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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national
center of excellence in advanced technology applications that is dedicated to the reduction
of earthquake losses nationwide. Headquartered at the University at Buffalo, State Univer-
sity 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 Center
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
invariousinstitutions across the country. These are complemented by, and integrated with,
other MCEER activities in education, outreach, technology transfer, and industry partner-
ships.

The failure of suspended ceiling systems has been one of the most widely reported types of
nonstructural damage in building structures during past earthquakes. This report presents the
results of research to address this problem. The main objectives were to study the performance of
suspended ceiling systems commonly installed in the United States; evaluate improvements in
response offered by the use of retainer clips that secure the ceiling panels (tiles) to a suspension
system; investigate the effectiveness of including a vertical strut (or compression post) as seismic
reinforcement in ceiling systems; and evaluate the effect of different boundary conditions on the
entire ceiling system during earthquake shaking. Four variables that affect the seismic performance
of suspended ceiling systems were investigated: (1) the size and weight of tiles, (2) the use of retainer
clips, (3) the use of compression posts, and (4) the physical condition of grid components. A total of
six ceiling system configurations were studied using different combinations of these variables:
undersized tiles, undersized tiles with retainer clips, undersized tiles with recycled grid components,
normal sized tiles, normal sized tiles with retainer clips, and normal sized tiles without the
compression post. Results are reported using damage states and fragility curves. The fragility curves
provide a decision-making tool for performance assessment of suspended ceiling systems.
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ABSTRACT

The failure of suspended ceiling systems has been one of the most widely reported types of
nonstructural damage in building structures in past earthquakes. Despite repeated damage to such
systems, there has been no systematic study of their seismic behavior beyond qualification

studies for selected manufacturers.

Fragility methods are used herein to characterize the behavior and vulnerability of suspended
ceiling systems. Since suspended ceiling systems are not amenable to traditional structural
analysis, full-scale experimental testing on an earthquake simulator was performed to obtain
fragility data. The results from the full-scale testing are presented as seismic fragility curves.
Four variables that affect the seismic performance of suspended ceiling systems were
investigated: (1) the size and weight of tiles, (2) the use of retainer clips, (3) the use of
compression posts, and (4) the physical condition of grid components. A total of six ceiling
system configurations were studied using different combinations of these variables: (1)
undersized tiles, (2) undersized tiles with retainer clips, (3) undersized tiles with recycled grid
components, (4) normal sized tiles, (5) normal sized tiles with retainer clips, and (6) normal sized

tiles without the compression post.

Four limit states of response that cover most of the performance levels described in the codes and
guidelines for the seismic performance of nonstructural components were defined using physical
definitions of damage. Data were obtained for every limit state to compare the effect of each

variable on the response of suspended ceiling systems.
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CHAPTER 1
INTRODUCTION

1.1 General

The response of nonstructural components can significantly affect the functionality of a building
after an earthquake, even when the structural components are undamaged. Poor performance of
nonstructural components in past earthquakes has led to the evacuation of buildings, to

substantial economic losses due to business interruption and in extreme cases to the loss of life.

One of the most widely reported types of nonstructural damage in past earthquakes is the failure
of suspended ceiling systems. The performance of suspended ceiling systems during earthquakes
can be a critical issue depending on the occupancy of the building. Reconnaissance following
past earthquakes has shown that failures of ceiling systems during earthquakes have caused
significant losses and disruption in important or critical facilities. For example, in the 1971 San
Fernando earthquake, a collapsed ceiling system obstructed the control room operations in an
electrical power plant (Sharpe et al., 1973). In the 1989 Loma Prieta earthquake, massive failure
of a suspended ceiling system caused the evacuation of the San Francisco International Airport
(Benuska, 1990). In the 1993 Guam earthquake, considerable damage to a ceiling suspension

system in the blood bank of a major hospital caused a serious disruption to service.

The failure of ceiling systems creates a falling debris hazard. The loss of light fixtures that are
often attached to a ceiling system results in the loss of both interior light and the continued
function of a building. Also, the failure of ceiling systems may hinder evacuation and rescue
efforts after an earthquake and can render a building unusable until the fixtures are replaced
(Yao, 2000).

Earthquake-history testing has been used recently for qualification and fragility testing of
structural and nonstructural components. Seismic qualification is intended to demonstrate
through experimentation that a component in a structure is able to function during and after an
earthquake. In contrast to qualification testing, the objective of fragility testing is to establish a



relationship between limit states of response and a representative excitation parameter for a

component.

Fragility curves can be used to assess the vulnerability of a structural system and directly account
for sources of uncertainty. The development of fragility curves involves the use of both
mathematical modeling and physical observations. In the case of suspended ceiling systems,
mathematical analysis is difficult due to uncertainties in the physical behavior of elements and
components of the system once installed in the ceiling system. Further, the complexity of the
mathematical model and the highly nonlinear behavior of the components once tiles are
dislodged make robust structural analysis of suspended ceiling systems unrealistic.

Since analytical methods are generally not applicable to the study of suspended ceiling systems
and data collected following past earthquakes are not suitable for fragility characterization,
experimental methods represent the best and most reliable technique to obtain fragility curves for

suspended ceiling systems.

1.2 Goal and Obijectives

The main goal of this study was to develop fragility curves of suspended ceiling systems
subjected to the action of earthquake shaking. Fragility curves were obtained by experimental
testing of suspended ceiling systems on an earthquake simulator. The specific objectives of the
research program were: (1) to study the performance of suspended ceiling systems commonly
installed in the United States; (2) to evaluate improvements in response offered by the use of
retainer clips that secure the ceiling panels (tiles) to a suspension system; (3) to investigate the
effectiveness of including a vertical strut (or compression post) as seismic reinforcement in
ceiling systems; and (4) to evaluate the effect of different boundary conditions on the entire

ceiling system during earthquake shaking.



1.3 Report Organization

This report contains eight chapters and a list of references. Chapter Two provides an introduction
to seismic fragility and presents a review of previous studies on fragility analysis and suspended
ceiling systems. Chapter Three provides general information the Structural Engineering and
Earthquake Simulation Laboratory of the Department of Civil, Structural and Environmental
Engineering at the University at Buffalo, the test frame, the instrumentation used to record the
responses of both the simulator and the ceiling system testing, and specifications for the test
specimens used in this research project. Chapter Four presents the dynamic characteristics of the
test frame. Chapter Five presents the procedure used to generate the ground-motion histories
used for fragility testing. Experimental results for the different configurations studied in this
research project are presented in Chapter Six. Chapter Seven provides an interpretation of the
data obtained from the experimental program in the form of fragility curves linked to various
states of damage. Chapter Eight describes the main findings and conclusions of this study.

References are listed immediately following Chapter Eight.






CHAPTER 2
LITERATURE REVIEW

2.1 Introduction to Seismic Fragility

Seismic fragility has been defined as the conditional probability of failure of a system for a given
intensity of a ground motion. In performance based seismic design, failure is said to have
occurred when the structure fails to satisfy the requirements of a prescribed performance level. If
the intensity of the ground motion is expressed as a single variable (e.g., the peak ground
acceleration or the mapped maximum earthquake spectral acceleration at short periods, etc.), the
conditional probability of failure expressed as a function of the ground motion intensity is called

a seismic fragility curve (Sasani and Der Kiureghian, 2001).

Ideally, the assessment of fragility should employ as much objective information as possible.
Such information is gained from fundamental laws of nature (e.g. laws of mechanics) and from
laboratory and field observations. However, such information is often shrouded in uncertainties
that arise from imperfections in the mathematical models, from measurement errors, and from
the finite size of observed samples. Several mathematical tools or techniques have been
developed (e.g., Monte Carlo simulation, Bayesian parameter estimation) to prepare probabilistic
models and the assessment of fragility when the available information is incomplete or
insufficient. Such techniques are capable of incorporate all types of information and properly

account for uncertainties (Der Kiureghian, 1999).

Fragility curves can be generated empirically or analytically. Empirical fragility curves can be
developed with the use of data from damage recorded in previous earthquakes or with the use of
experimental data obtained from laboratory tests (i.e., scale model testing). Analytical fragility
curves can be developed with the use of statistical data obtained with the use of accurate
mathematical models that represent certain physical phenomenon. In statistical terms, a fragility
curve describes the probability of reaching or exceeding a damage state at a specified ground

motion level. Thus a fragility curve for a particular damage state is obtained by computing the



conditional probabilities of reaching or exceeding that damage state at various levels of ground

motion.

Fragility curves can be used to present vulnerability data for both structural and nonstructural
components systems on buildings. Fragility curves can also be used to compare different seismic
rehabilitation techniques and to optimize the seismic design of structures (Shinozuka et al.,

2000a). Previous studies using fragility techniques are discussed in the following subsection.

2.2 Previous Studies on Fragility Analysis

Studies on concrete dams, pier bridges, structural walls of reinforced concrete, wood frame
housing, etc., have been performed in recent years using fragility analysis as the main tool to
assess seismic vulnerability. A summary description and the main findings of studies performed
using fragility analysis that were considered useful in the development of the work presented in

this report are presented in the following paragraphs.

Singhal and Kiremidjian (1996) developed fragility curves for damage in reinforced concrete
frames using Monte Carlo simulation. The authors of this paper considered that the development
of fragility curves requires the characterization of the ground motion and the identification of the
different degrees of structural damage. Earthquake ground motion amplitude, frequency content,
and strong motion duration were considered important characteristics that affect structural
response and damage, so they were included in the generation of the fragility curves. The
fragility curves obtained considered the nonlinearity of the structure properties and nonstationary
characteristics of the ground motions for the purpose of developing the most consistent set of
fragility curves possible so they could be used to estimate damage states for a wide range of
reinforced concrete frames. Characterization of damage in the concrete frames was made using
the Park-Ang global damage indices (Park and Ang, 1985a, 1985b). Structural damage was
quantified by five discrete damage states. The authors pointed out that it was desirable to obtain
fragility curves for all structural classes because the damage estimates so obtained can be used
for cost-benefit analysis to judge retrofit decisions and for the evaluation of potential losses in

concrete frames over an entire region.



Reinhorn et al. (2002) presented an approach for assessing seismic fragility of structures. The
structural response in terms of probability was evaluated from the inelastic response spectra, the
spectral capacity curves, and from consistent relationships that provide the probability

distribution function of spectral ordinates.

Shinozuka et. al. (2000b) developed empirical and analytical fragility curves using statistical
analysis. According to Shinozuka et. al. the development of vulnerability information in the form
of fragility curves is a widely practiced approach when the information is to be developed
accounting for a multitude of uncertainties, for example, in the estimation of seismic hazard,
structural characteristics, soil-structure interaction, and site conditions. Shinozuka noted that the
development of fragility curves required the synergistic use of professional judgment, quasi-
static and design-code consistent analysis, utilization of damage data associated with past
earthquakes, and numerical simulation of the seismic response of structures based on dynamic
analysis. Empirical fragility curves were developed utilizing bridge damage data obtained from
the 1995 Hyogo-ken Nanbu (Kobe) earthquake. Analytical fragility curves were then developed
for typical bridges in the Memphis area on the basis of a nonlinear dynamic analysis. Two-
parameter lognormal distribution functions were used to represent the fragility curves with the
two parameters estimated by the maximum likelihood method. Statistical procedures were
presented to test the goodness-of-fit hypothesis for these fragility curves and to estimate the

confidence intervals of the two parameters of the lognormal distribution.

Sasani and Der Kiureghian (2001) developed probabilistic displacement capacity and demand
models of reinforced concrete structural walls for a life-safety performance level using the
Bayesian parameter estimation technique®. Experimental data were used to develop the capacity
model and nonlinear dynamic analysis was employed to develop the demand model. The
probabilistic models were used to assess the seismic fragility of a sample reinforced concrete

structural wall with two values of the flexural reinforcement ratio in the boundary elements. The

! The Bayesian parameter estimation technique provides an effective tool for the development of
probabilistic models and assessment of fragility when available statistical information is shrouded by
uncertainties that arise from imperfections in the mathematical models, from measurement errors and
from the finite size of observed samples. Details of the Bayesian technique can be found in the literature
(e.g., Box and Tiao, 1992; Der Kiureghian, 1999).



models created represented accurately the behavior of structural walls with medium to large
aspect ratio that are properly designed to prevent shear or bond failures.

Ellingwood and Tekie (2001) studied the performance of concrete gravity dams using fragility
methods. This study addresses fragility modeling as a tool for risk-based policy development and
management of concrete gravity dams and presents quantitative methods that can be used to
evaluate failure probabilities of concrete gravity dams due to extreme postulated hydrologic
events. The databases required to support the fragility assessment of dams are identified using
basic fragility concepts. Fragility analysis provided a tool for rational safety assessment and
decision making by using a probabilistic framework to manage the various sources of uncertainty

that affected the performance of the dam.

2.3 Previous Studies on Suspended Ceiling Systems

Although several studies have indicated that some improvement in the seismic capacity of
suspended ceiling systems has been made in recent years, there exists no robust fragility data for
suspended ceiling systems and no proven strategies to increase the seismic strength of suspended
ceiling systems. A summary description and main findings of studies performed on suspended

ceiling systems in recent years are presented in the following paragraphs.

In 1983, ANCO Engineers Inc. (ANCO, 1983) conducted an experiment on the seismic
performance of a 3.6 x 8.5 m suspended ceiling system with intermediate-duty runners and lay-in
tiles. The excitation used for the experiment was the 1953 Taft earthquake ground motion. The
major finding of this experiment was that the most common locations for damage in suspended
ceiling systems were around the perimeter of a room at the intersection of the walls and ceilings,
where the runners buckle or detach from the wall angle. Other significant observations included
the ineffectiveness of vertical struts and that pop rivets were more effective than sway wires in
preventing or reducing damage in suspended ceiling systems subjected to earthquake shaking.

Rihal and Grannneman (1984) performed a study of a 3.66 x 4.88 m suspended ceiling system
subjected to sinusoidal dynamic loading. The major findings of this study were that vertical



struts reduced the vertical displacement response of the ceiling system and that sway wires were
effective in reducing of the dynamic response of the suspended ceiling systems.

In 1993, Armstrong World Industries Inc. undertook a series of earthquake tests of suspended
ceiling systems. These tests were performed by ANCO Engineers Inc. (ANCO, 1993) on one
7.31 x 4.26 m (24 x 14 ft) ceiling system using ground-motion histories that were representative
of Seismic Zones 2A, 3 and 4 of the 1988 and later versions of the Uniform Building Code
(UBC, 1991). A 30-second long earthquake history was developed to represent the expected
motions of the third and sixth floors of a six-story moment-resisting steel frame structure located
on a soft soil site. Test amplitudes were then scaled up or down so that response spectra
computed from measured test input motions enveloped the in-structure floor response spectra for
Zones 2A, 3, and 4 for non-structural components supported within critical facilities. The main
conclusion drawn from those studies was that the Armstrong ceiling systems tested on the
earthquake simulator met the UBC Zone 4 design requirements for nonstructural components in

essential facilities.

The vibration characteristics and seismic capacity of a set of 1.2 x 4.0 m suspended ceiling
systems were investigated by Yao (2000) using experimental and analytical methods. The main
purpose of this study was to distinguish the effects of installing sway wires in the suspended
ceiling system. Laboratory tests performed in this study revealed that including 45° sway wires
in each direction, as recommended by Ceiling and Interior System Contractors (CISCA, 1992),
did not produce a discernable increase in the seismic capacity of the ceiling system. From
collection of data from field trips, it was found that systems with adequate edge connectivity
(such as those with added pop rivets) increased the seismic capacity of suspended ceiling
systems. Similar results were obtained when edge hanger wires were added to the suspended
ceiling systems. Adding a constraint transverse to the direction of excitation also influenced the
behavior of the suspended ceiling system.

From 2001 through late 2005, Armstrong World Industries Inc. undertook an extensive series of
earthquake tests on suspended ceiling systems. The series of tests were performed at the
Structural Engineering and Earthquake Simulation Laboratory (SEESL) of the State University



of New York at Buffalo (e.g., Badillo et. al., 2002, Kusumastuti et. al., 2002 and Badillo et. al.,
2003a, 2003b). A 4.88 x 4.88 m (16 x 16 ft) square steel frame was constructed to test the
different types of ceiling systems. Each of the ceiling systems was subjected to a set of combined
horizontal and vertical earthquake excitations for the purpose of qualification. The procedures to
qualify the ceiling system were those of the ICBO-AC156 “Acceptance Criteria for Seismic
Qualification Testing of Nonstructural Components” (ICBO, 2000). Two performance limit
states were defined for the seismic qualification work performed in this study: (1) loss of tiles
and (2) failure of the suspension system. The intensity of the earthquake shaking was
characterized by the NEHRP maximum considered earthquake short period spectral acceleration,
Ss (FEMA, 2000). The target values of Ss ranged between 0.25g and 1.75g. Several conclusions
were drawn from these series of studies and specific details about the performance of each
system tested were given. Among the most important findings were that more failures occurred
for the performance limit state of loss of tiles than for the performance limit state of failure of the
suspension system. Another important conclusion was that the addition of retention clips was a
feasible and cost-effective strategy to improve the performance of ceiling systems, even under

very intense earthquake shaking.
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CHAPTER 3
EXPERIMENTAL FACILITIES AND TEST SPECIMENS

3.1 Earthquake Simulator

The earthquake simulator in the Structural Engineering and Earthquake Simulation Laboratory
(SEESL) of the State University of New York at Buffalo was used to evaluate and qualify the
Armstrong ceiling systems. The 3.66 x 3.66 m (12 x 12 ft) earthquake simulator, or shaking table,
has five controlled degrees of freedom (excluding the transverse translational movement), a
maximum payload of 489 kN (110 kips) and a working frequency range of 0 to 50 Hz. A
composite reinforced concrete testing platform of plan dimensions 6.1 x 3.05 m (20 x 10 ft)
extends the useful testing area of the simulator but limits the payload to 378 kN (85 Kips). The
testing platform includes holes on a 30.5 cm (one-foot) square grid for attaching test specimens.
The table is capable of testing a variety of specimens up to a height of 6.7 m (22 ft). The
longitudinal (horizontal), vertical and roll degrees of freedom are programmable with feedback
control to simultaneously control displacement, velocity, and acceleration. The performance
envelope of the table is = 152 mm (6 in.) displacement, + 762 mm/sec (30 in./sec) velocity and
1.15g acceleration at a payload of 197 kN (44 kips) in the horizontal direction, and £ 76 mm (3
in.) displacement, £ 508 mm/sec (20 in./sec) velocity, and 2.30g acceleration in the vertical
direction. For a payload of 489 kN (110 kips), the maximum platform accelerations are 0.55g and

1.1g in the horizontal and vertical directions, respectively.

The frequency limit of the simulator system is determined by the natural frequency of the table
and the supporting actuator oil columns, both of which have a natural frequency of approximately
60 Hz. This facilitates operation of the simulator over a wide band of frequencies with small
error. Input or command signals to the table can be of the following types: harmonic motions
(sinusoidal, square, triangular), random motions, and any recorded earthquake history. Additional
software is available for the collection and processing of data. Frequency and time-domain
analysis of data are routinely performed. Data can also be rapidly transferred via the Internet to

other computers within the University computing systems or to outside systems.
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3.2 Test Frame

A 4.88 x 4.88 m (16 x 16 ft) square frame of ASTM Grade 50 steel was constructed to test the

ceiling systems. Figures 3-1 to 3-10 present detailed information of the frame. Figure 3-1 is a plan

view of the base of the frame. The frame was attached to the simulator platform using 1 in.

diameter bolts in the beams that were oriented in the East-West direction. Details of the

configuration of the top of the frame are presented in figure 3-2. Two 10.2 x 10.2 cm (4 x 4 in.)

tubular sections connected at each corner served as main columns of the frame as shown in

figures 3-3 and 3-5. A 3.8 x 3.8 cm (1-1/2 x 1-1/2 in.) angle was welded around the perimeter of

the test frame.
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A 5.1 x15.2 cm (2 x 6 in.) timber ledger was attached to the angle as shown in figures 3-3 and 3-
4. The perimeter timber ledger served as a “stud wall” and anchored the ceiling system. To
facilitate rapid disassembly, the top of the frame was divided along the East-West axis into two
equal parts. Both halves of the roof were connected with 9.5 mm (3/8 in.) diameter bolts as seen
in figures 3-2 and 3-7. The top of the fame was connected to the perimeter beams with 9.5 mm
(3/8 in.) diameter bolts as shown in figures 3-6, 3-9 and 3-10.
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FIGURE 3-8 Test frame mounted on the simulator at the University at Buffalo
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FIGURE 3-10 Roof connection to the main beams on the West side of the frame
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3.3 Specimen Descriptions

3.3.1 Introduction

Each ceiling system consisted of two key parts: a suspension system, and tiles. In some
configurations retention clips were added to the ceiling systems. All the specimens used in the
development of this study (grid components, tiles and retention clips) were manufactured and

provided by Armstrong World Industries Inc.

3.3.2 Suspension System

The ceiling systems were installed in a grid that was hung with suspension wires from the top of
the test frame. The grid was constructed with the Armstrong PRELUDE XL 23.8 mm (15/16 in.)

exposed tee system.

The ceiling suspension system was installed in the test frame per ASTM E580-00 (ASTM, 2000).
A 5.1-cm (2-in.) wall molding was attached to the perimeter timber ledger. The main runners and
cross runners were attached to the wall molding with rivets on the South and West sides of the
frame, while the runners on the North and East sides floated free. The main runners were installed
in the North-South direction at spacing of 1.22 m (48 in.) on center. The 1.22 m (4 ft) cross
runners were installed in the East-West direction at spacing of 61 cm (24 in.) on center, whereas
the 61cm (2 ft) cross runners were installed in the North-South directions at a spacing of 1.22 m
(48 in.) on center. The ends of main runners and cross members were tied together using
stabilizer bars located within 20.3 cm (8 in.) of each wall molding. Table 3-1 presents summary

information of each of the components of the ceiling support grid.
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TABLE 3-1 Summary information on components of the ceiling suspension system

Component | Itemno. | Description Dlm(((e:rrl?)lons Comments
3.66 m (12 ft) bl b with peaked roof
_ long heavy 366 x 2.4 Double web with peake roo top
Main beams 7301 ; bulb and bottom flange with pre-
duty main x4.3 L .
b finished steel capping
eam
192 em Double web with peaked roof top
1.22 m long 122 x2.4 bulb, bottom flange with pre-
(4 ft) cross | XL7348 L i
Ccross tee x3.5 finished steel cap and override at
tees
each end
61 cm Double web with peaked roof top
(2ft) cross | XL7328 61 cm long 61x24 byl_b, bottom flange with pre-
cross tee x3.5 finished steel cap and override at
tees
each end
3.05 m (10 ft) 5.1-cm (2-in) hemmed angle
Wa!l 7810 long hemmed 305x5.1 molding with pre-finished
molding : x 5.1
angle molding exposed flanges
Stabilizer 61 cm (2 ft) C-channel shape with notches at
bars 7425 long stabilizer 61 x 0.95 61 cm and with locking tabs at the
bar notches

Suspension (hanger) wires of soft annealed galvanized #12 gage steel were spaced at 1.22 m (48
in.) on center. All hanger wires were attached to the ceiling suspension member and to the roof of
support frame with a minimum of 3 turns within 3 inches of the connection. The terminal end of

all cross runners and main runners were independently supported with #12 gage hanger wire

within 20.3 cm (8 in.) of all walls. Figure 3-11 presents a diagram of the suspension grid.
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FIGURE 3-11 Drawing of the ceiling suspension grid

A compression post was placed 1.52 m (5 ft) away from the South and the East sides of the frame
(see figures 3-11 and 3-12). The compression post was fastened to the main runner located in this
position and extended up to the structural frame using 45° diagonal cables as shown in figure 3-
12. The diagonal restraints were installed using four #12 gage wires secured to the main runner
within 2 inches of the cross runner and were splayed 90° from each other at an angle less than 45°
from the plane of the ceiling.
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FIGURE 3-12 Ceiling suspension grid

3.3.3 Tiles

Since the actual size of the tiles may differ from the nominal size depending on quality control in
the manufacturing process, two types of tiles were used for fragility testing in this study. Based
on personal communication with practicing engineers and manufacturers, ceiling tiles are
considered to be of normal size if their plan dimensions are not smaller than the nominal
dimensions by more than 6.4 mm (1/4 in.) If the tiles are smaller, they are considered to be

undersized. The tiles were measured in size and weight prior to testing.

One of the tiles tested was the Armstrong Fine Fissured Humigard Plus tile (Armstrong item no.
1732). This tile was smaller than the nominal size by at least 12.7 mm (1/2 in.) and was therefore
considered to be an undersized tile. The other tile used in this study was the Armstrong Dune
Humigard Plus tile (Armstrong item no. 1774). This tile was a normal sized tile. Figure 3-13 is a
photograph of the Dune Humigard Plus tile.
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FIGURE 3-13 Tile Dune Humigard Plus (Armstrong item no. 1774)

Table 3-2 presents summary information on each of the two tiles used in this study. A total of 49

tiles were installed in the inner seven rows (seven tiles in each row). Cut tiles were used in the

perimeter rows of the ceiling system.

TABLE 3-2 Summary information on the ceiling tiles

Panel dimensions (cm)
. - Armstrong [B,D, T]* Weight
Tile name Description . - = -
P item no. Nominal Actual (kgftile)
size size
HumiGuard
Fine Fissured Plus mineral 1732 [61 x 61 x 1.6] [59.7 x 59.7 x 1.6] 1.3
fiber tile
HumiGuard
Dune Plus mineral 1774 [61 x 61 x 1.6] [60.3 x 60.3 x 1.6] 1.7
fiber tile

1B, D and T: breadth, depth and thickness, respectively
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3.3.4 Retention Clips

Clips similar to those shown in figure 3-14 (Armstrong item no. 414) were installed to investigate
possible improvements in the seismic performance of suspended ceiling systems. These clips can
be attached to main beams or cross tees behind lay-in ceiling tiles and help to prevent panel
dislodgement. In this study, the clips were installed on the 1.22 m (4 ft) long cross tees of the grid

as shown in figure 3-15. The systems in which the clips were installed are identified in Chapter 6.

FIGURE 3-14 Retention clips
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3.4 Instrumentation

Accelerometers and displacement transducers were used to monitor the response of the simulator
platform, the test frame and the ceiling support grid, in each ceiling system. Accelerometers were
located in different locations of the simulator platform (see figure 3-16a), on top of the test frame
(see figures 3-16b and 3-17a) and on the ceiling support grid (see figures 3-16¢ and 3-17b). Table
3-3 presents detailed information on the characteristics and locations of the accelerometers.

The horizontal displacements of the test frame and the earthquake simulator were measured with
linear variable displacement transducers (LVDT). The actuators that drive the simulator platform
are each equipped with two transducers (one LVDT and one accelerometer) installed in the
actuator. The transducers used to measure the horizontal displacement of the frame were located
on the South side of the frame. Three LVDTSs were located on the top of the frame, one on each of
the corners of the South side of the frame and one in the center of that side of the frame. A fourth
LVDT was located in the middle of the bottom of the South side of the test frame. Table 3-3 lists

25



the transducers used to monitor the displacements of the simulator and the test frame. Figures 3-
18 and 3-19 show the location of each transducer.

g Bl Bl CL
Reinforced concret e pfat form
of simulat or
Accelerometer "Atbl_w' N\
Recording direct ion:
N-S
§ Acceleromet ers "Abase” i
(belowconcret e plat form)
o . . N ]
Recording direct ion:
N-S
EW
g Vertical p
o
Acceleromet er "Atbl_e"
Recording direction:
N-S
i

a) accelerometers on the simulator platform

FIGURE 3-16 Accelerometers on the test frame
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FIGURE 3-16 Accelerometers on the test frame (cont.)
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b) accelerometers on the ceiling support grid

FIGURE 3-17 Accelerometers monitoring the response of the test assembly
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FIGURE 3-18 Displacement transducers on the test frame
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FIGURE 3-19 Displacement transducers mounted on the test frame
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TABLE 3-3 Transducers used for the fragility testing program

Type of Direction of o _
ID ) Range |Sensitivity| Location on the test frame
measurement | recording
D_west Displacement |Horizontal N-S| +/- 20.8 cm | 6.3E-4 cm |West side of top of frame
D_cntr Displacement |Horizontal N-S| +/- 20.8 cm | 6.3E-4 cm |Center of top of frame
D_east Displacement |Horizontal N-S| +/- 20.8 cm | 6.3E-4 cm |East side of top of frame
D_base Displacement |Horizontal N-S| +/- 12.9 cm | 3.8E-4 cm Center of the North side of
base of frame
Abase NS | Acceleration |Horizontal N-S| +/-17.7g 0.002 g Center of the simulator,
below concrete platform
Abase V Acceleration Vertical +/-13.1g | 4.0E-20 ¢ Center of the simulator,
below concrete platform
. Horizontal Center of the simulator,
Abase_EW | Acceleration E-W +/-15.29 | 4.6E-4g below concrete platform
Center H Acceleration |Horizontal N-S| +/-18.7 ¢ 0.001 g g:mgr of the roof of testing
Center_V Acceleration Vertical +/-11.8¢ 0.01¢g ]E:enter of the roof of testing
rame
Roof of testing frame at 4 ft
Qtr_H Acceleration [Horizontal N-S| +/-18.46 g | 5.0E-4g [from the West and South
sides of the frame
Roof of testing frame at 4 ft
Qtr VvV Acceleration Vertical +/-23.89 | 7.0E-4 g |(from the West and South

sides of the frame
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TABLE 3-3 Transducers used for the fragility testing program (cont’d)

Type of Direction of . _
ID ] Range |Sensitivity | Location on the test frame
measurement | recording
Corner_w_H | Acceleration [Horizontal N-S| +/-30.6 g 0.004 g fsr\évmt:p corner of testing
Corner_w_V | Acceleration Vertical +/-26.49 | 8.0E-4g fSr\;theop corner of testing
Corner_e H | Acceleration [Horizontal N-S| +/-17.79g | 5.4E-4¢ fsrlzr:]oep corner of testing
Actuator of simulator
Table_ H Acceleration |Horizontal N-S| +/-2¢g 6.25E-5 g |platform (horizontal control
acceleration)
Actuator of simulator
Table_V Acceleration Vertical +-4g 1.25E-4 g |platform (vertical control
acceleration)

S top H Acceleration [Horizontal N-S| +/-9.3g | 2.0E-20¢g :\gédgﬁgrgze South side of
S top_V Acceleration Vertical +/-21.89 | 0.002g {\C/)Irl)d(()jflefrc;fmtge Souith side of
Atbl_w_H | Acceleration |Horizontal N-S| +/-16.4g 0.013g fSr\;lezottom corner of testing
Atbl e H Acceleration |Horizontal N-S| +/-15.7g | 0.013¢ ?rlzn:)gttom corner of testing
AsideNS Acceleration |Horizontal N-S| +/-25.2 g |0.002E-4 g (';?"gilesgztlt? t;ggzt?#:rﬁzgle

Agrid_NS | Acceleration [Horizontal N-S| +/-25.09 | 7.6E-4¢ Eg;:??ﬁgg;i;g?gﬁi:ﬂn
Agrid_V Acceleration Vertical +/-23.79 | 0.002g Bottom of the compression

post in suspension system
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CHAPTER 4
DYNAMIC CHARACTERISTICS OF THE TEST FRAME

4.1 Introduction

The dynamic characteristics of the test frame described in Chapter 3 were evaluated along the
two programmable axes of the earthquake-simulator platform, namely, the North-South and
vertical directions. Several methods have been used in past studies to obtain dynamic properties
of structures using earthquake simulators (Bracci et al., 1992). Three of those methods were used
to identify the dynamic properties of the test frame: free vibration and two forced vibration tests.
The free vibration test was performed on the test frame by means of a snap-back assembly.
Forced vibration tests were conducted using resonance-search and white noise inputs. The
dynamic properties of the test frame (no ceiling system installed) were obtained to compare them
with the dynamic properties of the test frame with the ceiling systems installed. The three testing
methods are discussed in the subsections below.

4.2 Snap-Back Test

4.2.1 Horizontal Direction

The test frame was given a small lateral displacement by loading it at the roof level via two
cables attached to the upper beam on the North side of the test frame. The two cables were
attached to a fast release device, forming a “Y” configuration. The fast release device was
connected to a turnbuckle (which was inserted to adjust the frame displacement) and to a
reaction wall. The reaction wall is located at the North side of the test frame and is anchored to
the laboratory floor. A load cell was inserted between the turnbuckle and the fast release device.

Figure 4-1 shows a photograph of the configuration of the set up for this test.
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Cables attached from _

frame to fast-releasg

FIGURE 4-1 Configuration of the snap-back test in the horizontal direction

The earthquake simulator was first displaced in the direction of the reaction wall and the
turnbuckle was adjusted to develop a significant tensile force in the two cables. The earthquake
simulator was then displaced in the opposite direction to develop a significant lateral
displacement at the top of the test frame. The trigger in the fast release device was activated and
the free vibration of the frame was then recorded by the data acquisition system. Figure 4-2
shows the acceleration history of the free vibration of the test frame in the horizontal direction.
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FIGURE 4-2 Acceleration history of free vibration in the horizontal direction

4.2.2 Vertical Direction

In the vertical direction, the frame displacement was introduced by means of a cable attached to
the center of the frame grid. The cable was attached to the fast release device and to a chain

attached to the laboratory crane. Figure 4-3 shows a photograph of the set up for this test.

The crane hook was then raised, providing a small vertical displacement in the frame. The trigger
of the fast release device was then activated and the free vibration of the frame was recorded.
Figure 4-4 shows the acceleration history of the free vibration of the test frame in the vertical

direction.
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FIGURE 4-4 Acceleration history of free vibration in the vertical direction
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4.2.3 Procedure to Obtain Periods and Damping Ratios

The natural periods and damping ratios in the horizontal and vertical directions were estimated

using the following procedure:

1. The acceleration histories in the direction under consideration were transformed into the
frequency domain using a Discrete Fast Fourier Transform (DFFT) algorithm in Matlab
(Mathworks, 1999).

2. The first peak in the Fourier amplitude spectrum for each history was used to determine

the natural frequency of the test frame.

3. Appropriate roll-on and roll-off frequencies were selected above and below the peaks in
the Fourier amplitude spectrum and the band-passed frequency domain response was then
transformed back into the time domain using an Inverse Fast Fourier Transform (IFFT)
algorithm in Matlab.

4. The band-passed acceleration history was treated as the free vibration decay response of a
single-degree-of-freedom system. The modal damping ratio (¢) was then calculated using

the logarithmic decrement method (Clough and Penzien, 1993):

g= Lot (4-1)
2rj

i+j

where ii; is the acceleration at cycle 7 and ;. is the acceleration after (i+) cycles.

Figure 4-5 shows the Fourier amplitude spectra and figure 4-6 shows the free vibration decay in
the first mode in the horizontal direction. Figures 4-7 and 4-8 show the same information in the
vertical direction. From figures 4-5 and 4-7, the natural frequencies were estimated to be 12.5 Hz
and 9.6 Hz for the horizontal and vertical directions, respectively. From figures 4-6 and 4-8, the
fundamental mode damping ratios in the horizontal and vertical directions were estimated to be

2.6% and 0.5%, respectively.
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FIGURE 4-6 First mode free vibration decay in the horizontal direction
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FIGURE 4-8 First mode free vibration decay in the vertical direction
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4.3 Frequency Sweep

This method consists of obtaining the forced vibration response of the test frame using a varying
frequency signal. The earthquake simulator provided a constant maximum acceleration in the
frequency range under consideration. The acceleration was computed using 6 octaves in the
frequency range from 0.5 to 32 Hz with amplitude of 0.1g. The total duration of the input record
was 3 minutes (2 octaves per minute) and the sample rate was 256 Hz (0.0039 seconds). Figure

4-9 presents the first 90 seconds of the input to the earthquake simulator.

The acceleration histories of the table input and the frame response output were converted into
the frequency domain using the DFFT algorithm. The records contained a considerable amount
of noise. Filtering in the frequency domain was performed because the dynamic properties of the

test frame could not be identified easily due to the noise.

The filtering was performed by means of a moving average filter in the frequency domain. This
filter is described in section 4.3.1 below. The filtered signal of the frequency domain response of
the frame was normalized by the filtered frequency domain input of the simulator to obtain a
transfer function. The frequency associated with the peak response and the half power bandwidth
method (Clough and Penzien, 1993) were then used to evaluate the natural frequency and

damping ratio. This procedure was applied in both the horizontal and vertical directions.

The moving average filter is implemented by a convolution technique (also called finite impulse
record). The moving average filter averages a number of points from the input signal (Smith,
1999) as follows:

b

=3+ ) @)

j=a

where y [.] is the output signal, x [.] is the input signal, and M is the number of points in the

calculation.
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FIGURE 4-9 Acceleration history used for the sweep of frequencies (first 90 seconds)
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Depending on the range of the index j, two variants of the method exist to calculate the moving
average filter: one side averaging or symmetrical averaging. In the one side averaging variant,
the j index uses only points on one side of the output sample that are being calculated (¢ =0to b
= M-1 in (4-2)). In the symmetrical averaging variant, the group of points from the input signal
are selected symmetrically around the output point and ; therefore varies from a = -(M-1)/2 to b
= (M-1)/2. Symmetrical averaging was used in this study.

Figure 4-10 shows the filtered frequency domain records of the table input and the frame
response output using the frequency sweeps (resonance search) as excitation in the frequency
range of 0.5 to 32 Hz for the horizontal direction. Figure 4-11 presents the transfer function of
the horizontal direction obtained with the records previously shown on figure 4-10. Figure 4-12
and 4-13 presents the same information than figures 4-10 and 4-11, respectively, but for the case
of the vertical direction. From figures 4-11 and 4-13, the natural frequencies using the frequency
sweeps as excitation were estimated to be 12.1 Hz and 9.6 Hz for the horizontal and vertical
directions, respectively. From the same figures, the fundamental mode damping ratios in the

horizontal and vertical directions were estimated to be 5.1% and 0.4%, respectively.

42



100

Frequency (Hz)

response output for the horizontal direction using the frequency sweep

(s/w) apnudwy

FIGURE 4-10 Filtered frequency domain records of the simulator input and the frame

(s/w) spnidwy

100

10
43

Frequency (Hz)

0.1
FIGURE 4-11 Transfer function for the horizontal direction using the frequency sweep



(s/w) apnudwy

100

10

0.1

Frequency (Hz)

FIGURE 4-12 Filtered frequency domain records of the simulator input and the frame
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FIGURE 4-13 Transfer function for the vertical direction using the frequency sweep
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4.4 \White Noise

This method consists of obtaining the forced vibration response of the test frame using random
noise input to the simulator that has a flat frequency spectrum. The natural frequencies for the
horizontal and vertical directions were obtained by finding the peak response in the acceleration
transfer function as described in the frequency sweep method. The damping ratios were obtained
using the half power bandwidth. The moving average method, described in section 4.3.1, was

applied to filter the frequency domain records.

Figure 4-14 shows the filtered frequency domain records of the table input and the frame
response output using white noise as the excitation for the horizontal direction. Figure 4-15
presents the transfer function in the horizontal direction with the records of figure 4-14. Figures
4-16 and 4-17 present the same information than figures 4-14 and 4-15, respectively, but for the
vertical direction. From figures 4-15 and 4-17, the natural frequencies were estimated to be 12.3
Hz and 9.5 Hz for the horizontal and vertical directions, respectively. From the same figures, the
fundamental mode damping ratios in the horizontal and vertical directions were estimated to be

4.7% and 0.7%, respectively.
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4.5 Summary

Tables 4-1 and 4-2 list summary information for the first mode natural frequencies and the

damping ratios, respectively, for the horizontal and vertical direction, obtained using the three
methods described above.

TABLE 4-1 Frequencies obtained with the three testing methods

Snap Back Frequency Sweep White Noise
Horizontal 12.5Hz 12.1 Hz 12.3 Hz
Vertical 9.6 Hz 9.6 Hz 9.5Hz

TABLE 4-2 Damping ratios obtained with the three testing methods

Snap Back Frequency Sweep White Noise
Horizontal 2.6% 5.1% 4.7%
Vertical 0.5% 0.4% 0.7%
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CHAPTER 5
SEISMIC QUALIFICATION AND FRAGILITY TESTING

5.1 Introduction

Full-scale testing must be conducted to develop seismic fragility curves for suspended ceiling
systems because ceiling systems are not amenable to structural analysis. In this research project,
numerous experiments using an earthquake-shaking simulator were conducted to develop
fragility curves. Each experiment involved subjecting a ceiling system to a set of horizontal and
vertical (unidirectional and combined) earthquake excitations. The procedures to develop the
earthquakes histories generally follow the procedures set forth in the ICBO-AC156 “Acceptance
Criteria for Seismic Qualification Testing of Nonstructural Components” (ICBO, 2000). The
following sections in this section present summary information on seismic qualification and the
generation of the earthquake histories used for the qualification and fragility testing of the
suspended ceiling systems.

5.2 Testing of Ceiling Systems
5.2.1 1CBO Requirements for Testing and Qualification

Several requirements must be fulfilled for testing nonstructural components per ICBO-AC156.
As part of these requirements, a general description must be provided of the system to be tested.
This description must include the primary equipment product function, overall dimensions,
weight and restrictions or limitations on equipment use. Seismic parameters must also be
provided, such as equipment attachment elevation, structure roof elevation, seismic coefficient
and equipment importance factor. The test specimen must also adequately represent the entire
equipment product line. This description of the systems and equipment used for the testing

discussed in this report was provided in Chapter 3.

To qualify a test system, ICBO-AC156 writes that it must be subjected to a seismic qualification-

testing program. This program must include a pre-test inspection and functional compliance
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verification, resonance search tests, random multifrequency seismic simulation tests, and post-

test inspection and functional compliance verification.

5.2.2 Horizontal and Vertical Spectra for Qualification and Fragility Testing

The earthquake excitations used for the qualification and fragility testing of the ceiling systems
were obtained using the spectrum-matching procedure recommended by ICBO. The first step in
the process was to define a target spectrum or required response spectrum (RRS). Per ICBO, the
RRS is obtained as a function of the short-period mapped spectral acceleration, Ss. The required
response spectrum for horizontal shaking was developed using the normalized ICBO response

spectrum shown in figure 5-1.
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FIGURE 5-1 ICBO Required Response Spectra for horizontal and vertical shaking
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The values of the parameters Agic and Ag.x that define the ordinates of the horizontal spectrum
are calculated with equations presented in the following paragraphs.

For horizontal design-basis earthquake shaking, the International Building Code (IBC 2000)
defines the short period design basis earthquake acceleration response as:

a

S0 :%F S (5-1)

where Sps is the design spectral response acceleration at short periods, F, is a site soil

coefficient, and Ss is the mapped maximum earthquake spectral acceleration at short periods.

Accelerations demands for testing components attached to floors are obtained per ICBO-AC156
assuming that the spectral acceleration Agc of a rigid component (assumed to have a frequency f

> 33 Hz) is given by (5-2) and that of a flexible component Ag,x is given by (5-3).

Age =0.4 S, (L+ 2&) <125, (5-2)

Ao, =Sy (L+ 2§) <165, (5-3)

where z is the height above the building base where the equipment or component is to be
installed and h is the height of the building. If the equipment or component is to be installed in
the roof of the building, z/h = 1.0. If the location of the equipment or component in a building is
unknown, or if it is being qualified for a general use in buildings structures, it is conservative, but

appropriate, to set z = h.

Figure 5-2 shows the RRS in the horizontal and vertical directions for 5 percent damping for a
mapped spectral acceleration at short period, Ss = 1.0g. The ordinates of the vertical required
response spectrum (RRS) are given by ICBO as two-thirds (2/3) of those of the horizontal RRS,
namely, Ar x =1.07g and Aric = 0.80g for Ss = 1.0g.
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FIGURE 5-2 RRS for horizontal and vertical shaking for Ss= 1.0g

Figure 5-3 presents 2000 NEHRP maximum considered earthquake (MCE) ground motion
spectra and the ICBO-AC156 target qualification spectrum for seismic qualification for Ss = 1.0g
and S; = 0.4g. The ground motion spectra are presented for NEHRP soil types A through E. The
purpose of the presentation is to relate the qualification spectral demands that are assumed to
apply anywhere in a building structure to ground motion demands on a single-degree-of-freedom
representation of the building. The qualification spectrum envelopes the MCE spectra (for Ss =

1.0g and S; = 0.49) except in the short period range for site class D.
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5.3 Description of the Testing Protocol for Fragility Testing

Ceiling systems were subjected to sets of horizontal and vertical earthquake excitations. Each set
included unidirectional and bi-directional resonance search tests using white noise excitation
along each programmable orthogonal axis of the simulation platform (North-South and vertical).
The resonance search tests were undertaken to establish the natural frequencies of the ceiling-
frame system. Each set of excitations also included a series of unidirectional and bi-directional
earthquake motions that were established for different multiples of the target or required
response spectrum (RRS). The purpose of the earthquake motions was to observe the

performance of the ceiling systems under different levels of seismic excitation.

Fragility testing is intended to establish a relationship between limit states of response and a
representative ground motion parameter. The range of shaking intensity was selected such that
failure in the suspended ceiling systems could be identified and quantified. Table 5-1 lists the

standard series of tests used for each ceiling system.
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TABLE 5-1 Test sequence (series A)

Test No. Test Name Test description®?

1 AWNH White noise excitation in the horizontal direction
2 AWNV White noise excitation in the vertical direction

3 AWNHV Combined white noise excitation

4 A025H Horizontal excitation corresponding to Ss = 0.25¢g
5 A025V Vertical excitation corresponding to Ss = 0.25¢

6 A025HV Combined excitation corresponding to Ss = 0.25¢g
7 A050H Horizontal excitation corresponding to Ss = 0.50g
8 A0S0V Vertical excitation corresponding to Ss = 0.50g

9 A050HV Combined excitation corresponding to Ss = 0.50g
10 AQ075H Horizontal excitation corresponding to Ss = 0.75¢
11 A075V Vertical excitation corresponding to Ss = 0.75¢
12 A075HV Combined excitation corresponding to Ss = 0.75¢g
13 A100H Horizontal excitation corresponding to Ss = 1.00g
14 A100V Vertical excitation corresponding to Ss = 1.00g
15 A100HV Combined excitation corresponding to Ss = 1.00g
16 Al125H Horizontal excitation corresponding to Ss = 1.25¢g
17 Al125V Vertical excitation corresponding to Ss = 1.25¢
18 Al125HV Combined excitation corresponding to Ss = 1.25¢
19 A150H Horizontal excitation corresponding to Ss = 1.50g
20 A150V Vertical excitation corresponding to Ss = 1.50g
21 A150HV Combined excitation corresponding to Ss = 1.50g
22 Al75H Horizontal excitation corresponding to Ss = 1.75¢
23 Al175V Vertical excitation corresponding to Ss = 1.75¢
24 Al75HV Combined excitation corresponding to Ss = 1.75¢
25 A200H Horizontal excitation corresponding to Ss = 2.00g
26 A200V Vertical excitation corresponding to Ss = 2.00g
27 A200HV Combined excitation corresponding to Ss = 2.00g
28 A225H Horizontal excitation corresponding to Ss = 2.25¢
29 A225V Vertical excitation corresponding to Sg = 2.25¢g
30 A225HV Combined excitation corresponding to Ss = 2.25¢
31 A250H Horizontal excitation corresponding to Ss = 2.50g
32 A250V Vertical excitation corresponding to Ss = 2.50g
33 A250HV Combined excitation corresponding to Ss = 2.50g

! Vertical excitation is equal to 2/3 of the corresponding horizontal excitation
2 Combined excitations are composed of horizontal and vertical excitations
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The parameter selected to characterize the ground motion for input to the simulator was the
mapped spectral acceleration at short periods, Ss. The target of shaking levels ranged from Sg =
0.25g through Ss = 2.5g. The earthquake histories for simulation were prepared using the
procedure described in Section 5.2.2. Table 5-2 presents the parameters to obtain the

corresponding RRS of Section 5.2.2.

TABLE 5-2 Parameters to calculate the horizontal RRS (z/h = 1.0)

Ss = Sps ArLx AriG ArLx /15
(9) : (9) (9) (9) (9)
0.25 1.0 0.167 0.27 0.20 0.018
0.50 1.0 0.333 0.53 0.40 0.036
0.75 1.0 0.500 0.80 0.60 0.053
1.00 1.0 0.667 1.07 0.80 0.071
1.25 1.0 0.833 1.33 1.00 0.089
1.50 1.0 1.000 1.60 1.20 0.107
1.75 1.0 1.167 1.87 1.40 0.124
2.00 1.0 1.333 2.13 1.60 0.142
2.25 1.0 1.500 2.40 1.80 0.160
2.50 1.0 1.667 2.67 2.00 0.178

5.4 Dynamic Excitations

5.4.1 White Noise

White noise testing was used to find the frequencies of the test frame and the ceiling systems.
The natural frequencies for the horizontal and vertical directions of each test specimen were
obtained by finding the frequency associated with the peak in the acceleration transfer function
(Clough and Penzien, 1993). Figure 5-4 shows the records and the Fourier amplitude spectrum of
the white noise used in this study to calculate the natural frequencies of each of the ceiling
systems in the horizontal and vertical directions, respectively. The 60 Hz peak in the Fourier
spectrum on figure 5-4 is associated with oil-column resonance in the vertical actuators of the
simulator. This peak falls well outside the testing range of interest: 1 to 33 Hz.
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5.4.2 Earthquake Histories

The earthquake excitations used for the qualification of the ceiling system were generated using
a spectrum-matching procedure from the MTS program STEX (MTS, 1991). The values of the
spectral acceleration of the response spectrum obtained with the matching procedure were scaled
to envelope the target spectrum (ranging from Sg = 0.25¢g to 2.5g) over the frequency range from
1 through 33 Hz. The low frequency content was eliminated from the scaled records for the
purpose of not exceeding the displacement and velocity limits of the earthquake simulator. The
subsections below present information on the procedures involved in the generation of the
earthquake records used as acceleration input to the earthquake simulator for the development of

fragility curves of suspended ceiling systems.

ICBO (2000) requires that the response spectra associated with the earthquake histories used for
qualification must envelope the required (or target) response spectrum (RRS) using a maximum-
one-third-octave bandwidth resolution over the frequency range from 1 to 33 Hz, or up to the
limits of the simulator. A damping ratio of 5 percent is used to generate the response spectra for
the earthquake histories. The amplitude of each matched spectrum ordinate must be
independently adjusted along each of the orthogonal axes until the response spectrum envelopes
the RRS. The response spectrum should not exceed the RRS by more than 30 percent. The
earthquake histories used for the qualification and fragility testing of the ceiling systems were

generated using the following procedure:

1. Select a baseline earthquake that defines the overall duration, the rise time, steady state,
and decline time of the resultant acceleration record. The acceleration profile is

interpolated to produce a time series.

2. From the baseline earthquake of 1, a new acceleration record is created using the STEX
routine at 3 lines per octave for frequency resolution (as required by the qualification
procedure) and the damping ratio of 5%. The process is repeated several times until the
response spectrum from the generated acceleration record closely matches the RRS. The
procedure is repeated to generate an independent record for the vertical motion, which is
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then scaled to 2/3 of the value of the horizontal motion. Figure 5-5 shows the acceleration
record and the response spectra of the earthquake excitation before (original record) and
after performing the response spectrum matching procedure (RSMP) for a target

spectrum corresponding to Ss= 1.0g.

3. The record obtained after applying the RSMP, is scaled to match the different levels of
the target spectrum defined previously. The value of the spectral acceleration of the
response spectrum of the scaled records was adjusted to envelope the target spectrum

over the frequency range from 1 to 33 Hz.

For the purpose of reaching the levels of shaking considered in Section 5.3 without exceeding the
limits of the earthquake simulator, the maximum accelerations, velocities and displacements for
the scaled records at all the shaking levels were calculated and were compared to the simulator
limits. For this payload, the earthquake simulator acceleration, velocity and displacement limits
were 1.5¢, 94 cm/sec (37 in/sec) and 14 cm (5.5 in.), respectively. If the values calculated from
the records exceeded the earthquake simulator limits, additional low frequency content in the

record was eliminated.

Another important factor to consider is the presence of noise in the original acceleration signal
because it can produce permanent velocities and displacements at the end of the earthquake
history. The intensity of the input acceleration history must be reduced when displacement and
velocity residuals are larger than the earthquake simulator limits even when the maximum
acceleration of the record is well below the simulator limits. Large residual displacements are not
seen following earthquakes, unless in the strike parallel direction close to a major fault following
a large magnitude earthquake. Residuals can be eliminated by high pass filtering the acceleration
and velocity records to remove the low frequency content. The procedure used to eliminate the
low frequencies in the acceleration records is described below:

1. The velocity and displacement histories were obtained by numerical integration of the

corresponding scaled acceleration records for each shaking level. Figures 5-6 and 5-7
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present the velocity and displacement histories calculated from the acceleration record
obtained with the response spectrum matching procedure for Ss, of 1.0g (figure 5-5b).

Since large residuals are present in the displacement record in figure 5-7, the original
earthquake acceleration history was high-pass filtered by transforming it to the frequency
domain using the discrete Fast Fourier Transform (FFT) function in Matlab. A
rectangular modulation function identical to that of figure 5-8 was then applied to the
amplitude and phase spectra to remove the low frequency content. The resulting data in
the frequency domain were then transformed back into the time domain using the Inverse
Fast Fourier Transform (IFFT) function in Matlab. Figure 5-9 presents the modified

acceleration record for a cut-off frequency, f., of 0.4 Hz.

The velocity history record shown in figure 5-10 is calculated by numerical integration of
the modified acceleration record obtained in step number 2. The velocity record was
high-pass filtered using the procedure described in step 2 to remove the low frequency
noise introduced by the integration. If this low frequency noise is not removed, the
resulting displacement history may show a significant residual displacement such as that
shown in figure 5-11, where the displacement history was obtained from the velocity
record without filtering shown previously in figure 5-10. Figure 5-12 shows the modified

velocity record after the high-pass filter is applied at a cut-off frequency of 0.4 Hz.

From the modified velocity record obtained in step number 3, new acceleration and
displacement records were calculated by numerical differentiation and numerical
integration, respectively. The new displacement and acceleration records are shown in
figure 5-13 and 5-14, respectively. The maximum acceleration, velocity and displacement
were calculated and were compared to the earthquake simulator limits. In this case, the
maximum values obtained from the modified records for a level of excitation
corresponding to Ss = 1.0g and a cut-off frequency of 0.4 Hz remained below the limits of

the earthquake simulator.
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FIGURE 5-8 Rectangular modulating function applied to remove the low frequency
content in the acceleration history corresponding to Ss= 1.0g (f. = 0.4 Hz)
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Figure 5-15 presents the Fourier amplitude spectra for the acceleration record corresponding to a
short period mapped spectral acceleration, Ss, of 1.0g, before and after applying the procedure
described above. If the acceleration, velocity or displacement limits were exceeded for any given
level of excitation, the earthquake history was high pass filtered as described in the steps 1
through 4, using a higher cut-off frequency such that the maximum displacement, velocity and
acceleration of the twice filtered records were less than the limiting values. This procedure was

applied to the scaled records for all levels defined in Section 5.3.
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FIGURE 5-15 Fourier amplitude spectra for the acceleration history corresponding to
a short period mapped spectral acceleration, Ss = 1.0g

Table 5-3 presents the cut-off frequencies and the maximum acceleration, velocities and
displacements before and after applying the procedure to eliminate the low frequency content of
the scaled records for all the levels of shaking. This correction in the simulator input acceleration
records does not affect the fragility testing, since the natural frequencies of the test fixtures (test
frame with ceiling system included) are much larger than the frequency range eliminated, even
for the highest level of excitation.

64



TABLE 5-3 Cut-off frequencies and maximum acceleration, velocity and displacement
before and after eliminating the low-frequency content

Maximum values before Maximum values after
S Cut-off eliminating low frequency eliminating low frequency
( S’) frequency content content
g (Hz) Displ. Vel. Acc. Displ. Vel. Acc.
(cm) (cm/s) (9) (cm) (cm/s) (9)
0.25 0.2 6.1 13.3 0.12 3.6 13.3 0.12
0.50 0.2 12.3 26.6 0.25 7.2 26.6 0.24
0.75 0.4 18.4 40.0 0.37 10.6 39.4 0.37
1.00 0.4 24.6 53.3 0.49 14.0 52.5 0.49
1.25 0.8 30.7 66.6 0.62 6.7 40.0 0.57
1.50 0.8 36.9 79.9 0.74 8.1 48.0 0.68
1.75 0.8 43.1 93.3 0.86 94 56.0 0.80
2.00 0.8 49.2 106.6 0.99 10.8 64.0 0.91
2.25 0.8 55.3 119.9 1.11 12.1 72.0 1.03
2.50 0.8 61.5 133.2 1.24 135 80.0 1.14

Figures 5-16 through 5-25 present the horizontal and vertical simulator input acceleration records

and their corresponding response spectra after applying the procedure to eliminate the low

frequency content, for all levels of shaking from Ss = 0.25¢g to 2.5¢.
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CHAPTER 6
SIMULATOR TESTING OF SUSPENDED CEILING SYSTEMS

6.1 Introduction

Full-scale testing was conducted to develop fragility curves for ceiling systems because such
systems are not amenable to structural analysis. Four variables that affect the seismic
performance of suspended ceiling systems were investigated in this study: (1) the size and weight
of tiles, (2) the use of retainer clips, (3) the use of compression posts, and (4) the physical
condition of grid components. A total of six set-ups were configured using different
combinations of these variables. Each set-up was tested multiple times with the protocol

described in Section 5.3.

The ceiling systems were inspected visually after each test, in which all tiles, connections,
anchors, hanging wires and splay wires were examined to ensure that the results obtained could
be used to generate reliable fragility curves. All damaged ceiling components (e.g., broken
latches of cross tees, chipped tiles) were replaced prior to the following test. After each test cycle
(i.e., test no. 1 through test no. 33 in table 5-1) the entire ceiling system (tiles and grid) was
disassembled and reassembled to return the ceiling system to a newly installed condition.

6.2 Descriptions of Ceiling Systems

The six test set-ups were: (1) undersized" tiles, (2) undersized tiles with retainer clips, (3)
undersized tiles with recycled grid components, (4) normal sized tiles, (5) normal sized tiles with
retainer clips and (6) normal sized tiles without the compression post. The following subsections

describe each configuration.

L A tile is considered to be undersized if the plan dimensions (length and width) of the tile are smaller
than the nominal dimensions by more than 1/4 in.
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6.2.1 Configuration 1: Undersized Tiles

The Armstrong Fine Fissured Humigard Plus tile (Armstrong item no. 1732) was used in
configuration 1. The plan dimensions of this tile were 597 mm by 597 mm (23-1/2 in. by 23-1/2
in.): 12.7 mm (1/2 in.) smaller than the nominal size. The installation of the suspension system is
described in Section 3.3.1. Four series of tests were performed in this configuration: series A-D.
Figure 6-1 is a photograph of one of the systems of configuration 1.

FIGURE 6-1 Configuration 1 installation, undersized tiles

6.2.2 Configuration 2: Undersized Tiles with Retainer Clips

The Armstrong Fine Fissured Humigard Plus tile (Armstrong item no. 1732) was used in
configuration 2. The installation of the suspension system is described in Section 3.3.1. For this
set-up, retainer clips were installed on the 1.22 m (4-ft) long cross tees in the North-South
direction of the suspension grid. Three series of tests were performed in this configuration: series

E-G. Figure 6-2 is a photograph of one of the systems of configuration 2.
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FIGURE 6-2 Configuration 2 installation, undersized tiles with retainer clips

6.2.3 Configuration 3: Undersized Tiles with Recycled Grid Components

The Armstrong Fine Fissured Humigard Plus tile (Armstrong item no. 1732) was used in
configuration 3. The installation of the suspension system is described in Section 3.3.1. Grid
components that were used in prior test set-ups and that were undamaged in those tests were used
to build the suspension grid for the systems in configuration 3. Three series of tests were

performed in this configuration: series H-J.

6.2.4 Configuration 4. Normal Sized Tiles

The Armstrong Dune Humigard Plus tile (Armstrong item no. 1774) was used in configuration 4.
The plan dimensions of this tile were 603 mm by 603 mm (23-3/4 in. by 23-3/4 in.): 6.4 mm (1/4
in.) smaller than the nominal size. The installation of the suspension system was as described in
Section 3.3.1. Seven series of tests were performed in this configuration: series L-O, Q, R and

BB. Figure 6-3 is a photograph of one of the systems of configuration 4.
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For a point of reference, Configuration 4 would meet the requirements of the International
Building Code for Seismic Design Categories D, E and F and would meet the CISCA
requirements for seismic zones 3 and 4 (CISCA, 1992).

FIGURE 6-3 Configuration 4 installation, normal sized tiles

6.2.5 Configuration 5: Normal Sized Tiles with Retainer Clips

The Armstrong Dune Humigard Plus tile (Armstrong item no. 1774) was used in configuration 5.
The installation of the suspension system is described in Section 3.3.1. In this set-up, retainer
clips were installed on the 1.22 m (4-ft) long cross tees in the North-South direction of the
suspension grid. Four series of tests were performed in this configuration: series P-U.

6.2.6 Configuration 6: Normal Sized Tiles without Compression Post

The Armstrong Dune Humigard Plus tile (Armstrong item no. 1774) was used in configuration 6.

For this set-up, the compression post described in Section 3.3.1 was removed from the ceiling

80



system. The 45° splay cables that were installed as diagonal restraints at the compression post
were left in place. Six series of tests were performed in this configuration: series V-Z and AA.
Figure 6-4 is a photograph of one of the systems of configuration 6; the 45° splay cables can be

seen in this photograph.

= e

FIGURE 6-4 Configuration 6 installation, normal sized tiles without
compression post

6.3 Experimental Results

6.3.1 Introduction

Each ceiling system in each configuration identified in Section 6.2 was subjected to the testing
protocol described in Section 5. The testing protocol consisted of white noise tests, unidirectional
shaking in the two programmable directions of the earthquake simulator (the horizontal North-
South direction, and the vertical direction), and combined shaking (horizontal + vertical) for
several levels of excitation. For details, see table 5-1 in Section 5. Tables 6-1 through 6-6

summarize the test results obtained for each configuration. In the summary remarks section, the
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natural frequencies of each system are given for the horizontal direction, fy, and the vertical
direction, f,, using data obtained from white noise tests.

The addition of the ceiling tiles added mass and some stiffness to the suspension grid. Only the
vertical frequency of the system was altered substantially by the addition of the tiles. For
example, the natural frequencies of the test frame established using white noise testing were 12.3
Hz and 9.5 Hz in the horizontal and vertical directions, respectively, whereas when the ceiling
system of Series F was installed in the test frame, the frequencies were 12.0 Hz and 6.7 Hz in the

horizontal and vertical directions, respectively. Similar results were obtained in the other series.

Initially, the test sequence included excitations corresponding to values of Ss between 0.25¢g and
2.5¢. Since no failures were observed in the first few test series for the low level tests, the
excitations corresponding to values of Ss between 0.25g and 0.75g in the systems with
undersized tiles and between 0.25g and 1.25g in the systems with normal sized tiles, were
eliminated from the test protocol. Tables 6-1 through 6-3 (systems undersized tiles) and tables 6-
4 through 6-6 (systems with normal sized tiles) therefore present information only for the levels
of excitation corresponding to Ss = 1.0g and above, and Ss = 1.5g and above, respectively. The
following subsections present a description of the main findings obtained from observations
during testing and from the information presented in tables 6-1 through 6-6.

6.3.2 Configuration 1: Undersized Tiles

Of the vertical and horizontal unidirectional motions, the vertical excitations produced more
damage in terms of loss of tiles. The combined motions (horizontal and vertical) produced more
damage than either of the unidirectional excitations. The first loss of tiles from the grid occurred
for a combined level of shaking corresponding to Ss = 1.59. See table 6-1 for a summary of the
test results. The most common mode of failure was tiles jumping up (popping up) out of the grid.
If the tiles did not return to the original position on the suspension system (i.e. tiles lying on the
web of the cross tees in one or more sides of the tile or tiles slightly tilted), it was very likely for
the tiles to rotate and fall. Figure 6-5 shows a tile an instant before it fell to the earthquake
simulator platform below. The tile is shown rotating around a diagonal axis formed between the
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two corners of the tile that remain supported on the grid. Figure 6-6 shows the tile of figure 6-5
falling to the simulator platform during the combined shaking test corresponding to Ss = 2.5g, in
Series C.

Figure 6-6 Tile of figure 6-5 falling from the suspension grid
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TABLE 6-1 Results for undersized tiles, series A-D

Summary remarks 2

Test Name
Series A Series B Series C Series D
WNH fk=11.8 Hz fk=12.1Hz k=122 Hz fy=12.1 Hz
WNV f,= 11.2 Hz f,= 6.9 Hz f,= 6.9 Hz f,= 6.9 Hz
100H No damage No damage No damage No damage
100V No damage No damage No damage No damage
100HV No damage No damage No damage No damage
125H No damage No damage No damage No damage
125V No damage No damage No damage No damage
125HV No damage No damage No damage No damage
150H No damage No damage No damage No damage
150V No damage No damage No damage No damage
150HV 1 tile fell 1 tile fell 1 tile fell 1 tile fell
175H No damage No damage No damage No damage
175V No damage No damage No damage No damage
175HV 2 tiles fell 3 tiles fell 4 tiles fell 3 tiles fell
200H No damage No damage No damage No damage
200V No damage No damage No damage 1 tile fell
200HV 6 tiles fell 10 tiles fell 10 tiles fell 9 tiles fell
225H No damage 2 tiles fell No damage No damage
225V No damage No damage No damage No damage
225HV 16 tiles fell 14 tiles fell 13 tiles fell 18 tiles fell
250H No damage No damage No damage 2 4-?tt':2:?‘!ile q
250V 1 tile fell 3 tiles fell 1 tile fell 1 tile fell
250HV 18 tiles fell 25 tiles fell 26 tiles fell 25 tiles fell

1 2-ft tee failed

1 2-ft tee failed

! The 61 cm (2-ft) and 122 cm (4-ft) cross tees were installed in the North-South and East-West directions of
the test frame, respectively. See Section 3.3.1 for details of the configuration of the suspension grid.

% The definition of failure of the cross tees included components that: (1) fell, (2) were bent, and (3) had to be
replaced because they compromised the structural integrity of the entire grid if they were left in place.
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6.3.3 Configuration 2: Undersized Tiles with Retainer Clips

Of the vertical and horizontal unidirectional motions, the vertical excitation produced more
damage in configuration 2 in terms of loss of tiles and damage to the suspension system. The
combined motions (horizontal and vertical) produced more damage than either of the
unidirectional excitations. The first loss of tiles from the grid occurred in the vertical and
combined tests for the shaking level corresponding to Ss = 2.25g. Damage in the suspension grid
appeared in the vertical and combined tests for the shaking level corresponding to Ss = 2.0g. See

table 6-2 for a summary of the test results.

The retainer clips substantially improved the behavior of the suspended ceiling systems in terms
of loss of tiles by comparison with the systems of configuration 1 where clips were not included.
For example, for the combined shaking level corresponding to Ss = 2.5g in Series B (system
without clips; see table 6-1), twenty-five tiles fell. For the same level of combined shaking in
Series F (system with clips; see table 6-2), only two tiles fell. The retainer clips protected the
tiles from falling from the grid but led to damage to the suspension grid at lower levels of
shaking: 200V in configuration 2 versus 250H in configuration 1. By retaining the tiles, the clips
increased the inertial loads on the grid, resulting in grid damage at lower levels of shaking.
Figure 6-7 shows a buckled 1.22 m (4-ft) cross tee (see table 3.1 for grid component details)
following a 250HYV test level. Another example of damage to the grid components is presented in
figure 6-8, where the latches of the cross tees are shown bent and broken. The 1.22 m (4-ft) cross
tees that were damaged were replaced prior to the following test. In the systems of configuration
2, tiles were lost primarily due to failure of grid components.
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TABLE 6-2 Results for undersized tiles with retainer clips, series E-G

Summary remarks 2

Test Name
Series E Series F Series G
WNH fk=11.8 Hz fy=12.0 Hz fk=11.9 Hz
WNV f,= 6.9 Hz f,= 6.7 Hz f,= 6.7 Hz
100H No damage No damage No damage
100V No damage No damage No damage
100HV No damage No damage No damage
125H No damage No damage No damage
125v No damage No damage No damage
125HV No damage No damage No damage
150H No damage No damage No damage
150V No damage No damage No damage
150HV No damage No damage No damage
175H No damage No damage No damage
175V No damage No damage No damage
175HV No damage No damage No damage
200H No damage No damage No damage
200V 1 2-ft tee failed No damage No damage
200HV 1 2-ft tee failed No damage No damage
225H No damage No damage 1 2-ft tee failed
225V No damage 1 22_ftti Iteez ]:‘(;Iille q 4 4-ft tees failed
225HV 4 4-fttees failed 2 ikt fpos iled 2 it fges Filed
250H No damage No damage No damage
250V No damage 1 22_ fE[i It?é I;G;Iille q 4 4-ft tees failed
250HV L tile fell 2 tiles fell 2 tiles fell

2 4-ft tees failed

! The 61 cm (2-ft) and 122 cm (4-ft) cross tees were installed in the North-South and East-West directions of
the test frame, respectively. See Section 3.3.1 for details of the configuration of the suspension grid.

2 The definition of failure of the cross tees included components that: (1) fell, (2) were bent, and (3) had to be
replaced because they compromised the structural integrity of the entire grid if they were left in place.
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FIURé 6-7 Damage to the cross tees installed in the East-West direction,
configuration 2

FIGURE 6-8 Damage to the latches on the cross tees in configuration 2
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6.3.4 Configuration 3: Undersized Tiles with Recycled Grid Components

Of the vertical and horizontal unidirectional motions, the vertical excitation produced more
damage in terms of loss of tiles. The combined motions (horizontal and vertical) produced more
damage than either of the unidirectional excitations. The first loss of tiles from the grid occurred

for combined shaking corresponding to Ss = 1.0g. See table 6-3 for a summary of the test results.

Including recycled cross-tees in the assemblage of the suspended grid substantially increased the
number of tiles that fell during the earthquake tests (unidirectional and combined motions), by
comparison with the systems where only new grid components were used. For example, for the
level of shaking corresponding to Ss = 2.5g in Series D (system with only new grid components),
zero, one and twenty-six tiles fell for the horizontal, vertical and combined motions, respectively;
whereas for the same level of shaking in Series | (system with recycled grid components), three,
nine and forty-one tiles fell for the horizontal, vertical and combined motions, respectively.
Although the failure pattern of the tiles was similar to that of configuration 1, the number of tiles
that fell in configuration 3 was larger because the locking assembly latches that secured the
connection between the cross tees did not lock completely, leaving the mechanical connection
between the cross tees slightly loose. Therefore, the ability to transfer load between adjacent
sections of the ceiling grid was diminished by comparison with the systems where only new grid

components were used.
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TABLE 6-3 Results for undersized tiles with recycled grid components, series H-J

Summary remarks 2
Test Name
Series H Series | Series J
WNH fy=12.0 Hz fy=12.0 Hz fy=12.0 Hz
WNV f,= 6.7 Hz f,= 6.7 Hz f,= 6.7 Hz
100H No damage No damage No damage
100V No damage No damage No damage
100HV No damage No damage No damage
125H No damage No damage No damage
125V No damage No damage No damage
125HV No damage No damage 3 tiles fell
150H No damage No damage 1 2_1ftt itI:ef?:llile q
150V No damage 1 tile fell No damage
150HV 4 tiles fell 10 tiles fell 9 tiles fell
175H No damage No damage No damage
175V No damage No damage 3 tiles fell
175HV 8 tiles fell 11 tiles fell 22 tiles fell
200H No damage No damage 1 tile fell
200V 1 tile fell 1 tile fell 2 tiles fell
200HV 13 tiles fell 23 tiles fell 20 tiles fell
225H No damage 1 2 g Taled 1 21t t Failed
225V 2 tiles fell 4 tiles fell 9 tiles fell
225HV 27 tiles fell 27 tiles fell 37 tiles fell
250H No damage 1 2t toe e 1 21t toefaled
250V 4 tiles fell 9 tiles fell 7 tiles fell
250HV 42 tiles fell e e 38 tiles fell

! The 61 cm (2-ft) and 122 cm (4-ft) cross tees were installed in the North-South and East-West directions of
the test frame, respectively. See Section 3.3.1 for details of the configuration of the suspension grid.

2 The definition of failure of the cross tees included components that: (1) fell, (2) were bent, and (3) had to be
replaced because they compromised the structural integrity of the entire grid if they were left in place.
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6.3.5 Configuration 4. Normal Sized Tiles

Of the vertical and horizontal unidirectional motions, the horizontal excitation produced more
damage in terms of loss of tiles. The combined motions (horizontal and vertical) produced more
damage than either of the unidirectional excitations. The first loss of tiles from the grid occurred
for combined shaking corresponding to Ss = 1.75g. See table 6-4 for a summary of the test

results.

The effect of a small variation in tile size on the performance of the ceiling systems was
considerable in terms of loss of tiles. The number of tiles that fell during the shaking tests of
ceiling systems with undersized or poorly fitting tiles was substantially larger by comparison
with the systems equipped with normal sized (snug) tiles. For example, for the combined shaking
level corresponding to Ss = 2.5¢ in Series C (system with undersized tiles, see table 6-1), twenty-
six tiles fell; whereas for the same level of combined shaking in Series N (system with normal
sized tiles; see table 6-4), sixteen tiles fell. However, ceiling system performance in terms of
damage to grid components was better in the systems with undersized tiles. This observation is
due mainly to two factors: (1) the weight of the normal sized tiles was larger (1.7 kg/tile) than
the undersized tiles (1.3 kg/tile), and (2) because the number of tiles that stayed in place during
shaking was larger for the systems of configuration 4 (normal sized tiles): inertial loads on the
suspension grid were larger for configuration 4 than in configuration 1 (undersized tiles). Figures
6-9 and 6-10 show damage to the 1.22 m (4-ft) cross tees that were installed in the East-West
direction. The buckling in the web of the 1.22 m (4-ft) cross tees was similar to the damage that
the grid components experienced in configuration 2 (undersized tiles with clips) during higher

levels of shaking. The tile failure pattern in configuration 4 was similar to that of configuration 1.

It is important to note that differences in boundary conditions during testing can affect
substantially the seismic performance of a ceiling system. Consider the data of table 6-4 and the
considerable differences between the results of Series Q and those of the other series that where
part of the same set-up. The difference in response is due to damage on the wall molding, which
was originally attached to the South side of the test frame, around the screws that served as the

wall connectors. There was no mechanical connection between the ceiling system and the test
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frame in the North-South direction for the Series Q tests. Minor changes in boundary conditions
can significantly affect the response of ceiling systems and the fragility curves developed using
such data. Because the series Q boundary conditions varied from those of series L, M, N, O, R

and BB, the series Q data were not used to develop fragility curves.

TABLE 6-4 Results for normal sized tiles, series L-O, Q, R and BB

Summary remarks * 2
Test Name
Series L Series M Series N Series O
WNH fy=12.0 Hz fy=12.0 Hz fy=12.0 Hz fy=12.2 Hz
WNV f;=6.9 Hz f;=6.7 Hz f,=6.7 Hz f,=6.8 Hz
150H No damage No damage No damage No damage
150V No damage No damage No damage No damage
150HV No damage No damage No damage No damage
175H No damage No damage No damage No damage
175V No damage No damage No damage No damage
3 tiles fell
175HV No damage No damage No damage 1 2-ft tee failed
. 1 tile fell
200H No damage 1 2-ft tee failed No damage 1 9-ft tee failed
200V No damage No damage No damage No damage
. . . 5 tiles fell
200HV 3 tiles fell 1 tile fell 4 tiles fell 1 9-ft tee failed
2 tiles fell 2 tiles fell
225H No damage No damage 12-fttee failed | 12-ft tee failed
225V No damage No damage No damage No damage
. . . 9 tiles fell
225HV 6 tiles fell 3 tiles fell 4 tiles fell 1 9-ft tee failed
. 4 tiles fell ;
4 tiles fell 4 tiles fell
250H No damage 2 2-ft tees failed 14t an(_j 12-fttee 2 2-ft tees failed
failed
250V No damage No damage No damage 1 tile fell
13 tiles fell 12 tiles fell 16 tiles fell 29 tiles fell
250HV 2 4-ftand 4 2-ft 1 4-ftand 4 2-ft 3 4-ftand 8 2-ft 5 4-ftand 12 2-ft
tees failed tees failed tees failed tees failed
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TABLE 6-4 Results for normal sized tiles, series L-O, Q, R and BB (cont’d)

Summary remarks * 2

Test Name
Series Q ® Series R Series BB
WNH fy=12.2 Hz fy=12.1 Hz fk=12.1Hz
WNV f,= 7.1 Hz f,= 7.1 Hz f,= 6.9 Hz
150H No damage No damage No damage
150V No damage No damage No damage
150HV 1 tile fell No damage No damage
175H No damage No damage No damage
175V No damage No damage No damage
175HV 3 tiles fell 3 tiles fell 3 tiles fell
200H No damage No damage No damage
200V No damage No damage No damage
200HV 5 tiles fell 2 tiles fell 5 tiles fell
225H No damage No damage No damage
225V No damage No damage No damage
225HV 121t oo aild 121t too il 14 tiles fell
250H 5tiles feII_ 2 tiles feI_I 1 tile feII_
3 2-ft tees failed 1 2-ft tee failed 1 2-ft tee failed
250V No damage 1 tile fell 2 tiles fell
44 tiles fell . .
20RV ) daadtand 7 2fttees g 4 g and 6 2.t vt faled | 14-ftand 1 2.1 e faled

! The 61 cm (2-ft) and 122 cm (4-ft) cross tees were installed in the North-South and East-West directions of
the test frame, respectively. See Section 3.3.1 for details of the configuration of the suspension grid.

% The definition of failure of the cross tees included components that: (1) fell, (2) were bent, and (3) had to be
replaced because they compromised the structural integrity of the entire grid if they were left in place.

% The results of tests of system Q were not used for analysis; see explanation in Section 6.3.5.
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FIGURE 6-10 Damage to the East-West cross tees in configuration 4
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6.3.6 Configuration 5: Normal Sized Tiles with Retainer Clips

In configuration 5, the combined excitations (horizontal and vertical) produced more damage
than either of the unidirectional excitations. The damage produced by the horizontal and vertical
unidirectional motions was minimal and was concentrated in the grid components. The first loss
of tiles from the grid occurred for vertical shaking corresponding to Ss = 2.25g. Damage to the
suspension grid was first observed in the combined excitation test corresponding to Ss = 2.0g.

See table 6-5 for summary results.

The retainer clips substantially improved the behavior of the suspended ceiling systems in terms
of loss of tiles by comparison with the systems of configuration 4, where clips were not included.
For example, for the combined shaking level corresponding to Ss = 2.5g, in Series M (system
without clips; see table 6-4), twelve tiles fell; whereas for the same level of combined shaking in
Series U (system with clips; see table 6-5), only two tiles fell. The use of the retainer clips shifted
the damage from the tiles to the suspension grid as described in Section 6.3.2. The type of
damage that was observed in the East-West 1.22 m (4-ft) cross tees of configuration 2 was also
observed in the systems of configuration 5. In both systems, the loss of tiles was primarily due to
the failure of grid components. This damage is shown in figure 6-11 and in the data presented in
table 6-5, where for the combined shaking level corresponding to Ss = 2.5g in Series T, a major
failure in the suspension grid led to the loss of a considerable number of tiles, in comparison with
the other systems that were part of this configuration (systems P, S and U). The photograph of
figure 6-11 shows that the tiles fell together with the suspension grid, since after falling the tiles
and grid were approximately in the same arrangement as that prior to shaking.
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TABLE 6-5 Results for normal sized tiles with retainer clips, series P and S-U

Summary remarks * 2

Test Name
Series P Series S Series T Series U
WNH fk=11.9 Hz fk=11.9 Hz fk=11.9 Hz fy=11.9 Hz
WNV fy=7.0Hz fy,=6.8 Hz fy,=6.8 Hz fy=7.0Hz
150H No damage No damage No damage No damage
150V No damage No damage No damage No damage
150HV No damage No damage No damage No damage
175H No damage No damage No damage No damage
175V No damage No damage No damage No damage
175HV No damage No damage No damage No damage
200H No damage No damage No damage No damage
200V No damage No damage No damage No damage
200HV 2 4-ft an(_j 12-fttee | 2 4-ft an(_j 1 2-ft tee No damage No damage
failed failed
225H No damage No damage No damage No damage
1 tile fell
225V No damage 1 4-t tee failed No damage No damage
2 tiles fell 1 tile fell
225HV 1 4-ftand 1 2-ft tee No damage . No damage
: 1 4-ft tee failed
failed
250H 1 2-ft tee failed No damage 2 2-ft tees failed 1 2-ft tee failed
250V No damage No damage No damage No damage
. 6 tiles fell 25 tiles fell .
250HV L tile fell 14ftand22-ft | 134-ftand 12 2-ft 2 tiles fell
2 2-ft tees failed . . 2 2-ft tees failed
tees failed tees failed

! The 61 cm (2-ft) and 122 cm (4-ft) cross tees were installed in the North-South and East-West directions of
the test frame, respectively. See Section 3.3.1 for details of the configuration of the suspension grid.

2 The definition of failure of the cross tees included components that: (1) fell, (2) were bent, and (3) had to be
replaced because they compromised the structural integrity of the entire grid if they were left in place.
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FIGURE 6-11 Failure of grid and tiles in configuration 5

96



6.3.7 Configuration 6: Normal Sized Tiles without Compression Post

In configuration 6, the combined excitations (horizontal and vertical) produced more damage
than either of the unidirectional excitations. The damage produced by the horizontal and vertical
unidirectional motions was minimal. The first loss of tiles from the grid occurred for a level of
combined shaking corresponding to Ss = 1.5g. See table 6-6 for summary information and figure
6-12 for a photograph of typical damage to the ceiling system. The absence of the compression
post made the suspension grid more flexible in the vertical direction than in the configurations in
which the post was included.

The argument for including compression posts in suspended ceiling systems is that damage to the
system will be mitigated, by reducing the vertical displacement of the tiles and grid. Compare the
results obtained from tests in configurations 4 and 6. In some cases, the compression post
reduced the degree of damage but in other cases did not. Consider two examples from tests in
configurations 4 and 6. First, for the combined shaking corresponding to Ss = 2.25g in Series N
(system with compression post, see table 6-4) four tiles fell, whereas for the same level of
combined shaking in Series X (system without compression post, see table 6-6) eleven tiles fell.
This result suggests that the compression post is an effective means of reducing the number of
falling tiles. For the combined shaking corresponding to Ss = 2.5g in Series N, sixteen tiles fell,
whereas for the same level of combined shaking in Series X, ten tiles fell, suggesting that the
installation of the compression posts could lead to an increase in damage. It is not clear from
these data whether including compression posts improve the seismic performance of the

suspended ceiling systems.
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TABLE 6-6 Results for normal sized tiles without compression post, series V-AA

Summary remarks 2

Test Name
Series V Series W Series X
WNH fy=12.0 Hz fy=12.0 Hz fy=12.0 Hz
WNV f,= 6.7 Hz f,= 6.8 Hz f,= 6.7 Hz
150H No damage No damage No damage
150V No damage No damage No damage
150HV No damage 1 tile fell No damage
175H No damage No damage No damage
175V No damage No damage No damage
175HV 1 tile fell 1 tile fell 1 tile fell
200H No damage No damage No damage
200V No damage No damage No damage
200HV 3 tiles fell et | 5 tiles fell
225H No damage No damage No damage
225V No damage No damage No damage
205HV 8 tiles fell L aestel 11 tiles fell
250H 3 4-ft and 2 2-ft tees failed No damage No damage
250V No damage No damage 1 tile fell
250HV 28 tiles fell 15 tiles fell 10 tiles fell

6 4-ft and 4 2-ft tees failed

1 4-ft and 1 2-ft tee failed
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TABLE 6-6 Results for normal sized tiles without compression post, series V-AA (cont’d)

Summary remarks 2
Test Name

Series Y Series Z Series AA
WNH fy=12.0 Hz fy=12.0 Hz fy=12.0 Hz
WNV f,= 6.8 Hz f,= 6.9 Hz f,= 6.8 Hz
150H No damage No damage No damage
150V No damage No damage No damage
150HV No damage No damage No damage
175H No damage No damage No damage
175V No damage No damage No damage

175HV 2 tiles fell 2 tiles fell 1 tile fell
200H No damage No damage No damage
200V No damage No damage No damage
200HV 3 tiles fell 4 tiles fell 2 tiles fell
225H No damage No damage No damage
225V No damage 1 tile fell No damage
250V |, DTSt 9 tiles fell 6 tiles fell
250H No damage No damage No damage
250V No damage 2 tiles fell No damage
250HV 11 tiles fell 12 tiles fell 11 tiles fell

! The 61 cm (2-ft) and 122 cm (4-ft) cross tees were installed in the North-South and East-West directions of
the test frame, respectively. See Section 3.3.1 for details of the configuration of the suspension grid.

% The definition of failure of the cross tees included components that: (1) fell, (2) were bent, and (3) had to be
replaced because they compromised the structural integrity of the entire grid if they were left in place.
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FIGURE 6-12 Failure of tiles in configuration 6

100



6.3.8 Observations

The following general observations were made at the conclusion of the testing program.

1. The rivets that attached the main runners and cross tees to the wall molding on the South
and West sides of the test frame played a very important role in the seismic performance
of the suspended ceiling systems. When a rivet came loose or was destroyed during
shaking, the damage in the ceiling system in terms of loss of tiles was much larger than
when all of the rivets were undamaged and the cross tees remained firmly attached to the
wall molding. The arrowhead in figure 6-13 identifies the location of one of the rivets

destroyed during shaking.

2. The main beams provide most of the stiffness in the suspension grid in the horizontal and
vertical directions. However, the connections between the main beams were substantially
more flexible than the main beams. This is clearly reflected in the performance of the
ceiling systems in terms of loss of tiles because the first tiles to fall in most of the tests
were the tiles located around the connections between two main beams. The circle in

figure 6-14 identifies the connection between two main beams.

6.4 Spectral Accelerations of the Test Frame

The acceleration response at six different locations on the test frame are presented in this section.
The horizontal response in the form of response spectra for each of the six accelerometers at
locations the termed as Table (shaking table acceleration control), Abase (on the center of the
base of the frame), Corner_w (southwest corner of the roof of testing frame), Qtr (roof of testing
frame at 4 ft. from the West and South sides of the frame) Center (center of the roof of testing
frame) and Agrid (on the suspension grid, in the location of the compression post) are presented
in figures 6-15 through 6-50 for each level of earthquake shaking (1.0g, 1.25g, etc.) and for each
configuration. The locations of these accelerations are identified in figure 3-16.
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Head of rivet
after it popped

Original location
of rivet before it
popped out

FIGURE 6-13 Rivets on the South side wall molding destroyed during
shaking

FIGURE 6-14 Connection between two main beams
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Figure 6-51 presents the arithmetic mean spectral acceleration for each level of earthquake
shaking and for each of the six locations on the test frame for configuration 1. The same
information is presented in figures 6-52 through 6-56 for the other configurations. Tables 6-7
through 6-12 present the arithmetic mean spectral acceleration for selected spectral periods for
the six locations on the test frame and for each configuration. Listed are the period, the level of
shaking, and the horizontal spectral accelerations for the six locations.
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TABLE 6-7 Mean spectral accelerations at selected periods, undersized tiles

periog | EXcitation Horizontal spectral accelerations (g)
(seconds) level per Ss :
()] Table Abase | Corner_w Qtr Center Agrid
1.00 1.10 1.15 1.42 142 2.09 1.86
1.25 1.42 1.53 1.79 1.80 2.58 2.38
1.50 1.76 1.88 2.20 2.26 3.14 3.02
0.2 1.75 2.13 2.24 2.74 2.79 4.03 3.15
2.00 2.55 2.72 3.49 3.53 471 3.95
2.25 3.06 3.23 4.18 4.25 5.05 5.18
2.50 3.76 3.82 4,76 4.87 5.22 6.20
1.00 1.14 1.19 1.25 1.24 1.74 1.36
1.25 1.42 1.48 1.56 1.55 2.11 1.68
1.50 1.71 1.79 1.89 1.88 2.55 1.99
0.5 1.75 2.02 2.09 2.20 2.20 3.07 2.26
2.00 2.31 2.39 2.53 2.52 3.43 2.59
2.25 2.63 2.71 2.82 2.82 3.46 2.96
2.50 2.94 3.03 3.25 3.25 3.77 3.39
1.00 0.96 0.99 1.01 0.99 1.44 1.01
1.25 1.15 121 1.22 1.20 1.69 1.22
1.50 1.38 1.45 1.48 1.46 2.01 1.48
1.0 1.75 1.63 1.70 1.74 1.72 2.49 1.72
2.00 1.87 1.93 1.98 1.97 2.74 1.98
2.25 2.11 2.18 2.24 2.23 2.85 2.22
2.50 2.25 2.25 2.40 2.40 2.91 2.40
1.00 0.20 0.19 0.20 0.20 0.29 0.21
1.25 0.21 0.22 0.23 0.23 0.37 0.24
1.50 0.26 0.26 0.28 0.27 0.44 0.29
15 1.75 0.30 0.31 0.34 0.33 0.55 0.33
2.00 0.35 0.34 0.37 0.36 0.66 0.37
2.25 0.39 0.39 0.42 0.41 0.69 0.43
2.50 0.44 0.44 0.48 0.47 0.77 0.48
1.00 0.07 0.08 0.08 0.07 0.11 0.08
1.25 0.09 0.10 0.10 0.09 0.16 0.11
1.50 0.10 0.12 0.12 0.11 0.20 0.14
2.0 1.75 0.12 0.13 0.14 0.14 0.31 0.14
2.00 0.14 0.15 0.16 0.15 0.45 0.17
2.25 0.16 0.17 0.18 0.17 0.53 0.19
2.50 0.17 0.18 0.20 0.19 0.54 0.20
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TABLE 6-8 Mean spectral accelerations at selected periods, undersized tiles with clips

periog | EXcitation Horizontal spectral accelerations (g)
(seconds) level per Ss :
()] Table Abase | Corner_w Qtr Center Agrid
1.00 1.07 1.05 1.43 1.43 1.49 1.58
1.25 1.44 1.45 1.82 1.82 1.94 2.17
1.50 1.78 1.80 2.31 2.31 2.40 2.69
0.2 1.75 2.16 2.17 2.90 2.89 2.97 3.36
2.00 2.57 2.62 3.63 3.61 3.71 4.26
2.25 3.03 3.11 4.36 4.35 4.50 5.18
2.50 3.74 3.61 5.01 5.01 5.16 5.93
1.00 1.15 1.13 1.24 1.24 1.27 1.37
1.25 1.44 141 1.55 1.55 1.60 1.71
1.50 1.74 1.71 1.88 1.88 191 2.06
0.5 1.75 2.04 2.01 2.20 2.20 2.26 241
2.00 2.34 2.30 2.53 2.52 2.62 2.75
2.25 2.66 2.61 2.84 2.84 2.92 3.11
2.50 2.97 2.92 3.25 3.24 3.35 3.59
1.00 0.94 0.92 0.97 0.97 0.98 1.04
1.25 1.17 1.16 1.22 1.22 1.22 1.32
1.50 141 1.40 1.49 1.48 1.50 1.59
1.0 1.75 1.65 1.64 1.76 1.75 1.74 1.88
2.00 1.89 1.86 1.98 1.98 2.01 2.11
2.25 2.14 2.10 2.25 2.25 2.27 2.42
2.50 2.38 2.34 2.49 2.49 2.55 2.68
1.00 0.20 0.19 0.20 0.20 0.29 0.21
1.25 0.22 0.21 0.23 0.23 0.26 0.26
1.50 0.26 0.25 0.28 0.28 0.32 0.32
15 1.75 0.30 0.30 0.33 0.33 0.33 0.38
2.00 0.35 0.33 0.36 0.36 0.37 0.42
2.25 0.40 0.38 0.41 0.41 0.42 0.49
2.50 0.45 0.43 0.48 0.48 0.50 0.56
1.00 0.07 0.08 0.08 0.07 0.11 0.08
1.25 0.09 0.09 0.09 0.09 0.13 0.13
1.50 0.11 0.11 0.12 0.12 0.15 0.15
2.0 1.75 0.12 0.13 0.14 0.14 0.14 0.17
2.00 0.14 0.14 0.15 0.15 0.18 0.19
2.25 0.16 0.16 0.17 0.17 0.18 0.23
2.50 0.18 0.18 0.19 0.19 0.19 0.25
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TABLE 6-9 Mean spectral accelerations at selected periods, undersized tiles with recycled

grid
Period | EXcitation Horizontal spectral accelerations (g)
(seconds) level per Ss :
()] Table Abase | Corner_w Qtr Center Agrid
1.00 1.06 1.04 141 142 1.47 1.45
1.25 1.43 1.45 1.81 1.82 1.90 2.04
1.50 1.77 1.79 2.29 2.30 2.38 2.56
0.2 1.75 2.14 2.16 2.84 2.86 2.94 3.10
2.00 2.55 2.61 3.58 3.61 3.64 3.89
2.25 3.01 3.09 4.30 4.33 4.36 4.69
2.50 3.72 3.59 4,98 5.00 5.06 5.40
1.00 1.14 1.13 1.23 1.24 1.27 1.34
1.25 1.43 141 1.54 1.54 1.55 1.68
1.50 1.73 1.70 1.87 1.87 1.89 2.03
0.5 1.75 2.03 2.00 2.19 2.19 2.27 2.37
2.00 2.33 2.29 2.50 251 2.57 2.70
2.25 2.64 2.59 2.81 2.82 2.86 3.05
2.50 2.95 291 3.22 3.22 3.27 3.49
1.00 0.93 0.91 0.97 0.97 0.92 1.03
1.25 1.17 1.15 1.21 121 1.19 131
1.50 1.40 1.39 1.47 1.47 1.44 1.58
1.0 1.75 1.64 1.63 1.74 1.74 1.71 1.86
2.00 1.88 1.85 1.96 1.96 1.98 2.10
2.25 2.12 2.09 2.23 2.24 2.24 2.39
2.50 2.37 2.33 2.47 2.48 251 2.66
1.00 0.20 0.19 0.20 0.20 0.29 0.21
1.25 0.22 0.21 0.23 0.23 0.25 0.26
1.50 0.26 0.25 0.28 0.28 0.28 0.31
15 1.75 0.30 0.29 0.33 0.33 0.34 0.37
2.00 0.35 0.33 0.36 0.36 0.38 0.40
2.25 0.40 0.38 0.41 0.41 0.43 0.47
2.50 0.44 0.43 0.47 0.47 0.48 0.54
1.00 0.07 0.08 0.08 0.07 0.11 0.08
1.25 0.09 0.09 0.09 0.09 0.11 0.12
1.50 0.11 0.11 0.11 0.11 0.13 0.14
2.0 1.75 0.12 0.13 0.14 0.13 0.15 0.17
2.00 0.14 0.14 0.15 0.15 0.17 0.18
2.25 0.16 0.16 0.17 0.17 0.18 0.21
2.50 0.18 0.18 0.19 0.19 0.20 0.24
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TABLE 6-10 Mean spectral accelerations at selected periods, normal sized tiles

Periog | EXcitation Horizontal spectral accelerations (g)
(seconds) level per Ss :
9) Table Abase | Corner_ w Qtr Center Agrid
1.50 1.75 1.75 2.32 2.33 2.40 243
1.75 2.14 212 2.87 2.90 2.94 2.97
0.2 2.00 2.55 2.56 3.60 3.63 3.73 3.70
2.25 3.18 3.13 4.34 4.42 4.60 4.55
2.50 3.69 3.53 5.00 5.04 5.18 5.20
1.50 1.72 1.68 1.89 1.90 1.95 1.96
1.75 2.02 1.97 221 2.23 2.28 2.24
0.5 2.00 2.32 2.26 2.53 2.55 2.64 2.50
2.25 2.64 2.57 2.92 2.94 3.00 2.88
2.50 2.95 2.88 3.27 3.29 3.35 3.22
1.50 1.40 1.37 1.49 1.50 1.50 1.53
1.75 1.64 1.61 1.76 1.77 1.78 1.72
1.0 2.00 1.88 1.83 2.00 2.02 2.04 1.95
2.25 2.13 2.08 2.29 2.30 2.33 2.22
2.50 2.36 2.31 2.52 2.53 2.55 2.48
1.50 0.26 0.25 0.28 0.28 0.32 0.30
1.75 0.30 0.30 0.33 0.33 0.39 0.34
15 2.00 0.35 0.33 0.37 0.37 0.49 0.37
2.25 0.40 0.38 0.42 0.42 0.55 0.44
2.50 0.45 0.43 0.48 0.48 0.49 0.52
1.50 0.11 0.11 0.12 0.12 0.16 0.13
1.75 0.12 0.12 0.14 0.14 0.19 0.16
2.0 2.00 0.14 0.14 0.16 0.16 0.27 0.17
2.25 0.16 0.16 0.18 0.18 0.32 0.22
2.50 0.18 0.17 0.19 0.19 0.20 0.26
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TABLE 6-11 Mean spectral accelerations at selected periods, normal sized tiles with clips

Periog | EXcitation Horizontal spectral accelerations (g)
(seconds) level per Ss :
9) Table Abase | Corner_ w Qtr Center Agrid
1.50 1.68 1.64 2.22 2.27 2.34 2.24
1.75 2.08 1.99 2.74 2.81 291 2.79
0.2 2.00 248 242 3.45 3.53 3.65 3.55
2.25 3.29 3.10 4.17 431 4.55 4.43
2.50 4.14 3.79 5.03 5.10 531 5.20
1.50 1.67 1.59 1.84 1.88 191 1.85
1.75 1.96 1.87 2.15 2.20 2.25 2.16
0.5 2.00 2.26 2.15 248 2.52 2.59 2.48
2.25 2.56 245 2.96 3.01 3.12 2.92
2.50 2.84 2.75 3.20 3.27 3.34 3.22
1.50 1.36 131 1.46 1.47 151 1.46
1.75 1.60 1.54 1.72 1.74 1.79 1.72
1.0 2.00 1.84 1.75 1.97 2.01 2.04 1.98
2.25 2.08 2.00 2.27 231 2.35 2.27
2.50 2.30 2.23 2.55 2.60 2.64 2.52
1.50 0.25 0.24 0.28 0.27 0.28 0.27
1.75 0.30 0.29 0.33 0.33 0.34 0.32
15 2.00 0.34 0.32 0.36 0.36 0.37 0.36
2.25 0.39 0.37 0.42 0.42 0.43 0.45
2.50 0.45 0.44 0.54 0.55 0.56 0.53
1.50 0.10 0.10 0.11 0.11 0.12 0.11
1.75 0.12 0.12 0.14 0.13 0.14 0.14
2.0 2.00 0.14 0.13 0.15 0.15 0.16 0.16
2.25 0.15 0.15 0.17 0.17 0.18 0.20
2.50 0.18 0.17 0.21 0.21 0.22 0.22
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TABLE 6-12 Mean spectral accelerations at selected periods, normal sized tiles without

post
Periog | EXcitation Horizontal spectral accelerations (g)
(seconds) level per Ss :
9) Table Abase | Corner_ w Qtr Center Agrid
1.50 1.66 1.58 2.20 2.18 2.30 2.52
1.75 2.05 1.92 2.69 2.69 2.86 2.74
0.2 2.00 2.46 2.32 3.36 3.37 3.55 3.65
2.25 2.86 2.75 4.09 4.11 4.33 4.32
2.50 3.39 3.17 4.77 4.79 5.08 4.97
1.50 1.66 1.56 1.84 1.83 1.90 1.56
1.75 1.95 1.82 2.15 2.14 2.23 1.77
0.5 2.00 2.25 2.10 247 2.47 2.56 2.05
2.25 2.55 2.38 2.79 2.79 2.88 2.34
2.50 2.86 2.67 3.18 3.18 3.30 2.65
1.50 1.36 1.28 1.46 1.43 151 1.19
1.75 1.59 1.50 1.72 1.69 1.78 1.38
1.0 2.00 1.83 1.71 1.95 1.94 2.00 1.58
2.25 2.06 1.93 2.22 2.21 2.28 1.80
2.50 2.30 2.15 2.46 244 2.52 2.04
1.50 0.25 0.24 0.28 0.27 0.28 0.23
1.75 0.29 0.28 0.33 0.32 0.34 0.30
15 2.00 0.34 0.31 0.36 0.35 0.37 0.31
2.25 0.38 0.36 0.41 0.40 0.41 0.36
2.50 0.43 0.40 0.47 0.46 0.47 0.63
1.50 0.10 0.10 0.12 0.11 0.12 0.13
1.75 0.12 0.11 0.14 0.13 0.14 0.21
2.0 2.00 0.14 0.13 0.15 0.15 0.15 0.19
2.25 0.15 0.15 0.17 0.17 0.17 0.19
2.50 0.17 0.16 0.19 0.18 0.19 0.44
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CHAPTER 7
FRAGILITY ANALYSIS AND DATA EVALUATION

7.1 Introduction

Assessment of the seismic vulnerability of structural and non-structural components is a key step
in performance-based design and loss assessment. Fragility-based techniques can be used to
identify such components and several methodologies have been proposed (e.g., Reed and
Kennedy, 1994; Singhal and Kiremidjian, 1996; Reinhorn et al., 2002; Moehle, 2003,
Hamburger et al.,, 2004). Implementation of these methodologies is contingent on the

development of a family of fragility curves for structural and nonstructural components.

A fragility curve describes the probability of reaching or exceeding a damage (or limit) state as a
function of the level of excitation or demand. The conditional probability of damage D reaching

or exceeding a damage state ds; is given by (7-1):

where P, is the probability of reaching or exceeding a damage state ds; given that the demand
is Y, D is a damage random variable, and Y is a demand random variable (e.g., peak floor
acceleration, story drift). Numerous references provide information on fragility curves including
Reed and Kennedy (1994), Sasani and Der Kiureghian (2001), Shinozuka et al. (2002a, 2002b),
and Cimellaro et al. (2006).

Fragility curves for suspended ceiling systems are developed and presented in the following
sections of this chapter. Four damage (limit) states are defined in Section 7.2. The fragility
curves of Section 7.5 were derived using these limit states, the experimental data of Chapter 6,

the demand parameters of Section 7.3, and the curve-fitting technique described in Section 7.4.
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7.2 Limit States

A limit (damage) state describes the seismic performance of a component or system by
characterizing its post-earthquake condition. Limit states express levels of damage using either
qualitative (e.g., physical condition of components, failure in specific areas of the structure) or
quantitative (e.g., internal forces, number of elements that fail in a system, damage indices of the
overall structure) measures. Four limits states were used in this study to characterize the seismic
response of suspended ceiling systems. Limit states 1 through 3 account for the number (or
percentage) of tiles that fall from the suspension grid. The fourth limit state is associated with
structural damage to the suspension grid. The qualitative descriptions of the four limits states are
(1) minor damage, (2) moderate damage, (3) major damage, and (4) grid failure. Specific
definitions of damage, in terms of percentages of falling tiles and damage to grid components are

given in the following subsections.

7.2.1 Limit State 1: Minor Damage

Limit state 1 is the loss of 1% of tiles from the suspension grid. The intent of state 1 is to define
minor damage that should not impact the post-earthquake function of a building. Limit state 1
might represent acceptable damage in a ceiling system installed in an essential or special facility
(e.g., hospitals, computer and communication centers with fragile equipment, facilities with
hazardous materials), where modest levels of tile failure could lead to evacuation or closure of
the building.

7.2.2 Limit State 2: Moderate Damage

Limit state 2 is the loss of 10% of tiles from the suspension grid. The intent of state 2 is to limit
the expected damage so that the facility is somewhat functional after the earthquake, that is,
basic ingress/egress and life safety systems remain operational. Damage in terms of percent loss
of tiles is moderate and some repair/replacement of dislodged and fallen tiles might be required.
Limit state 2 could represent the permissible level of damage in ceiling systems installed in high

occupancy, non-essential facilities.
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7.2.3 Limit State 3: Major Damage

Limit state 3 is the loss of 33% of tiles from the suspension grid. State 3 could be associated with
the traditional building performance level of life safety. Damage in terms of percent loss of tiles
is large and extensive repair/replacement might be required in the tiles and grid components.
Limit state 3 could define permissible damage to a ceiling system installed in a low occupancy,

non-essential facility.

7.2.4 Limit State 4: Grid Failure

Limit state 4 is a damage state associated with failure of part or the entire suspension grid. The
definition of grid failure includes cross tees that fall, cross tees that are bent, and cross tees that
have to be replaced after testing. Two types of grid failures have been observed in past testing,
namely, isolated component failures and assembly failures involving multiple cross tees. In the
case of isolated component failures, minor or moderate damage in terms of percent loss of tiles
can occur because of localized grid failure. The repair effort can be significant when several
isolated grid components are damaged since disassembly of the ceiling system is generally
required. However, the likelihood of life-threatening damage is low. For grid-assembly failures,
the damage can be extensive and the falling debris might pose a life-safety hazard.

7.3 Demand Parameters

Several demand (intensity) parameters have been used in previous studies to create fragility
curves, including peak ground acceleration, peak ground velocity, story drift, spectral
acceleration at specific periods, and spectral acceleration over a frequency range (e.g., Reed and
Kennedy, 1994; Cornell et al., 2002; Whittaker et al., 2003). In this study, two demand
parameters were used to construct fragility curves, namely, peak ground acceleration (0-second
period) and average horizontal spectral accelerations at periods of 0.2, 0.5, 1.0, 1.5 and 2.0
seconds. The period range of 0.0 to 2.0 seconds brackets the first and second mode periods of

most buildings.
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7.4 Generation of Fragility Curves

The four limit (damage) states used to characterize the seismic performance of suspended ceiling
systems were selected with the intent of covering most of the performance levels described in
current seismic codes and guidelines for the performance of nonstructural components. However,
different levels could be specified if desired by individual owners, constructors, and
manufacturers. Sufficient information is provided in the figures and in Chapter 6 to enable the

construction of fragility curves for alternate damage states.

Figure 7-1a is a schematic part section through a typical building, which shows two adjacent
floor slabs, a suspended ceiling system, and two stud partition walls. The ceiling system is
supported by the stud wall via a molding attached to the wall and by wires attached to the roof
slab. Figure 7-1b is a schematic cross-section through the test fixture, and shows the simulator
platform, two of the four corner test frame columns, the braced roof of the test frame (see
figure3-2), two of the test frame timber ledgers (see figure 3-3), and a suspended ceiling system.

The location of the accelerometers, Abase, Agrid , and Center, are indicated in the figure.

In the part section of figure 7-1a, the ceiling system is excited primarily in the vertical direction
by motion of upper floor and secondarily by vertical motion of the stud walls, and excited
primarily in the horizontal direction by motion of the stud walls and secondarily by the motion of
the upper floor. In the multi-story building frame depicted in part in figure 7-1a, the motions of
the lower and upper floor slabs are a function of the base excitation and the dynamic properties
of the building frame. In the test fixture of figure 7-1b, the motion of the test frame roof is
dependent on the simulator-platform excitation and the dynamic properties of the test frame.
Although the ceiling system of figure 7-1b is loaded in a similar manner (ledgers/stud wall and
test-frame roof/upper floor) to that of figure 7-1a, differences in the loading system and the
dynamic properties of the test frame/building frame, will ensure that the excitation experienced
by the test ceiling system differs from that in a building. Accordingly, response data collected
from a testing program similar to that described in the previous chapters of this report must be

interpreted with care.
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Figure 7-2 illustrates steps in the development of the fragility curves. The experimental data
points were established using results from tests involving simultaneous horizontal and vertical
shaking as follows: (1) compute the mean horizontal acceleration response spectrum for each
shaking level with the accelerometer Abase (e.g., see the heavy solid line in figure 7-2a), (2)
compute the spectral acceleration at selected periods (0.0, 0.2, 0.5, 1.0, 1.5 and 2.0 seconds) from
the mean horizontal acceleration response spectrum (see the arrows in figure 7-2a for the 1-
second calculation, S;o = 2.360), (3) count the number of tiles that fell from the grid for each
system (6 systems in this example) at each shaking level as a percentage of the total number of
tiles in the ceiling system, (4) compare the percent tile failure with each limit state for each

system, and (5) calculate the probability P; of reaching or exceeding the limit state as:

P =" (7-2)

where Ny is the number of systems (trials) where the limit state was reached or exceeded, and N
is the total number of systems (trials) in the ceiling system configuration (= 4, 3, 3, 6, 4, 6 for
configurations 1 through 6, respectively)'. As N approaches infinity, P; approaches the true

probability of reaching or exceeding a limit state.

The fragility curves were prepared for each ceiling-system configuration by plotting the
probability of reaching or exceeding a limit state versus the corresponding mean horizontal
spectral acceleration®. Figure 7-2b presents a sample fragility curve and the experimental data
used to derive the curve; the demand parameter is peak floor acceleration. Experimental data
points are shown with solid triangles. The experimental data points were transformed into a
fragility curve assuming that the response of the ceiling system was lognormally distributed with

the cumulative lognormal distribution function of (7-3):

! Seven systems (L, M, N, O, P, Q, R and BB) of configuration 4 were tested but the data from tests of
system Q were set aside for the reasons given in Section 6.3.5.

2 The ceiling systems were subjected to simultaneous horizontal and vertical shaking but herein, demand
is characterized using the effects of horizontal shaking only.
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or in its more compact form
()=o) Sn(y/a)]| yz0 -4

where @ is the standardized cumulative normal distribution function ,9y is the median of y, and
B is the standard deviation of the natural logarithm of y (Soong, 2004). A chi-squared (;(2)
goodness-of-fit test was used to select the optimal values of the parameters of the lognormal
distribution (6, and g). If fewer than 4 experimental data points were available for curve

fitting, additional data points were generated by linear interpolation.

Figures 7-3 and 7-4 were prepared for the purpose of illustrating the importance of selecting the
acceleration history that best reflects the excitation of the suspended ceiling system. Figure 7-3
presents fragility curves for ceiling system configuration 1: undersized tiles, for spectral
accelerations at 1.5 seconds calculated from accelerometer-histories located at three different
locations on the test frame: Abase, an accelerometer mounted on the simulator platform; Center,
an accelerometer mounted on the top and at the center of the test frame; and Agrid, an
accelerometer mounted on the suspension grid. Figure 3-16 shows the location of these
accelerometers. Figure 7-4 presents the same information but for the four limit states defined in
Section 7.2.

It is not clear from figure 7-1b which accelerometer should be used to characterize the excitation
because the ceiling system is excited at both the level of the ceiling system (ledger/stud wall) and
the supporting frame (test frame roof/upper floor). The most and least conservative
characterizations of ceiling-system vulnerability are given by the Abase and Center excitations,
respectively. The accelerations recorded with the accelerometer denoted as Center (figure 7-3b)
likely best characterize the horizontal excitation experienced by the suspended ceiling system,
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but not the vertical excitation because the vertical shaking was amplified by the out-of-plane
flexibility of the roof of the test frame. Despite the fact that the fragility curves derived from the
accelerometer denoted Abase (figure 7-3a) are likely conservative (i.e., overestimate the
vulnerability of the ceiling system), the fragility curves developed in this study were created
using excitation histories from Abase.

7.5 Ceiling System Fragility Data and Interpretation

Fragility curves for the six ceiling-system configurations are presented in Figures 7-5 through 7-
40. Curves are presented for the four limit states (denoted LS in the figures) that were defined in
Section 7.2 and spectral demands at periods of 0.0, 0.2, 0.5, 1.0, 1.5 and 2.0 seconds; the inset
table in each figure presents the values of the median', £ and ;(2 (equal to the sum of the
square of the errors in this instance) for each curve. Fragility curves for limit states 2 and 3 are
not presented in figures 7-11 through 7-16 because components of the grid failed (limit state 4)
in the tests following the minor loss of tiles (limit state 1), that is, limit states 2 and 3 were not

observed.

Figures 7-41 through 7-64 present the data of figures 7-5 through 7-40 but in a different format.
Different scales were used to plot the fragility curves because the magnitude of the spectral
acceleration changed substantially as a function of period. The fragility curves in these figures
can be used to assess the vulnerability of ceiling systems as a function of size of tiles, the use of

retainer clips, the use of compression posts, and the physical condition of grid components.

As can be seen in figures 7-5 through 7-40, the fragility curves corresponding to limit states 1
through 3 do not intersect. Since these curves were developed for different limits states within a
sample, these fragility curves are considered to be as dependent (Shinozuka et al. 2000b). When
limit states are dependent, the systems in a more severe state of damage constitute a subset of the

! Median values are reported to two decimal digits in units of g.
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systems in a state of lesser damage, and the fragilities for specified excitation intensity are
always larger for the lesser state of damage than for the more severe condition.

Some of the limit state 4 (grid failure) fragility curves intersect or precede (in terms of demand)
or intersect with the curves of limit states 1, 2 and 3 (e.g., configurations 4 and 6). This
observation suggests that grid failure it is not dependant on tile failure. Grid components did fail
without loss of tiles. However, tile failure can result from grid failure. Based on the tests
described in this report, there are intersections of fragility curves for some limit states that should
be avoided, for example, limit states 3 (major tile failure) and 4 (grid failure). The performance
space beyond the intersection of these curves should be avoided because the simultaneous loss of

many tiles and the collapse of large sections of grid could pose a life safety hazard.

For limit states 1 through 3, the least vulnerable ceiling system was the configuration of normal
sized tiles with clips (configuration 5) and the most vulnerable systems were the configurations
with undersized tiles (configuration 1) and undersized tiles with recycled grid components
(configuration 3). Pressure or retainer clips effectively reduced the probabilities of exceeding
limit states 1 through 3 by comparison with those systems where clips not were used. The
systems with normal sized tiles performed better than the systems with undersized tiles. In
Section 6.3 it was not clear whether including the compression post in a ceiling system improves
the seismic performance. Based on the information provided in figures 7-41 through 7-64, the
addition of the compression post reduces the seismic vulnerability of a ceiling system but the

improvements in response are modest.
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FIGURE 7-5 Fragility curves for peak floor acceleration, configuration 1: undersized tiles
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FIGURE 7-6 Fragility curves for spectral acceleration at 0.2 second, configuration 1:
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FIGURE 7-7 Fragility curves for spectral acceleration at 0.5 second, configuration 1:
undersized tiles
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FIGURE 7-10 Fragility curves for spectral acceleration at 2.0 seconds, configuration 1:
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FIGURE 7-12 Fragility curves for spectral acceleration at 0.2 second, configuration 2
undersized tiles with clips
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FIGURE 7-16 Fragility curves for spectral acceleration at 2.0 seconds, configuration 2:
undersized tiles with clips
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FIGURE 7-17 Fragility curves for peak floor acceleration, configuration 3: undersized tiles
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FIGURE 7-18 Fragility curves for spectral acceleration at 0.2 second, configuration 3:
undersized tiles with recycled grid

171



Prob. of exceedance
o o o o =
N SN [e)] oo o

o
o
o.llllllIII|IIII|IIII|IIII

N

o Expt. Minor
esesese Analy. Minor (LS 1)
v Expt. Moderate
—=—==Analy. Moderate (LS 2)
L Expt. Major
—-=—- Analy. Major (LS 3)
. Expt. Grid Failure
Analy. Grid Failure (LS 4)

median I8 X?
Minor 1.47 0.108 0.0099
Moderate 1.66 0.090 0.0013
Major 2.15 0.130 0.0067

Grid Failure 3.08 0.094 0.0003

FIGURE 7-19 Fragility curves for spectral acceleration at 0.5 second, configuration 3:
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FIGURE 7-20 Fragility curves for spectral acceleration at 1.0 second, configuration 3:
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FIGURE 7-21 Fragility curves for spectral acceleration at 1.5 seconds, configuration 3:
undersized tiles with recycled grid
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FIGURE 7-22 Fragility curves for spectral acceleration at 2.0 seconds, configuration 3:
undersized tiles with recycled grid
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FIGURE 7-23 Fragility curves for peak floor acceleration, configuration 4: normal sized
tiles
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FIGURE 7-24 Fragility curves for spectral acceleration at 0.2 second, configuration 4:
normal sized tiles
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FIGURE 7-25 Fragility curves for spectral acceleration at 0.5 second, configuration 4:
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FIGURE 7-26 Fragility curves for spectral acceleration at 1.0 second, configuration 4:
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FIGURE 7-27 Fragility curves for spectral acceleration at 1.5 seconds, configuration 4:
normal sized tiles
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FIGURE 7-28 Fragility curves for spectral acceleration at 2.0 seconds, configuration 4:
normal sized tiles
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FIGURE 7-31 Fragility curves for spectral acceleration at 0.5 second, configuration 5:
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FIGURE 7-32 Fragility curves for spectral acceleration at 1.0 second, configuration 5:
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FIGURE 7-33 Fragility curves for spectral acceleration at 1.5 seconds, configuration 5:
normal sized tiles with clips
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FIGURE 7-34 Fragility curves for spectral acceleration at 2.0 seconds, configuration 5:
normal sized tiles with clips
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FIGURE 7-35 Fragility curves for peak floor acceleration, configuration 6: normal sized
tiles without post
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FIGURE 7-36 Fragility curves for spectral acceleration at 0.2 second, configuration 6:

normal sized tiles
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CHAPTER 8
SUMMARY AND CONCLUSIONS

8.1 Summary

Fragility methods were used in this report to characterize the vulnerability of suspended ceiling
systems subjected to earthquake shaking. Since suspended ceiling systems are not amenable to
traditional structural analysis, full-scale experimental testing on an earthquake simulator was
performed to obtain fragility data. The ceiling systems were composed of tiles and a suspension
system. The tiles were installed in the suspension system. The suspension system was hung with

wires from the top of a steel test frame. The test frame was mounted on the earthquake simulator.

Four variables that affect the seismic performance of suspended ceiling systems were
investigated in this study: (1) the size and weight of tiles, (2) the use of retainer clips, (3) the use
of compression posts, and (4) the physical condition of grid components. A total of six
configurations were conformed using different combinations of these variables: (1) undersized
tiles, (2) undersized tiles with retainer clips, (3) undersized tiles with recycled grid components,
(4) normal sized tiles, (5) normal sized tiles with retainer clips and (6) normal sized tiles without
the compression post. Configuration 4 meets the requirements of the International Building Code
for Seismic Design Categories D, E and F and the CISCA requirements for seismic zones 3 and 4

(CISCA, 1992).

Each configuration was tested multiple times on the earthquake simulator of the Structural
Engineering and Earthquake Simulation Laboratory (SEESL) of the University at Buffalo
(SUNY) with a testing protocol that included unidirectional (in the horizontal and vertical
directions) and combined (horizontal + vertical) earthquake excitations. White noise was used to
evaluate the dynamic characteristics of the testing frame and the ceiling systems as part of the
testing protocol. The earthquake histories used for testing were generated using the guidelines
presented in ICBO AC156, 2000, from ICBO Evaluation Service, Inc. “Acceptance Criteria for

Seismic Qualification Testing of Nonstructural Components”. The intensity of the earthquake
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shaking was characterized by the NEHRP maximum considered earthquake short period spectral

acceleration, Ss. The target values of Ss ranged between 0.25g and 2.5g.

Four limit states of response that cover most of the performance levels described in the code
guidelines for the seismic performance of nonstructural components were defined using physical
definitions of damage. Limit states 1 through 3 account for the number (or percentage) of tiles
that fell from the suspension grid, whereas the fourth limit state indicates whether failure
occurred in the suspension grid. The four limits states were termed as: (1) minor damage, (2)
moderate damage, (3) major damage, and (4) grid failure. Data was obtained for every limit state
to compare the effect of each configuration on the response of the suspended ceiling systems.

The results from the full-scale testing were presented in form of seismic fragility curves.

Two parameters were used to measure the ground motion intensity of the empirically developed
fragility curves: peak ground acceleration and the average horizontal spectral accelerations at
selected periods. The selected periods represented a broad range that includes most of the in-
service conditions of suspended ceiling systems installed in buildings. The fragility curves
provided a useful decision-making tool for safety assessment of suspended ceiling systems. The

following paragraphs describe the main findings and conclusions of this research project.

8.2 Conclusions

The key conclusions of the fragility study described in this report are:

1. The combined horizontal and vertical motions generally produced more damage in the

ceiling system than either of the unidirectional excitations.

2. The most common failure mode of tiles when retention clips were not used was tiles popping
out of the grid. If the tiles did not return to the original position on the suspension system, it

was very likely for the tiles to rotate and fall to the simulator platform below.
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The use of retainer clips substantially improved the behavior of the suspended ceiling
systems in terms of loss of tiles. However, by retaining the tiles, the use of clips increased the
inertial loads on the grid, resulting in grid damage at lower levels of shaking. The loss of tiles

in systems with retention clips was due primarily to the failure of grid components.

Including recycled cross-tees in the assemblage of the suspended grid substantially increased
the number of tiles that fell during the earthquake tests because the locking assembly latches
that secured the connection between the cross tees did not lock completely, leaving the
mechanical connection between the cross tees slightly loose. The ability to transfer load
between adjacent sections of the ceiling grid was therefore compromised by comparison with

the systems where only new grid components were used.

The effect of a small variation in tile size on the performance of the ceiling systems was
considerable in terms of loss of tiles. The number of tiles that fell during the earthquake
shaking tests of ceiling systems with undersized or poorly fitting tiles was substantially larger

by comparison with the systems equipped with normal sized (snug) tiles.

The rivets that attached the main runners and cross tees to the wall molding played a very
important role in the seismic performance of the suspended ceiling systems. When a rivet
came loose or was destroyed during shaking, the damage in the ceiling systems in terms of
loss of tiles was much larger than when all of the rivets were undamaged and the cross tees

remained firmly attached to the wall molding.

The main beams provided most of the stiffness in the suspension grid in the horizontal and
vertical directions. However, the connections between the main beams were substantially
more flexible than the main beams. This is clearly reflected in the performance of the ceiling
systems in terms of loss of tiles because the first tiles to fall in most of the tests were the tiles
located around connections between two main beams. A more effective method of

connecting the main beams could be developed to reduce the likelihood of the ceiling failure.
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The region beyond the intersection of the fragility curves for limits state 3 (major tile failure)
and limit state 4 (grid failure) should be avoided because failure of large sections of tiles and

grid could pose a life-safety hazard.

The usefulness of fragility curves was demonstrated when it was not clear from field
observations whether including compression posts improved the seismic performance of the
suspended ceiling systems. Using the fragility curves, it was clear that including the
compression post in suspended ceiling systems improves the seismic performance of the

systems in terms of reduced damage to the tiles and grid.
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