 20 kips. The large difference in peak resisting force is
partially explained by the different failure modes observed in the two tests. While the top track
connection failed in the tests by Lang et al., the steel stud frame and tracks remained intact during the
UB-NCS tests. The different failure modes were likely caused by the different spacing used for the track

fasteners: Lang et al. used a spacing of 24 inches while a 12 inch spacing was used for the UB-NCS tests.

In Figure 6.1, the peak drift imposed by the 150 % dynamic protocol is 1.42 %, the larger cycles shown in
the figure correspond purely to QS loading. Coincidently, the transition from dynamic to quasi-static tests
coincides with the instant of major damage in the partition wall, indicated by the significant drop in peak

resisting force.
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Figure 6.1. Ensemble hysteresis loops for steel studded gypsum partition walls
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6.1.3.2 Progression of damage

The progression of damage observed in the gypsum partition walls during the dynamic and quasi-static
tests performed using the proposed testing protocol is summarized in Table 6.2. The observed damage
progression correlates well with observations obtained from previous tests described in Section 3, that

were performed using specimens with similar geometry, materials and construction methods.

Table 6.2. Progression of damage in steel studded gypsum partition walls

Drift Ratio

(%) Observed Damage
0.09 :  No visible damage in specimen
0.23 ¢ Minimum level of damage obsetved
Incipient hairline cracks along base of cornerbeads and gypsum panel joints
0.47 : Raised areas and small cracks around screws near bottom and top tracks

Hairline cracks along corner beads
Vertical cracks 7 <7/16" along wall boundary panel joints
Small hairline cracks around door fenestration
1.42 ¢ Widespread pop-out of screws around wall boundaries
Tape covering vertical wall boundaries completely damaged
Permanent gaps 7/16" < ¢ <1/4" along cornerbeads, some horizontal gypsum panel joints, and

door fenestration
1.77 ¢ Widespread pop-out of screws in the whole specimen
Tape covering vertical wall boundaties completely damaged

Permanent gaps 7/ 16" <r< 7/ 4" along cornerbeads, horizontal gypsum panel joints, and door
opening

Some permanent gaps ¢ >1/4" along cornerbeads

Initiated gypsum panel detachment from steel studded frame

2.22 ¢ Generalized pop-out of screws in the whole specimen
Tape covering vertical wall boundaries completely damaged

Permanent gaps 127/4” and crushing of joint compound along cornerbeads, horizontal

gypsum panel joints, and door fenestration
Gypsum panel detached from steel studded frame
2.67 1 Total damage of specimen
Most gypsum panels detached from steel stud frame
Extensive crushing of gypsum along panel joints and cornerbeads

6.1.3.3 Study of damage states

Damage progression curves were computed for the steel studded gypsum partition walls considered in
this research. Fragility analysis could not be directly performed given that only a single specimen was
tested, and therefore, the information required for statistically assessing the seismic demands triggering
each Damage State (DS) was not available. Nevertheless, a procedure is proposed later in this subsection
for estimating, in an approximate way, a statistical parameter that has shown promise in predicting the

demand parameters triggering the various DS’s identified for the gypsum partition wall systems.

Four DS’s were identified based on the information provided in Table 6.2 and are listed in Table 6.3. The

type of repair that would be required and the potential effects on functionality of an emergency room
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enclosed by partition walls were also considered in selecting the DS. Table 6.3 is similar to the one
proposed by Taghavi and Miranda (Taghavi and Miranda, 2003) for drywall wood studded partition walls,
with some adjustments to the particular characteristics and observed damage of the tested specimen. The
last column in Table 6.3 includes a Damage Measure (DM) for each DS that allows for the quantification
or measurement of each damage state based on the specimen damage. The Damage Measures (DM) have
been carefully selected based on experimental observations and quantities that could be measured after
the experiments, such as crack lengths and widths. Note that two damage measures are considered for
damage states DS; and DSs. The most suitable damage descriptor for each damage state is later

investigated through statistical analysis of the experimentally collected data.

Table 6.3. Definition of Damage States (DS) for steel studded gypsum partition walls

Potential Effects on

Damage Descrinti ER
State escription of Operations Repair Actions Damage
Damage State P p Measure (DM)
DS) & (Boroschek and
Retamales, 2004)
Hairline cracks along corner Service remains fully One coat of paint to cover Cumulative
beads and paper joint tape. functional; hairline cracks (optional). Length of
DS, Interruptions minimal hairline cracks
during the repairing
process.
Minor permanent gaps Service remains Re-screwing of fasteners (as Length of minor
(+< Y5 ) between gypsum fug§doqal; - necess:ary); One coat of gaps +<1/16"
DS, boards and between corner Critical inpatients may mgddlng and two coats of
beads and gypsum boards; need to be movec-1 toa paint may be necessary.
Raised screws noticeable at cleager room during the
gypsum panel edges. repai.
Major permanent gaps Minor interruption of Removal of crushed material ~ Length of gaps
(Y57 < +< Y, ) between services due to aseptic along gypsum board; 1/16"<t<1/4" ot
gypsum boards and between issues; Service out of Replacement of fasteners, Area of popped
DS; corner beads and gypsum function for a couple of  mudding and painting; out screws
boards; Crushing aiong days. Replacement of corner
gypsum panel edges; beads may be necessary;
Screws pop out. Gypsum panel joints taping,
mudding and painting.
Permanent gaps ;> 174" Interruption of normal Replacement of damaged Length of gaps
Gypsum panels detached from operation is expected gypsum panels and corner +21/4" 0t
DS, steel stud frame. due to safety reasons. beads; Gypsum panel joints Area of detached
Setvice out of function taping, mudding and gypsum panels

for a couple of weeks.

painting.

Table 6.4 summarizes the quantification of damage observed during each test for which the damage was
assessed in detail, as specified in Table 5.9 and described in Subsection 5.4. The numbers provided in the
table correspond to the total length or area that was observed to be damaged in post test observations.
The numbers decrease from preliminary damage states such as ‘hairline cracks’ because these cracks

opened up in subsequent tests and instead were categorized as larger cracks. No new hairline cracks were
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observed at larger amplitudes since all new cracks had wide openings at that drift level. The complete
failure of the partition walls was observed during the test imposing a drift ratio of 2.67%, and therefore,
the damage shown in the last column of Table 6.4, corresponds to the total “damageable” joint lengths or

panel surfaces of the specimen.

Table 6.4. Quantification of damage observed during tests

Damage Quantification
81\1“:0.23 % 61\,1ﬂx:0.47 % 61\,1;.x:1.42 % SMﬂle.77 % 5Mﬂx:2.22 % BMﬂx:2.67 %

Damage Measure (DM)

Hairline cracks (in) 48 549 24 - - -
Cracks t< %" (in) 67 73 466 24 - -
Cracks 4" <t< };" (in) - - 405 653 175 -
Cracks t= /" (in) - - 96 398 1421 2304
Screws pop-out area (in?) - 1701 10666 19494 28459 -
Detached area (in?) - - - 5140 28065 48324

As stated in Subsection 5.4, only the damage observed in the exterior walls has been considered in the
analysis because: i) for those walls the observed damage database is more populated, and ii) the damage

observed is representative of the global specimen damage.

Table 6.5 shows the accumulated damage observed in the specimen. Several considerations are taken into

account for populating Table 6.5, which include:

»  All observed cracks with width #<7/76" are assumed to contribute to the total length of haitlines.

= All observed cracks with width 7/76" <#<1/4" are assumed to contribute to the total length of
cracks with width #<7/76" and hairline cracks.

* All observed cracks with width #>7/4" are assumed to contribute to the total length of cracks with
width 7/16" <#<1/4", +<1/16" , and haitlines.

= All panel joints around detached ateas of gypsum panels are assumed to contribute to the total length
of cracks with width #>7/4", 1/16" <¢<1/4", +<1/16" , and haitlines.

= At the ultimate condition (Ouax = 2.67 %), all specimen joints and panel areas are damaged.

Table 6.5. Quantification of cumulated damage observed duting tests

Damage Quantification
SMax:O.23 % 81\1“20.47 % 81\[“:1.42 % 8Mux21-77 % BMI,XZZ.ZZ % 81\[%:2.67 %

Damage Measure

Haitline cracks (in) 115 622 991 1223 1596 2304
Cracks t< 1/, " (in) 67 73 967 1223 1596 2304
Cracks ¥," <t< 4" (in) 0 0 501 1199 1596 2304
Cracks t2> 1" (in) 0 0 96 546 1421 2304
Screws pop-out area (in2) 0 1701 10666 24634 28459 48324
Detached area (in?) 0 0 0 5140 28065 48324
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Figure 6.2 plots the experimental cumulative damage progression data summarized in Table 6.5,

expressed as the percentage of the total “damageable” length of crack or wallboard surface shown in the
last column of Table 6.5. The best fit standard lognormal cumulative distribution curve, F. (x), is

computed for each damage state (or for each damage measure) using:

FX(X)ZHHW[%H 6.1)

where erf () denotes error function; x denotes the Engineering Demand Parameter (EDP) controlling
the progression of damage, which in this case corresponds to interstory drift ratio; and 4 and O denote
the mean and standard deviation of the natural logarithm of the seismic demand for which the 50% of
the testing specimen exhibits a specific damage state. In terms of these variables, the median @ and the

dispersion [ of the seismic demand at which the 50% of the component will reach or exceed a specified

damage state are given by (Soong, 1981):
0=¢" (6.2)

and
B=(e 1) 63)

The curves in Figure 6.2 presents the percentage of wallboard exhibiting a given damage state. These are
not conventional fragility curves that provide the probability of achieving or initiating a given damage
state. Instead they describe the distribution (as percentage) of damage through the partition walls.
Examining hairline cracks for example, given a drift ratio, these curves provide the expected crack length

expressed as a percentage of the total length of joints along the wall that can crack.

Table 6.6 lists the values of the best fit parameters resulting from the estimation process. In Table 6.6, the

parameter EDP,_;, is a reference parameter denoting the seismic demand associated with achieving 5%

of a given damage state. This parameter has been shown to correlate well with the seismic demand at

which a given damage state is first observed. The parameter EDP,_;, (¥ =0.05) is calculated using:
_ pro2ar 7 (27-1)
EDP, =¢ (6.4)

where e/~ ( ) denotes the inverse error function. From the analysis of the results presented in Table 6.6

it is concluded that the most suitable damage measure indices (associated to the lowest dispersion
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values 3), for the damage states DS3 and DS, as defined in Table 6.3, are the length of cracks with

widths %,”<#<Y,", and the surface of detached gypsum panels, respectively.
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Figure 6.2. Damage progression data and best fit damage progression curves

Table 6.6. Best fit parameter estimation

Damage State Best Fit Parameter for Drift Ratio (%)

Damage Measure

Associated U o) 7] B EDP,_,,
Hairline cracks DS; 0.18 0.86 1.20 3.29 0.29
Cracks 7< " DS, 0.43 0.44 1.54 0.63 0.74
Cracks 4" <t< ;" DS; 0.54 0.32 17 0.34 1.02
Cracks 72 " DS, 0.70 0.18 2.01 0.14 1.49
Screws pop-out area DS; 0.56 0.34 1.76 0.43 1.00
Detached area DS, 0.74 0.13 2.10 0.08 1.69

Figure 6.3 shows a comparison of the damage progression curves computed for the different damage
states identified in this experimental test series. From the inspection of the results presented in Table 6.6
and plotted in Figure 6.3 it is observed that lower damage levels (DS; and DS») have associated larger

dispersions of the median seismic demands for which 50% of the specimen (in terms of joint length or
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wallboard surface) has reached a given damage state. In the case of haitline cracks for example, the lowest
damage level identified in this research, the dispersion B of the median drift ratio for which the
specimen would reach the DSi, with a probability of 50%, is 1.2%. This result is compatible with
experimental observations in the sense that, for example, haitline crack propagation does not continue at
high interstory drift levels as could be expected, because other higher damage states (such as DS, or DS3)
are initiated instead. This result is consistent with previous observations by Lang et al. (Lang, 2007) and
Bersofsky (Bersofsky, 2004). On the other hand, the highest damage level considered, consisting in the
detachment of gypsum board panels, has a relatively low dispersion due to, mainly, the clear interstory

drift amplitude at which the partition wall system is completely destroyed.
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Figure 6.3. Damage progression curves for damage states of gypsum partition walls

The statistical parameter EDP,, as defined in equation (6.4), has shown a prominent capability to predict

the drift amplitude at which damage states are first observed. For example, according to the last column
of Table 6.0, the drift ratio at which the gypsum panel detachment starts (DSy) is 1.69%, while according
to Table 6.2, panel detachment started for a drift ratio in the range 1.42 to 1.77%. Furthermore, and
according to Table 6.6, cracks with widths in the range #,"” <7< %,", representative of large residual cracks
in the gypsum partition walls (Table 6.3), are triggered at a drift ratio of 1.02%, which is consistent with
the range provided in Table 6.2. This establishes that large residual cracks started for drift amplitudes in
the range 0.47 to 1.42%. Similar analyses can be performed to cross the experimental observations

presented in Table 6.2, the damage states defined in Table 6.3, and the prediction values presented in
Table 6.6.
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In terms of the potential effects of partition walls damage on the emergency room serviceability,
according to definitions in Table 6.3, it can be concluded that the normal service functionality will not be
interrupted during seismic events imposing drift ratios less than 0.74%. Of course, the ER operations will
also be dependent on various other components, however, only the effects of the partition walls are
considered here. Interruptions of the ER functionality are expected for drifts ratios in the range 1.02 to
1.76%, drifts for which DS, and DS; are triggered. Finally, from Table 6.6, it can be concluded that 50%
of the partition walls (DS4), will be completely destroyed at interstory drift ratios larger than 2.1%,

although the detaching of panels will be observed at an imposed interstory drift ratio of 1.69%.
6.1.4  Seismic performance of wall-mounted patient monitors

This subsection presents the fragility analysis of the wall-mounted patient monitors. In the experiments,
some of the patient monitors fell from their support using both the testing protocol and the simulated
building floor motions as input motions. This equipment is examined further because its response is
believed to be controlled mainly by acceleration, providing an acceleration sensitive component

interacting with the drift sensitive gypsum partition walls.

6.1.4.1 Fragility analysis

Figure 6.4a shows the peak horizontal accelerations recorded at the base of Monitor 2 during dynamic
tests. It is recalled herein that the supporting devices for Monitors 2 and 3 failed during the tests
performed using: i) the dynamic testing protocol scaled to 100%; and ii) the simulated building floor
motions associated to a seismic hazard with a probability of exceedance of 2% in 50 years, scaled to
100%. The best fit fragility curve for the damage state consisting of the failure of the monitor’s
supporting device, is shown in Figure 6.4a. The fragility curve has been estimated using the methodology
proposed by Porter and Bachman (Porter and Bachman, 2006) using only a single damage state. Table 6.7
summarizes the best fit parameters obtained following the optimization process. A constraint value for
the dispersion f 20.2 has been considered in the analysis, as recommended in (Porter and Bachman,
2000). Figure 6.4b complements the fragility curve presented in Figure 6.4a by showing the probability
density function for the only damage state assessed in this case. From inspection of Figure 6.4 and Table
6.7, it can be concluded that an acceleration of 1.35g at the base of the equipment has a 50% probability

to induce failure of the monitor supporting devices.
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Fragility Curve for Wall-Mounted Patient Monitor Probability Density Function for Monitor Collapse
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Figure 6.4. (a) Fragility curve for failure of wall-mounted patient monitor; and (b) Probability density
functions for failure of wall-mounted patient monitor

Table 6.7. Best fit parameter estimation for wall-mounted patient monitors

Best Fit Parameter for Monitor Base

Damage State Acceleration (g)

Damage Measure

Associated
u o ] B
. Monitot’s
Peak acceleration at base supporting 0.29 0.15 135 0.20

of monitor ' .
device failure

6.2 UB-NCS performance analysis

This subsection presents a succinct analysis of the performance of the UB-NCS testing facility to impose
target floor motions. The level of demands imposed during the test series presented in this report was
unique, by far exceeding the demands considered during the equipment shake-down process, and
therefore, it provides valuable information for improving the strategy currently used for controlling the

testing equipment.

Figure 6.5 shows plots of the peak relative displacement error observed between two actuators placed at a
same platform level as a function of the peak velocity imposed by the actuators for all dynamic tests. The
motion of the pair of actuators at each level should ideally be synchronized to avoid undesired random
twist (yaw) of the testing platform. It is observed that the error varies linearly with the observed peak
platform velocity. For platform velocities up to 50 inches/sec, the relative displacement between

actuators is approximately 4 of an inch.
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Error in Relative Actuator Displacements. Top Platform Level
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Figure 6.5. Relative displacements between actuators

Figure 6.6 summarizes the errors observed in the peak interstory drifts imposed during the dynamic tests
as a function of peak test velocity. The test velocity in this case is computed as the average of observed
top and bottom peak platform velocities. Although the dispersion of data around the best fit curve
shown in Figure 6.6 is significant, the trend of the collected data can be clearly identified. Moreover,
extrapolation of the data shown in Figure 6.6, through its best fit line, to the zero mean platform velocity
point, propetly yields the observations made during the quasi-static test series, as shown in Table 5.23,

Table 5.25, Table 5.27 and Table 5.28.

Finally, Figure 6.7 shows the errors observed in the bottom and top platform accelerations as function of
the target peak platform velocity. Only data recorded after command signal compensation was included
in Figure 6.7. In Figure 6.7 it is observed than the higher the target platform velocity, the higher the error
in the observed platform acceleration. For target velocities close to 50 inches/sec, the error obsetved in
the recorded accelerations, in relation to the target acceleration, is approximately 40%. The errors
observed in peak accelerations are proportional and representative of the errors observed in matching

desired response spectra.

Based on this analysis, it can be concluded that the errors in the imposed interstory drifts are not
significant. For example, an error of 14% in the interstory drift imposed on a specimen subjected to a
target interstory drift of 3% during a floor motion characterized by a target peak platform velocity of 50
in/sec, would result in a 3x1.14=3.42% actual imposed drift. Such a difference is expected to have minor
influence in the accuracy of the specimen fragility analysis. Further, the actual measured drifts can be

considered in the fragility analysis instead of the desired drift.
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Error Imposed Peak Interstory Drifts Error in Peak Platform Acceleration. Top Platform Level
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Figure 6.6. Errors observed in imposed peak Figure 6.7. Errors observed in imposed platform
interstory drifts accelerations

The errors observed in simulating platform acceleration histories are more severe, particularly for
qualification type testing. However, the errors in imposed accelerations could be lowered by reducing the
tolerance currently considered by the iterative off-line command input compensation process. As
observed during this test series, after degradation of the specimen’s stiffness, the input command signals
seem to be “overcompensated”. A second alternative, or an additional measure, might be to perform the
compensation process using the 50% design earthquake level floor motions. Alternatively, the UB-NCS
can be compensated with dead weight to simulate the specimen pay load as is done for shake table

tuning.
6.3 Summary and conclusions of full-scale emergency room test series

Extensive testing has been performed to investigate the seismic performance of a full-scale mock
emergency room by using a testing protocol that has been calibrated to impose and induce hazard
consistent seismic demands on displacement and/or acceleration sensitive nonstructural components,
and the simulated response of a multistory moment resistant steel framed building. Complementary
quasi-static tests were carried out to assess the performance of displacement sensitive component
undergoing higher interstory drift ratios. The experimental series was also useful to evaluate the fidelity of
the UB-NCS equipment to impose target full scale floor motions. The conclusions of this test series are

detailed as follows:

1. The UB-NCS has demonstrated its ability to impose, under controlled laboratory conditions, the
full-scale floor motions required to assess the seismic performance of full scale nonstructural
components and systems. However, some important facts should be considered in future

experiments, and some improvements to the proposed control strategy are suggested:
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1.1.

1.2.

1.3.

The errors observed in the imposed interstory drift histories vary linearly in the range 2.5 to
14%, for mean peak platform velocities ranging between 0 and 55 inches/sec. Therefore, for
floor motion histories reaching high platform velocities, it may be desired to compensate the

target interstory drift history accordingly.

The maximum relative displacement between actuators located at a same platform level

reaches 0.25 inches for peak platform velocities up to 50 inches/sec.

During the test series it was observed that the higher the target peak platform velocity, the
higher the error in the observed peak platform accelerations. The errors in peak platform
accelerations reach 50% for peak target platform velocities up to 50 inches/sec, denoting
significant overshoots for large amplitude tests. Nevertheless, high platform velocities were
reached for the tests at which the specimen stiffness was already degraded, and therefore,

two solutions are proposed:

1.3.1.  Perform the offline iterative input command compensation process considering, at
least, the floor motions corresponding to 50% of the target floor motions. Even if
the specimen may be damaged during the command compensation process, more
accurate results will be obtained during target and higher amplitude floor motions

tests.

1.3.2.  The minimum errors observed in replicating target peak platform accelerations,
consistent with the errors found in observed response spectra (ORS’s), are on the
order of 20% approximately. This error could be lowered by reducing the tolerance

currently considered by the offline input compensation process.

2. Several degrees of damage were observed in both displacement and acceleration sensitive

nonstructural components included within the emergency room.

2.1.

The observed damage, for the design and lower earthquake levels, includes:

2.1.1.  Partition walls. Extensive cracks along cornerbeads and at joints between gypsum

panels. Popped-out screws were observed around top and bottom tracks.

2.1.2.  Wall mounted monitors. Monitor 1 was severely impacted by the surgical video rack.
Monitors 2 and 3 simultaneously broke off their supporting systems. Monitor 4

moved out of its supporting system’s retention clip.
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2.2.

2.1.5.

2.1.7.

2.1.8.

2.1.9.

Surgical lamp. Severe impact was observed between the surgical lamp lights and the
UB-NCS columns. As consequence of the impact, one bulb burned out and one of

the lamps broke off its supporting system.

Medical gas. One of the drop-in devices used to attach the hangers for the medical
pipes horizontal runs was pulled out from the top concrete slab. Furthermore,
excessive horizontal displacement was observed. The gas pipes impacted the

sprinkler head several times without causing any damage.

Medical gurney. The medical gurney exhibited excessive motion after deactivation of

its breaking system.
Crash dummy. The crash dummy was thrown off the medical gurney.

Medical cart. One half of the medical supplies placed on top of the medical cart fell

down from their original position.

Surgical video rack. Severe impact between the surgical video rack and Monitor 1

was observed. Excessive displacement of the rack was observed.

Infusion pumps poles. Excessive displacement of poles was observed.

The additional damage observed, for the maximum considered earthquake level, includes:

2.2.1.

2.2.2.

2.2.3.

Partition walls. Permanent gaps were observed along cornerbeads, at horizontal
joints between gypsum panels, and around door fenestration. Paper tape covering
wall boundaries were completely damaged. Widespread screws pop-out was

observed around wall boundaries.

Wall mounted monitors. Monitor 1 was severely impacted by the surgical video rack
and it almost fell down. Monitors 2 and 3, which were repositioned on top of new
mounting systems after collapsing during the design earthquake level test (protocol
loading), again broke off their supporting systems with the simulated building floor

motions. Monitor 4 fell down from its supporting device (protocol loading).

Medical gas. The medical pipe runs exhibited excessive horizontal displacements,

impacting several times the sprinkler head, without inducing any damage. Permanent
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2.24.

2.2.5.

2.2.0.

2.2.7.

2.2.8.

2.2.9.

deformations were observed in the vertical runs (within the gypsum wall) of the

medical gas pipes.

Medical gurney. The medical gurney exhibited a larger level of displacements after

deactivation of its breaking system.

Crash dummy. The crash dummy was thrown off the medical gurney and almost out

of the emergency room.
Medical cart. All medical supplies placed on top of the medical cart fell down.

Surgical video rack. Severe impact between the surgical video rack and Monitor 1
was observed. Monitor 1 almost fell due to the intensity of the impact. Excessive
displacement of the rack was observed. Furthermore, excessive displacement of the

equipment inside the rack was observed.

Infusion pumps poles. Excessive displacement of poles was observed. The poles

impacted and severely damaged the base of the gypsum partition walls.

Ceiling system. One ceiling tile fell down, permanent displacements of ceiling tiles,

deformations of ceiling grid, and damage along ceiling tiles edges were observed.

The damage progression of gypsum partition walls, as a function of the interstory drift ratio

imposed on the specimen, was examined in detail. The main observations were:

3.1.  For a drift ratio of 0.09%, there was no perceptible damage in the specimen.

3.2. For a drift ratio of 0.23%, incipient hairline cracks were observed at the top and bottom

ends of cornerbeads.

3.3.  Tor a drift ratio of 0.47%, hairline cracks were observed all along cornerbeads. Small vertical

cracks and paper tape damage were observed all along wall boundary panel joints.

3.4.  For a drift ratio of 1.42%, widespread screw pop-out was observed around wall boundaries.

The paper tape covering the wall boundaries was totally damaged. Permanent gaps were

observed along cornerbeads, some horizontal gypsum panel joints, and door fenestration.
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3.5.

3.0.

3.7.

For a drift ratio of 1.77%, widespread screw pop-out was observed in the whole specimen.
Some incipient large gaps are observed along cornerbeads. Detachment of gypsum boards

from steel studded frame initiated.

For a drift ratio of 2.22%, large gaps and joint compound material crushing was observed
along cornerbeads, gypsum panel joints and door fenestration. Gypsum boards were

detached from the steel studded frame.

For a drift ratio of 2.67%, the damage observed in the partition wall system was total.

Damage progression and fragility analysis were performed for one sample of displacement sensitive

(steel studded frame gypsum partition walls) and one sample of acceleration sensitive (wall-

mounted patient monitors) nonstructural components, respectively.

4.1.

4.2.

For the gypsum partition walls, four damage states (DS), with their corresponding damage

measures (DM), were identified.

4.1.1. DSy, corresponding to the hairline cracks appearing in the wall and its DM was the

total length of hairline cracks observed. It can be repaired with paint.

4.1.2.  DS; corresponding to minor permanent gaps observed between gypsum panels and
cornerbeads, and its DM was the total length of cracks with width #<7/16" . It

must be repaired with mud and paint.

4.1.3. DS; consisting of major permanent gaps with crushing of joint panel compound,
and its DM was the length of cracks with width 7/76" <#<1/4". The crushed

material must be removed from panel joints. New mudding, taping and painting are

required.

4.1.4.  Finally, DS4 corresponding to detachment of gypsum panels, and its DM was the
surface of detached gypsum panels. The gypsum panels should be completely
replaced.

The parameter EDP,_;, proposed for estimating the seismic demand at which the damage

state will be observed for first time has shown prominent capability to predict experimental

observations.
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4.3.

4.4.

According to the fragility (damage progression) analysis results, the partition wall system will
be lost, with a probability of 50%, during a seismic event imposing an interstory drift ratio of
2.1%. Nevertheless, the total loss of the partition walls could be observed for interstory
drifts of 1.69%. Moreover, the serviceability of the emergency room can be significantly
affected, with a probability of 50%, during seismic events imposing drift ratios of 1.71%.
Nevertheless, the service functionality could be affected if drifts ratios as low as 1.02% are

observed.

For the wall-mounted patient monitors, only one damage state, consisting in the failure of
the monitor’s supporting system, was identified and assessed. The engineering demand
parameter considered in this case was the peak acceleration measured at the base of the
equipment, which includes dynamic amplifications due to flexibility of the partition walls.
From the fragility analysis, it was observed that a peak horizontal acceleration at the base of
the monitor of 1.35g would have 50% probability of inducing collapse of the equipment’s

mounting system.

The adequacy and suitability of the proposed testing protocol to impose, under controlled

laboratory conditions, the hazard compatible seismic damage expected on displacement and/or

acceleration sensitive nonstructural components, systems and equipment has been assessed. Both

qualitative and quantitative parameters have been considered.

5.1.

5.2.

5.3.

The damage imposed by the proposed testing protocol and by the simulated building floor
motions is compatible in the sense that they impose/induce a similar number of cycles on
displacement/acceleration sensitive nonstructural components. The testing protocol floor
motions have been calibrated to impose/induce a number of cycles compatible with the
number of cycles imposed/induced by the floor motions recorded at the upper levels of

multistory buildings during strong earthquake events.

During the tests performed using the protocol floor histories, the collapse of Monitors 2 and
3 was observed at a peak acceleration measured at the base of the monitor of 1.38¢g, while
during the tests carried out using the simulated building floor motions, the collapse was
observed at a peak acceleration of 1.62g. The difference in the peak acceleration triggering

the damage of the monitor’s supporting system is less than 15%.

The amplitudes and characteristics of the displacements observed in the gurney, medical cart
and infusion pump poles were comparable for both design and maximum considered

earthquake levels, for both testing protocol and simulated building floor motions.
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5.4.

5.5.

5.6.

5.7.

The magnitude of the damage imposed at the base of the gypsum partition walls by the
excessive motion and impact of the infusion pump poles was similar for both protocol and

simulated building floor motions.

The observed interaction between the surgical video rack and Monitor 1, during the protocol
and the simulated floor motion excitations, was similar, for both design and maximum

considered earthquake levels.

The characteristics of the motions of the equipment inside the surgical video rack was
similar for the maximum considered earthquake, for both testing protocol and simulated

building floor motion histories.

Similar effects on the medical supplies placed on top of the medical cart were observed for
both testing protocol and simulated building floor motion histories, associated to design and

maximum considered earthquake levels.
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SECTION 7

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The research presented in this report provides a critical step in a methodology for better understanding
the seismic behavior of nonstructural components, systems and equipment through more realistic testing
procedures. A short summary of this research and the resulting conclusions of this work are provided

here. Recommendations for future research ate also presented at the end of this section.
71 Summary and conclusions

In order to better understand the seismic behavior of nonstructural components, the University at Buffalo
Nonstructural Component Simulator (UB-NCS) has been commissioned to subject nonstructural
components to realistic full-scale floor motions. This new equipment provides improved experimental
capabilities for more realistic qualification testing and fragility assessment of nonstructural components.
Full-scale, anchored or self-supported equipment and building contents, with attachment points at one or
two consecutive levels can be tested. Most important, equipment and combined nonstructural systems
that may be sensitive to both accelerations and/or interstory drifts can be rigorously evaluated under
realistic loading conditions to evaluate interdependencies as well as the interaction with the primary

structural system.

An extensive test series was performed to identify the actual capabilities and limitations of the UB-NCS.
The fidelity of the testing facility to reproduce, under controlled laboratory conditions, full-scale seismic
floor motions expected in multistory buildings, and other random and harmonic motions was
demonstrated. In order to achieve a satisfactory performance of the equipment, an off-line compensation

procedure was developed and recommended for testing of full-scale nonstructural specimens.

A set of innovative testing protocols taking full advantage of the UB-NCS testing capabilities has been
developed and proposed for experimental seismic qualification and fragility assessment of acceleration
and/or displacement sensitive nonstructural components, systems and equipment. The proposed testing
protocols are characterized by their simplicity, versatility and closed-form equations. The qualification
protocol histories have been calibrated to impose, simultaneously, seismic hazard consistent absolute floor
accelerations and interstory drifts acting on nonstructural components and contents located within
multistory buildings. Moreover, the protocol histories were adjusted to impose and induce the same
number of “rainflow” cycles on displacement and acceleration sensitive nonstructural components,
respectively, as observed for building floor motions recorded during strong earthquake shaking. It was

demonstrated that the seismic qualification testing protocol is capable of imposing seismic demands
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compatible with both the ASCE 7-05 ground response spectrum and the FEMA 450 floor response
spectrum at a specified normalized building height, for sites with a given seismic hazard level
Furthermore, the proposed protocol imposes peak interstory drifts compatible with the seismic hazard

specified in current code provisions.

The proposed fragility testing protocol consists of a simplified version of the seismic qualification
protocol. The seismic hazard was chosen consistent with an area of high seismicity in order to impose on
the specimens conservative but realistic absolute floor accelerations and interstory drifts. This protocol
incorporates response modification factors that amplify story drift demands to account for nonlinear
building response. A quasi-static fragility testing protocol, compatible with the dynamic version of the
fragility protocol, was also proposed for evaluating the seismic performance of displacement sensitive

nonstructural components that are not loading rate dependent.

The proposed qualification protocol extends the current capabilities of the AC156 qualification procedure
for testing of distributed nonstructural components with multiple attachment points and sensitive to both
absolute floor accelerations and story drifts. Similarly, the proposed fragility testing protocol supplements

the current FEMA 461 testing methodologies.

The proposed qualification testing protocol was used to successfully assess the seismic performance of a
full-scale composite emergency room. Damage progression curves were generated for displacement
sensitive steel studded gypsum partition walls, and seismic fragility analysis was performed for critical
acceleration sensitive medical equipment. The observations from these experiments were used to
characterize the dynamic interactions between nonstructural components and the medical equipment

included in the experiments.

From the observations of damage progression for the gypsum partition walls, four damage states, with
their respective damage measures, were identified. The damage states were defined considering the type of
repair that would be required and the potential effects on the functionality of the emergency room.
Moreover, the damage measures were carefully selected based on experimental observations and quantities
that could be measured after the experiments. The effectiveness of a statistical parameter proposed to
anticipate the interstory drift ratios triggering each damage state was demonstrated. Severe interruptions of
the emergency room functionality, due to damage in the gypsum partition wall system, are expected, with
a probability of 50%, at interstory drift ratios of 1.71%. Nevertheless, serviceability interruptions could be
expected, with a probability of 5%, for interstory drift ratios as low as 1.02%. Total loss of the gypsum

partition wall system, with a probability of 50%, is expected for an interstory drift ratio of 2.10%.
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However, total loss of the gypsum partition wall system could be expected, with a probability of 5%,

during earthquake events imposing interstory drift ratios as low as 1.69%.

From the experimental observations of the seismic performance of wall-mounted vital sign patient
monitors, only one damage state was identified, consisting of the failure of the mounting system. The data
recoded during tests was used to generate the fragility curve for the identified damage state. The resulting
fragility curves indicate that a horizontal acceleration of 1.35g at the base of the monitor would have 50%

probability to induce failure of the monitot’s supporting system.

The test series performed with the emergency room provided important information regarding the
suitability of the proposed testing protocol to impose and induce, in a controlled way, the hazard
compatible seismic damage observed in nonstructural components during tests catried out using simulated
building floor motions. Both qualitative and quantitative observations were considered and discussed to
validate the adequacy of the damage imposed by the testing protocol. It was observed that both the
protocol and simulated building floor motion histories induced failure of the monitor’s supporting system
at approximately the same peak horizontal accelerations measured at the base of the monitors. Moreover,
the characteristics of the motion observed in freestanding equipment and the seismic interactions between

nonstructural components and medical equipment were similar.

7.2 Recommendations for future research

A rigorous stochastic analysis was performed in this investigation to estimate the mean 84% percentile
peak seismic demands acting on nonstructural components located within multistory buildings. Vertical
components of seismic demands were not included in this analysis. Nevertheless, the same principles and
methodology described here could be used to estimate the mean 84t percentile peak vertical seismic
demands. Moreover, the “rainflow” counting algorithm should be applied to vertical components of
recorded building floor motions to calibrate the vertical excitation sweeping rate. Finally, the functional

form of the proposed testing protocols could be recalibrated for defining vertical motion histories.

The testing procedures proposed in this research, and in particular the functional closed-form protocol
equations, could be adapted and recalibrated for use with conventional shake tables. Freestanding
nonstructural systems and/or equipment attached to a single building level that exceed the payload

capacity or frequency limits of the UB-NCS may benefit from this approach.

The theory used to develop the qualification protocol presented in this report can be further extended to
generate a testing protocol suitable for assessing the effects of near fault ground motions on nonstructural

components. The use of a deterministic hazard model was recommended for this approach.
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Figure A.13. Detail swivel connection & connection plates



payedrpur

HIVOS

S00¢/LT/¥0 8007/10/90 | sorewreoy 0S1Ipoy

HLva AT ‘Ad

soje[d aseq J0O[]

Suong 2 suwnjoy) ur sA[OH 1B usisaq wiopeld

071 :9[e0S

u [=1 SSAUIIY [

100[] Suong 03 saye[d aseq e

v AH SINHLINOD “LOFrodd
oreyng e AISIOAIUN
“oN ONIMVAA * : 0S¢ 00T 7 01T
B
=
) Ok L (ORI =
\,,@>w ¢ 4
4 4
= N \% = 3 =
= =S Cmom g el g
\ * ¢ * qﬁﬁ
(dAL) L8/L o8 Ll 3 -
= ) 10y $A0Y PIPLAIYL | T Q)i m O =
=
st N N
09¢

01:71 :9[e0S

SUWwIN|od Ul sa[oy [re1o(d

MIIA V-V

/!

e o
e o |
e o |
o o |
v 9
e o
(dAL) ub/€ SHOE 10§ SAJOH \4 e o ||
(dAL) T/1X8X8SSH uwm[o) 3

G Summel(q ut [re3o( 995

(dAL) . TX8Xg sdeld [991S

MIIA g-g

T| 0S¢t ‘ STt ‘ STe ‘ sTe ‘ sTe ‘ sTE ‘

N

;OOO

/ (dAL) ub/€ SH0g 10J S9[0H

(dAL) .T/TX8X8SSH uwmjo)

G Summel(q ul [rejoq 295

(dAL) . TX8X8 sAe[d [991S

289

Figure A.14. Detail holes in columns & strong floor base plates
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Figure A.17. Detail diagonal braces
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