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Preface

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

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

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

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

This report describes experimental research aimed at evaluating the seismic performance of an
isolation/restraint system, typical of the systems designed by the ASHRAE members, supporting
light mechanical equipment. Shake table experiments were conducted on an air-handling unit in
two different conditions: supported by six isolation/restraint systems and rigidly-mounted. The
test plan included seismic and system-identification tests, and incorporated different input-motion
amplitudes and different isolation/restraint system properties. Experimental results showed that
limiting the displacement of the equipment by the restraint components of the isolation/restraint
systems resulted in amplification of the equipment acceleration responses. Based on these results,
reducing the gap size is recommended to improve the seismic performance of these systems in areas
of high seismicity. The test results also showed that higher amplification of acceleration responses
should be expected for light and flexible equipment than for rugged and heavy equipment. This is
the second report by the authors on isolation/restraint systems for mechanical equipment. The first
report, MCEER-07-0007, focused on heavy mechanical equipment.
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ABSTRACT

The experimental study described in this report is aimed at evaluating the seismic-performance of
Isolation/Restraint (I/R) systems for light mechanical equipment. Earthquake-simulator experiments were
conducted on an air-handling unit in two different conditions: supported by six I/R systems and rigidly-
mounted. The test plan included seismic and system-identification tests, and incorporated different input-
motion amplitudes and different I/R system properties. The test results showed that limiting the
displacement of the equipment by the restraint components of the I/R systems resulted in amplification of
the equipment acceleration-responses. Dynamic forces induced into the I/R systems were considerably
larger than the forces predicted by the static approach. Based on the test results, reducing the gap size is
the first recommendation to improve the seismic-performance of I/R systems in areas of high seismicity.
Increasing the thickness of rubber snubbers is a solution to reduce the dynamic forces induced into the I/R
systems, however it might result in higher acceleration and displacement responses of the equipment.
Reducing hardness of rubber snubbers is not recommended as it can degrade the overall seismic
performance of the I/R systems. The test results showed that higher amplification of acceleration
responses should be expected for light and flexible equipment than for rugged and heavy equipment.
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SECTION 1

INTRODUCTION

Elastomeric snubbers are the most popular restraint devices used for the seismic protection of vibration-
isolated mechanical equipment items. To prevent vibration isolators from short-circuiting during the
normal operation of the equipment, a practical air gap separates the snubbers and the equipment. If the
relative displacement of the equipment in response to a seismic excitation exceeds the gap size, the
equipment hits the snubber and bounces back to move within the range of displacements that prevent
failure of the equipment-supports and secure the associated service connections. To prevent a potential
destructive impact between two hard surfaces, snubbers are typically made of elastomeric materials such
as neoprene or natural rubber. Using impact mechanisms, elastomeric snubbers are supposed to protect
the equipment by limiting its displacement responses rather than by dissipating the seismic input energy.
Elastomeric snubbers can be installed around the equipment, separate from the vibration-isolator supports,
or they can be integrated with the vibration-isolator supports and form isolation/restraint (I/R) systems.

The experimental research presented in this report is aimed at evaluating the seismic performance of an
I/R system typical of commercially available systems for seismic application. The relatively light
mechanical equipment used as the test specimen in this study was an air-handling unit. The experimental
study included two phases of earthquake-simulator tests. In the first phase of the experiments, the test
specimen was mounted on six I/R systems. Throughout 11 test series, the test plan of this phase of the
experiments incorporated 11 different combinations of the restraint component properties. In addition to
seismic tests with a triaxial input motion scaled to different amplitudes, each of the 11 test series included
pulse-type system-identification tests. The triaxial input motion used in the seismic tests was generated to
match the AC156 (ICC-ES, 2004) Required Response Spectra (RRS) for the roof level of a building in an
area of high seismicity. During the seismic tests of this phase, the dynamic forces induced into the I/R
systems, the triaxial displacement responses on the housing of the test specimen, and the triaxial
acceleration responses near the center of mass, on the housing, and at the support locations of the test
specimen were measured.

In order to establish the modal properties of the test specimen and to compare the seismic responses of the
isolated and rigidly mounted test specimen, the second phase of the experiments were conducted with the
test specimen rigidly mounted on the earthquake simulator. The test plan of the second phase of the
experiments included system-identification and seismic tests with the triaxial input motion scaled to
different amplitudes. During the seismic tests of this phase, the dynamic forces experienced at the support
locations of the test specimen, the triaxial displacement responses on the housing of the test specimen,
and the triaxial acceleration responses near the center of mass and on the housing of the test specimen
were measured.

After analyses of the test specimen responses during the system-identification and seismic tests, the
modal properties of the isolated and rigidly mounted test specimen, and variations of the peak response
quantities with the input motion amplitude for different sets of the restraint component properties were
established. The peak response quantities considered for the analyses of the seismic performance of the
I/R systems included the amplification of the acceleration responses near the center of mass, on the
housing and at the support locations of the test specimen, the peak relative displacement responses on the
housing of the test specimen, and peak dynamic forces induced into the I/R systems. The sensitivity of the
seismic performance of the I/R systems to variations of the restraint component properties were
investigated and seismic responses of the isolated and rigidly mounted test specimen were compared to
each other.



1.1 Research Motivation and Past Studies

Mechanical equipment items, such as Heating, Ventilation, and Air-Conditioning (HVAC) units, form an
important category of nonstructural components inside buildings. Compared to the structural components
or other categories of nonstructural components, the direct loss associated to the damage to this category
of nonstructural components might be insignificant. However, the indirect loss resulting from the damage
to these components particularly in the critical facilities can be devastating. Even a short interruption in
operation of HVAC-type mechanical equipment in critical facilities (such as hospitals) endangers the
continued functionality required by the public from such facilities during and after an earthquake (Myrtle
et al., 2005).

Most of HVAC-type mechanical equipment items have rotating components. Therefore, when rigidly
mounted to the floor, they can be sources of mechanical vibrations and noise. Mechanical vibrations and
noise are certainly annoying for occupants and detrimental for objects sensitive to vibrations. The obvious
solution for this problem is to install mechanical equipment items outside buildings and away from
occupied spaces. However, this solution strongly contradicts the energy-conservation concepts. In fact,
from the energy-conservation point of view, it is always preferred to install mechanical equipment items
on the roof or intermediate levels of buildings. Therefore, a better solution is to install mechanical
equipment inside buildings (just adjacent or above occupied areas), and to prevent the transmission of
mechanical vibrations by introducing resilient interfaces between the mechanical equipment and the
building. Flexible supports such as coil springs reduce the transmission of noise, shock, and vibration
produced by the equipment into the building structure or into other sensitive equipment items inside the
building (ASHRAE, 2003).

A proper selection of mechanical properties of vibration isolators to satisfy noise-control requirements
usually results in low natural frequencies for the isolated equipment. If the natural frequencies of the
isolated equipment match the seismic response frequencies of the building during an earthquake, a quasi-
resonance will happen and the equipment will experience large displacement responses. Typical
vibration-isolator supports are not capable of accommodating large displacement responses. Due to
excessive displacement responses of the equipment relative to the floor, the vibration-isolator supports
might buckle or break. After losing its supports during an earthquake, a piece of mechanical equipment
will move freely like a massive projectile, and will be a hazard. Moreover, if the service connections
attached to the equipment cannot accommodate the excessive displacement responses they will break and
cause serious problems such as flooding (Ayres and Phillips, 1998).

Seismic vulnerability of vibration-isolated equipment items was observed for the first time after the 1964
Alaska earthquake (Ayres et al., 1973). However, observations and recommendations about the vibration-
isolated equipment prepared by Ayres et al. were published nine years later, after the 1971 San Fernando
earthquake in California. The dramatic damage to vibration-isolated equipment items during the 1971 San
Fernando earthquake (Ayres and Sun, 1973) convinced engineers that a serious conflict existed between
vibration isolation and seismic protection of mechanical equipment items. Solving this conflict was
complicated since the nature of the excitation and the expected performance during an earthquake were
completely different from those during normal operation condition. The desirable characteristics of
equipment supports to achieve vibration isolation were substantially different from those needed to secure
seismic protection. Therefore, engineers started to develop equipment-supports, capable of exhibiting
two-phase characteristics. This effort resulted in two types of seismic restraints: lockout devices, which
functioned like seat belts, and elastomeric snubbers. However, elastomeric snubbers were soon proven
much more economical, reliable, and practical than the lockout devices (Mason Industries Inc., 2004).
Consequently, installation of elastomeric snubbers became the predominant method of seismic protection
of vibration-isolated equipment.

During the earthquakes of the past three decades and particularly during the 1994 Northridge earthquake
in California, vibration-isolated equipment items protected by elastomeric snubbers fared far better than



unrestrained ones (Gates and McGavin, 1998). However, the overall performance of elastomeric snubbers
during these three decades of application has not been consistent. In many cases on the roof or upper level
of buildings, the elastomeric snubbers protecting mechanical equipment items were broken or their anchor
bolts were shaken off (Reitherman and Sabol, 1995; Naeim and Lobo, 1998). Construction errors as well
as lack of true assessment of the dynamic forces induced into the snubbers have been blamed for the
repeated damage to the vibration-isolated equipment protected by rubber snubbers (Filiatrault et al.,
2002).

Despite the repeated damage pattern to vibration-isolated equipment in recent earthquakes resulting
mainly from the failure of snubbers, the basic research work in this area has remained sparse, and the
available codes and guidelines are mainly based on experiences, engineering judgment, and intuition
rather than on systematic experimental and analytical results.

In one of the few analytical studies about the seismic responses of vibration-isolated equipment protected
by rubber snubber, Iwan (1978) showed that for the practical range of snubber properties, the translational
acceleration response at the center of mass of the equipment can be up to four times the peak input
acceleration.

Prior to the study presented in this report, another experimental study was conducted by Fathali and
Filiatrault (2007) on the seismic performance of the I/R systems supporting a heavy centrifugal liquid
chiller. The results of several series of seismic earthquake-simulator tests with various input motion
amplitudes conducted in that study showed that the peak acceleration response at the center of mass of the
chiller was amplified between 1.8 and 4.5 times in the horizontal direction and between 2.2 and 4.5 times
in the vertical direction. The amplification of the peak acceleration response at the center of mass of the
chiller reduced with an increase of the peak input acceleration. Regardless of the I/R system properties,
with high-amplitude input motions, the acceleration amplification factor at the center of mass of the
chiller varied only between 2.0 and 3.0. Throughout the experiments, the I/R systems experienced
dynamic forces much higher than their static design capacity. The restraint component properties,
particularly the gap size, were proven influential on the seismic performance of the I/R systems. Among
different combinations of the restraint component properties considered in that study, the configuration
with the smallest gap size resulted in the best overall seismic performance.

1.2 Report Organization

The introduction section of this report is followed by Section 2, which presents details and information
about the test specimen. The properties and details about the configuration of the I/R systems considered
in the experimental investigation are described in Section 3. The laboratory equipment and
instrumentation used to conduct the experiments are presented in Section 4. The input motions, plan, and
setup for the earthquake-simulator tests are explained in Section 5. Section 6 includes the system-
identification and seismic tests results. The test results presented in Section 6 are the dynamic properties
of the isolated and rigidly mounted test specimen (established based on the results of the system-
identification tests), the selected response envelopes during the seismic tests, and the damage observation
throughout the experiments. The seismic test results are analyzed and discussed in Section 7. Effects of
variations of the restraint component properties on the seismic performance of the I/R systems are studied
in Section 7. The conclusions drawn from the test results are provided in Section 8. The key and general
findings from conducting two experimental studies on the seismic performance of the I/R systems (with
light and heavy mechanical equipment) are summarized in Section 9. Section 10 lists the references used
in the text of the report.






SECTION 2

TEST SPECIMEN

2.1 General Description of Test Specimen

The light mechanical equipment used in this study is an Air-Handling Unit (AHU) provided by the Trane
Corporation. AHUs are important components of Heating, Ventilation, and Air-Conditioning (HVAC)
systems inside buildings. For energy conservation, AHUs are often mounted on the roof of buildings.
Typically, AHUs are sheet metal boxes containing modules and components to execute a three-stage
procedure: 1) to bring in outdoor air, 2) to condition the air, and 3) to distribute the conditioned air to
occupied spaces inside the building through duct systems. Each module is responsible to perform one of
the three stages. Depending on the target function and location of an AHU, different modules can be
arranged to function in parallel or in series.

Regardless of the outdoor temperature, an AHU should be able to bring sufficient conditioned air to
achieve and maintain a comfortable and healthy climate within the building. Generally, the air-
conditioning includes control of the moisture and temperature, and removing particulate and gaseous
contaminants.

Figure 2-1 shows a photograph of the test specimen mounted on the earthquake simulator in the Structural
Engineering and Earthquake Simulation Laboratory (SEESL) of the Department of Civil, Structural, and
Environmental Engineering at University at Buffalo, the State University of New York.

Figure 2-1 Test Specimen: Air-Handling Unit

2.2 Test Specimen Components

The AHU used in this study consists of four modules functioning in series: an air-mixing module, two
coil modules, and a fan module. With the coil modules placed upstream of the fan module, the test
specimen is classified as a draw-through AHU. The overall view of the AHU and close-up photos of the
AHU modules are shown in Figure 2-2.



(b) Fan Module (c) Electric Heat Coil Module (d) Air-Mixing Module

Figure 2-2 Test Specimen Components

The incoming outdoor air and return air collected from the occupied spaces are combined in the air-
mixing module. The dampers on the side and top of the air-mixing module control the volume of the
ventilation air entering the system in response to specific operating conditions.

Coil modules condition the passing air stream by dehumidifying and heating it. Dehumidification is
accomplished inside the coil module adjacent to the air-mixing module by condensing the water vapor on
cooling coils. When air is passed through the cooling coils, water condenses out on the surfaces of the
coils. Collection pans installed below the cooling coils collect the condensed water and stream it out
through drainpipes. The dehumidification procedure by cooling the air might result in overcooling the air
provided to the building. This problem is solved by the electric heat coil module between the cooling coil
and the fan module.

The fan module delivers the conditioned air to occupied spaces inside the building. A centrifugal fan belt-
driven by a motor inside the fan module blows the conditioned air into a duct system connected to the
AHU. As shown in Figure 2-3, the centrifugal fan and motor are mounted on a framework of steel
channels. Four restrained vibration isolators interface the AHU housing and the supporting frame. Each
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vibration isolator consists of two nested coil springs. The vibration isolators at four corners of the
supporting frame can be deactivated by the leveling bolts passing through the coil springs. The
deactivated vibration isolators act like rigid links between the supporting frame and the AHU housing. A
framework of steel angles encases the centrifugal fan and is connected to the AHU housing with two
vibration isolators. The vibration isolators interfacing the fan module components and AHU housing are
shown in Figure 2-4.

(a) Restrained Vibration Isolator Supporting (b) Unrestrained Vibration Isolator between Fan
Fan and Motor inside Fan Module Case and AHU Housing (Circled with Dotted Line)

Figure 2-4 Internal Vibration Isolators Interfacing Fan Module Components and AHU Housing

The AHU housing is formed by double-wall sheet metal welded to a framework of steel angles and
channels. Double-wall sheet metal is used for the housing to promote the air quality and noise control.
The AHU housing is heat insulated to prevent condensation on its surfaces. The AHU housing doors
provide easy access to all areas inside the AHU for inspection, service, and cleaning. A steel base rail is
bolted under the four modules. The isometric drawing of the base rail is shown in Figure 2-5. A steel-tube
frame bolted under the base rail provides the proper contact surface for installation of the AHU.



Figure 2-5 Base Rail Under AHU Modules

2.3 Test Specimen Dimensions and Mass

The test specimen overall dimensions are 4.37 x 2.31 X 1.69 m (172 x 91 x 66.5 in.). The overall 1.69 m
(66.5 in.) height of the test specimen includes the 1.44 m (56.5 in.) height of the modules, 0.15 m (6 in.)
height of the base rail and 0.10 m (4 in.) height of the steel-tube frame. The AHU overall and component
dimensions are presented in Figure 2-6.

According to the data provided by the AHU manufacturer and the data obtained from the measurement in
the laboratory, the total mass of the test specimen was 1971 kg (4345 [bs). Table 2-1 lists the mass of the
test specimen components. Table 2-2 presents the coordinates of the center of mass of the AHU with
respect to the coordinate system defined in Figure 2-6(a). The longitudinal, transverse, and vertical
directions of the test specimen are associated with the x, y, and z axis, respectively. Table 2-3 lists the
triaxial eccentricities between the center of mass of the AHU and the geometric center of the AHU in the
longitudinal, transverse, and vertical directions.
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(a) Overall Dimensions

Figure 2-6 Test Specimen Dimensions, (unit: mm (in.))
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(b) Module Dimensions

Figure 2-6 (cont’d) Test Specimen Dimensions, (unit: mm (in.))

Table 2-1 Test Specimen Components Mass

Component Mass, kg (Ibs)
Air-Mixing Module 307 (676)
Cooling Coil Module 293 (646)
Electric Heat Module 379 (836)
Fan Module 670 (1476)
Base Rail and Connections 158 (349)
Steel Tube Fixture 164 (362)
Total 1971 (4345)

Table 2-2 Coordinates of Center of Mass of Test
Specimen, m (in.)

x : Longitudinal | y : Transverse z : Vertical
2.42(95.3) 1.31(51.6) 0.76 (30.0)

Table 2-3 Eccentricities of Center of Mass with Respect
to Geometric Center of Test Specimen, mm (in.)

x : Longitudinal y : Transverse z : Vertical
235(9.3) 155 (6.1) 83 (3.3)







SECTION 3

ISOLATION/RESTRAINT SYSTEM

3.1 General Description of Isolation/Restraint System

For energy conservation, mechanical machinery such as HVAC equipment are often installed on the roof
or intermediate level of buildings just adjacent or above occupied areas. Mechanical equipment rigidly
mounted to a building structure can be a source of mechanical vibration and noise. The mechanical noise
and vibration inside a building cause discomfort for the occupants, damage the sensitive equipment inside
the building, and over a long period can be detrimental to the structural system.

The transmission of noise, shock, and vibration produced by a piece of mechanical equipment into the
building occupied areas is reduced by mounting the equipment on vibration isolators. Vibration isolators
are flexible supports, which interface the equipment and the building. Among different types of vibration
isolators, steel coil springs are the most popular. Figure 3-1 shows photographs of steel coil-spring
vibration isolators supporting the housekeeping pad of a mechanical equipment item.

Figure 3-1 Coil-Spring Vibration Isolators Supporting Mechanical Equipment
(Kinetics Noise Control, 2007)

While vibration isolators are perfectly capable of reducing the mechanical vibrations, their performance
during a seismic event can be problematic. A piece of rugged mechanical equipment supported by flexible
vibration isolators will have low natural frequencies. If the natural frequencies of the mounted equipment
match the response frequencies of the building during an earthquake, quasi-resonance occurs, and the
equipment will experience displacements much larger than the vibration isolator capacity. Consequently,
the equipment will be shaken off its supports and move unrestrainedly. Large mechanical equipment
moving without restraint during an earthquake will be threatening to both life and property. Furthermore,
the excessive relative displacement response of the equipment can result in breakage of the ducts, pipes,
and electrical wirings connected to it. Figure 3-2 shows an example of failed vibration isolators during the
1994 Northridge earthquake, which have resulted in rupture of the connected pipes (Lloyd, 2003).

The displacement response of an isolated equipment item can be limited by using snubbers. Snubbers (or
bumpers) are installed with a practical clearance (air gap) from the equipment to limit the displacement
responses within the range that ensures safety of the equipment and its associated ducts, pipe, and wires.
The air gap is necessary to keep the snubbers out of contact during the normal operation of the equipment.
When the equipment displacement response exceeds the gap size, an impact occurs between the
equipment and the snubber, and the equipment bounces back to move within the accepted range of
displacement.
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Figure 3-2 Pipe Rupture Resulting from Vibration-Isolator Supports Failure during
Northridge Earthquake (Lloyd, 2003)

Intensity of the impact between the equipment and snubber is reduced by making the snubber contact
surface from a flexible material such as neoprene or natural rubber. The resilient contact surface of the
snubber prevents the potential destructive impact between two hard surfaces but adds little to the energy
dissipation capability of the snubber. Essentially, snubbers control the displacement response of
vibration-isolated equipment by changing the stiffness of the support rather than by dissipating energy.

Some snubbers such as those shown in Figure 3-3 are designed to provide restraint in only one direction.
Since earthquake direction is not predictable, sets of unidirectional snubber should be installed around the
vibration-isolated equipment to ensure sufficient restraining forces in all directions.

L T T R
i

Figure 3-3 Unidirectional Seismic Snubber (Kinetics Noise Control, 2007)

Throughout the four decades of application of snubbers, the unidirectional snubbers have evolved into all-
directional integrated isolation/restraint (I/R) systems. The integrated I/R systems do not require a
supplemental support base. Therefore, they are ideal for the rugged point-loaded equipment such as
chillers and fans. From the vibration-isolation point of view and especially for the heavy equipment with
horizontal eccentricities between the center of support locations and the center of mass, installation of
unidirectional snubbers separate from isolation springs are preferable. However, from the seismic-
protection point of view, integrated I/R systems are superior. During the 1994 Northridge earthquake the
integrated I/R systems fared much better than the other unidirectional snubbers (Lama, 1994).
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The integrated I/R system used for this experimental study is typical of the systems designed and
approved by the ASHRAE members. The isolation and restraint components of this I/R system are
oriented orthogonally with respect to each other. The two components are integrated into an I/R system
unit by bolting the top and bottom plate of the restraint component to the top and bottom plate of the
isolation component. The assembled I/R system is about 84 kg (185 [b), 292 mm (8.5 in.) tall, and 445 x
445 mm (17.5 x 17.5 in.) in plan. Figure 3-4 shows photographs of the I/R system before and after
mounting the test specimen.
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(a) Before Mounting Test Specimen (b) After Mounting Test Specimen

Figure 3-4 Assembled Isolation/Restraint System

Six I/R systems were installed under the test specimen: under the four corners and the two ends of the
joint between the coil modules. The I/R systems supporting the test specimen are numbered from 1 to 6,
as shown in Figure 3-5.
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Figure 3-5 Arrangement of Six I/R Systems under Test Specimen
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3.2 Isolation Component of Isolation/Restraint System

The isolation component of the I/R system used in this study consists of two single or nested steel coil
springs embedded between two parallel rectangular steel plates. Dimensions and details of the isolation
component of the I/R system are shown in Figure 3-6. For the I/R systems supporting large tributary mass
of the test specimen, nested coil springs with different geometry and stiffness were used to limit the
vertical deflection of the isolation component to 76 mm (3 in.). Figure 3-7 shows photographs of the
single and nested coil springs.

The 210 mm (8.25 in.)-wide horizontal clearance between the two coil springs is provided for installation
of the restraint component of the I/R system. The vertical distance left between the top and bottom plate
after mounting the equipment (when the springs are compressed) is important because the restraint
component should fit and function properly between the two plates. The required distance between the top
and bottom plate is adjusted by the two leveling bolts that pass through the load plates on top of the
springs.

Coil springs are typically designed and constructed for a required axial stiffness or a target vertical
deflection. The required axial stiffness (or target vertical deflection) is selected based on the weight and
the operation-induced forces of the equipment without any seismic considerations. After selecting the coil
spring for a required axial stiffness (or a target deflection), the lateral (horizontal) stiffness of the spring
can be calculated. The lateral stiffness of a coil spring is a function of several parameters including its
axial stiffness, geometry, uncompressed and compressed length, and end conditions (Harris and Crede,
1961; Yao and Lien, 1998).

Table 3-1 lists the information about the type (single or nested), axial stiffness, estimated lateral stiffness,
and vertical deflection for the isolation component of each of the I/R systems supporting the test
specimen. The values for the axial and lateral stiffness of the isolation components of the I/R systems
were provided by their manufacturer. However, the values of the vertical deflection were measured in the
laboratory after mounting the test specimen on the I/R systems. The vertical deflections of the isolation
components under the test specimen showed that the I/R system #4 carries the largest tributary mass.

When the restraint component of the I/R system is not engaged, applied loads are carried only by the

isolation component, and therefore, the total stiffness of the I/R system is equal to the stiffness of the
isolation component.
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Figure 3-7 Single and Nested Coil Springs Used for Isolation Component of I/R System

Table 3-1 Estimated Stiffness and Measured Vertical Deflection of Isolation
Component of Six I/R Systems Supporting Test Specimen

. . Isolation Component . .
I/R System | Coil Spring Stiffness, N/mm (Ib/in.) Vertical Deflection,
No. Type : mm (in.)
Axial Lateral
1 Single 43.8 (250) 22.8 (130) 49 (2.1250)
2 Single 43.8 (250) 22.8 (130) 51(2.1250)
3 Nested 65.7 (375) 33.3 (190) 60 (2.5000)
4 Nested 65.7 (375) 40.3 (230) 75 (3.000)
5 Single 43.8 (250) 24.5 (140) 60 (2.5625)
6 Nested 65.7 (375) 31.5(180) 56 (2.3125)

3.3 Restraint Component of Isolation/Restraint System
3.3.1 Configuration Details

Details and dimensions of the restraint component of the I/R system are shown in Figure 3-8 and are
listed in Table 3-2. The restraint component consists of a top and a bottom thick rectangular steel plate. A
piece of steel pipe is welded to the center of each plate. When the pipes are aligned coaxially, their
different diameters allow the top pipe go through the bottom pipe with a 25 mm (1 in.) thick cylindrical
air gap. Part of the cylindrical air gap is filled by a rubber tube fitted inside the bottom pipe. Two threaded
rods are welded to the sides of the top plate. Each rod has a pair of nuts. Two pieces of 13 mm (0.5 in.)
thick steel angle are welded to the sides of the bottom plate. A 13 mm (0.5 in.) thick plate with a hole in
its center is welded on top of each of the two angles. A rubber washer is fitted into the hole of each plate.
When the top and bottom pipes are aligned coaxially, the rods of the top plate of the restraint component
pass through the center of the hole on the plates. The rubber washer fitted into the hole prevents impacts
between the steel rod and the plate. On each side of the plate, there is a rubber washer and a steel washer.
The steel washer interfaces the nut and rubber washer surface. Figures 3-9 and 3-10 present photographs
of the top and bottom part of the restraint component of the I/R system, respectively.
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Table 3-2 Details of Restraint Component of I/R System

Part' | Quantity | Description Size
A 1 Top Steel Plate 13 x 152 x 445 mm (0.5 x 6.0 x 17.5 in.)
B I Bottom Steel 13 X 152 X 445 mm (0.5 X 6.0 X 17.5 in.)
Plate
C 1 Bo“g‘f;eswel 102 mm (4 in.) Pipe / 102 mm (4 in.) long
D 1 Top Steel Pipe 51 mm (2 in.) Pipe / 102 mm (4 in.) long
E 2 Threaded Rod 16 mm (0.625 in.) - 11 UNC/ 108 mm (4.25 in.) long
UNC Torque .
F 4 Hexagonal Nut 16 mm (0.625 in.) - 11 UNC
76 mm (3 in.) O.D./ 19 mm (0.75 in.) L.D. /

G 4 Steel Washer 6 mm (0.25 in.) Thick,
H ) Steel Plate 13x 127 x 127 mm (0.5 x 5.0 X 5.0 in.) /

with Hole 54 mm (2.125 in.) Hole
J 2 Steel Angle 127 x 127 x 13 mm (5.0 X 5.0 X 0.5 in.) / 76 mm (3 in.) long

54 mm (2.125in.) O.D./ 51 mm (2.0 in.) LD./

K 4 | Rubber Washer 13 mm (0.5 in.) Thick.
L 1 Rubber Tube Variable / See Table 3-3
M 2 Rubber Washer Variable / See Table 3-3

1. See Figure 3-8
2. UNC: Uniform Coarse Thread, O.D.: Outside Diameter, 1.D.: Inside Diameter
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(b) Rubber Washers
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(d) Placement of Rubber Washers

Figure 3-9 Restraint Component of I/R System, Bottom Part
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(c) Steel Bushing around Top Pipe to Adjust Horizontal Gap Size

Figure 3-10 Restraint Component of I/R System, Top Part
3.3.2 Restraining Mechanism

In the horizontal direction, the top and bottom parts of the restraint component can move freely relative to
each other within the cylindrical air gap left between the top pipe and the rubber tube inside the bottom
pipe. The restraining mechanism in the horizontal direction is triggered when the top pipe makes contact
with the rubber tube inside the bottom pipe. The expanding contact surface between the top pipe and the
rubber results in gradual engagement of the snubber in the horizontal direction and introduces a geometric
nonlinearity.

Subtracting the total thickness of the two rubber washers, two steel washers, and steel plate (with a hole in
the center) from the distance left between the two nuts on the threaded rod gives the peak-to-peak vertical
gap of the restraint component. The restraining mechanism in the vertical direction is activated when at
least one of the nuts on the rods starts to press the steel washer onto the rubber washer. The snubber in the
vertical direction is fully engaged at once, and the contact surface between the steel washer and the rubber
stays constant as long as the snubber is engaged.

The restraining mechanism resulting from the impact between two steel objects has been proven
destructive and should be strictly avoided (Lama, 1998). Therefore, locations of the nuts on the rods
should be adjusted such that the free end of the rods and top pipe are prevented from touching the bottom
plate of the restraint component.
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During the temporary engagement of the restraint component, the stiffness of the snubbers significantly
increase the total horizontal and vertical stiffness of the I/R system. According to the manufacturer of the
I/R systems, static engagement of the horizontal restraint would multiply the total horizontal stiffness of
the I/R system by a factor larger than 20 (depending on the rubber tube properties) and engagement of the
vertical restraint would increase the total vertical stiffness of the I/R system by a factor of factor 15
(depending on the rubber washer properties).

3.3.3 Variable Properties

The thickness and hardness of the rubber tube and rubber washer as well as the horizontal and vertical
gaps are the configuration variables of the restraint component that can affect the seismic performance of
the I/R system. Table 3-3 lists the variations of each of the configuration variables considered in this

study.

Table 3-3 Variations of Restraint Component Properties

Restraint Component Property Nominal Values
Gap Size, mm (in.) 6, 13 (0.25, 0.50)
Rubber Tube Thickness, mm (in.) 3,6,13,19(0.125, 0.25, 0.50, 0.75)
Rubber Washer Thickness, mm (in.) 6, 13,19 (0.25, 0.50, 0.75)
Rubber Tube and Rubber Washer Hardness, Duro 50, 60

The vertical gap, which was always nominally equal to the horizontal gap, was adjusted by moving the
nuts along the threaded rods. The horizontal gap was adjusted by inserting steel bushings around the top
pipe (see figure 3-10(c)).

Ideally, as shown in Figure 3-11(a), the horizontal gap is uniform around the top pipe. However, after
mounting the test specimen on top of the I/R systems, the horizontal gaps in the restraint components of
the I/R systems were not always uniform. In the I/R systems with small nominal gap size, the offset
between the axes of the rubber tube and the top pipe was sometimes larger than the nominal gap size and
therefore, the top pipe was in contact with the rubber tube, as illustrated in Figure 3-11(b). In some cases
throughout the test series, as the result of the severe shaking and impacts, the position of test specimen on
top of the I/R systems were slightly readjusted and the contact inside the restraint component was
decreased or even eliminated as shown in Figure 3-11(c).

Tubular Rubber Pad
Inner Steel Pipe
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Figure 3-11 Horizontal Gap in At-Rest Condition after Installation (Top View)
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3.3.4 Static Design Capacity

The restraint component of I/R systems should be designed for the supplemental dynamic loads resulting
from the impacts between the equipment and the restraint component during a seismic event. The
maximum dynamic load induced into the restraint component of an I/R system is estimated by an
equivalent static load, which is equal to the mass carried by the I/R system multiplied by a design peak
acceleration (Meisel, 2001). The restraint component should be capable of withstanding the equivalent
static load applied in any given direction.

The restraint component of the I/R system used in this study was designed for 3.0 g peak acceleration. In
other words, the restraint component was designed to withstand static loads as large as three times the
tributary supported weight. Assuming during the design that the central I/R systems would support almost
one quarter of the test specimen mass, the restraint component of the I/R system was designed and
manufactured for the static design capacity of 15 kN (3.4 kips).
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SECTION 4

LABORATORY EQUIPMENT

4.1 Earthquake Simulator

The six-degree-of-freedom earthquake simulator utilized in this series of experiments is located in the
Structural Engineering and Earthquake Simulation Laboratory (SEESL) of the Department of Civil,
Structural, and Environmental Engineering at University at Buffalo, the State University of New York.
The earthquake simulator is capable of the nominal performances listed in Table 4-1. The performance
data is based on the continuous uniaxial sinusoidal motion of the earthquake simulator with a 20 mzon (44
kips) rigid specimen installed on it. Performance levels are reduced with payloads larger than this nominal
value. Figure 4-1 shows photographs of the earthquake simulator with and without its extension. The plan
dimensions of the earthquake simulator extension, a welded steel truss with the approximate mass of 9.8
mton (22 kips), are shown in Figure 4-2. More details on the earthquake simulator characteristics can be
found at http://nees.buffalo.edu/Facilities/Major Equipment/.

Table 4-1 Nominal Performances of Six-Degree-of-Freedom Earthquake Simulator

Earthquake Simulator Size without 3.6 mx3.6m
Extension Platform (12 fi x 12 f?)
Earthquake Simulator Size with 7.0mx7.0m
Extension Platform in Place (23 ftx 23 f?)
Maximum Specimen Mass without 50 mton maximum / 20 mton nominal

Extension Platform (110 kips maximum / 44 kips nominal)

Maximum Specimen Mass with 40 mton maximum

Extension Platform in Place (88 kips maximum)

) ) 46 ton-m
Maximum Overturning Moment
(333 kip-ft)
) ) 15 ton-m
Maximum off-Center Loading Moment
(108 kip-ft)
Frequency of Operation 0.1~50 Hz nominal / 100 Hz maximum
Nominal Performance X axis Y axis Z axis
+0.15 m +0.15 m +0.075m
Stroke
(x6 in.) (£6 in.) (£3in.)
) 1250 mm/sec | 1250 mm/sec | 500 mm/sec
Velocity
(49.2 in./sec) | (49.2 in./sec) | (19.7 in./sec)
Acceleration (with 20 mton Specimen) +115¢g +115¢g +115g"

1. g is the acceleration due to gravity
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(a) without Table Extension (b) with Table Extension

Figure 4-1 Six-Degree-of-Freedom Earthquake Simulator
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Figure 4-2 Plan Dimension of Earthquake Simulator Extension (units: mm[in])
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4.2 Instrumentation

Measurements of the triaxial acceleration and displacement responses of the test specimen, and the
dynamic forces induced into the I/R systems are required to evaluate the seismic performance of the I/R
systems. The following sections describe the instrumentations used for the two phases of experiment
conducted in this study: Phase I with the test specimen mounted on six I/R systems, and Phase I with the
rigidly mounted test specimen.

4.2.1 Phase I: Isolated Test Specimen

A total of 79 accelerometers, 14 Light Emitting Diodes (LEDs) detected by a coordinate measurement
machine, and 6 load cells were used to measure the triaxial acceleration and displacement responses of
the test specimen, and the dynamic forces introduced into the I/R systems. To measure the potential
deformation of the test specimen housing during the experiments, eight string displacement transducers
were installed along diagonals of four faces of the test specimen. All the accelerometers, displacement
transducers, and load cell signals were sampled at 256 Hz. The triaxial displacement responses at the LED
locations were detected by the coordinate measurement machine at 125 Hz. An anti-aliasing filter with a
corner frequency of 50 Hz was applied to all of the channels during the data acquisition.

The top of the motor inside the fan module was the closest location to the center of mass of the test
specimen to which a set of triaxial accelerometers could be attached. Therefore, a set of triaxial
accelerometers were installed on top of the motor. The acceleration responses at the support locations
were measured by seven accelerometers installed on top level of each I/R system: two accelerometers in
each of the transverse and longitudinal direction and three accelerometers in the vertical direction. Six
accelerometers attached to the west face and four accelerometers attached to the north face of the test
specimen measured the acceleration response of the test specimen housing in the transverse and
longitudinal direction, respectively. The earthquake simulator performance was verified by comparison of
the desired motion inputted to the earthquake simulator and the motion achieved at the bottom level of the
I/R systems. For this purpose, arrays of three orthogonal accelerometers were installed at the center of the
earthquake simulator, at the center of the extension platform, and on top level of each load cell (bottom
level of the I/R systems). Table 4-2 lists information about the location and direction of the 79
accelerometers used for Phase I of the experiments. Figures 4-3 through 4-6, associated with Table 4-2,
show locations of the accelerometers.

The dynamic forces induced in the I/R systems (particularly the axial and shear forces) were measured by
the load cells installed under each of the six I/R systems. Each load cell could measure five different force
components: the normal (vertical) force, horizontal shear forces in the two orthogonal directions
(transverse and longitudinal), and moments around the transverse and longitudinal axes. The capacity of
each load cell is 178 kN (40 kips) for pure axial force, 4.5 kN-m (40 kips-in.) for pure moment, and 22.5
kN (5 kips) for pure shear force. Information about the location and direction of the load cell channels are
listed in Table 4-3 and are shown in Figure 4-7.

A coordinate measurement machine recorded the triaxial displacement response at nine points on the
south face of the test specimen, four points on the bottom level of I/R systems #1 and #2, and one point
on the earthquake simulator extension. The eight string displacement transducers were installed along
diagonals of the west, north, east, and top faces of the test specimen. Figures 4-8 to 4-10, associated with
Table 4-4, show the location of the LEDs and displacement transducers.
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Table 4-2 Instrumentation List, Accelerometers, Phase I: Isolated Test Specimen

Channel # | Quantity Type Symbol Direction Location
1-3 3 Accelerometer — Triaxial Center .Of Earthquake
Simulator
4-6 3 Accelerometer — Triaxial Cc?nter of Earthqu? ke
Simulator Extension
7-9 3 Accelerometer — Triaxial Top of Motor inside AHU
10 1 Accelerometer > Transverse
. Top of Load Cell No.1
11 1 Accelerometer > Longitudinal (South East Corner)
12 1 Accelerometer @ Vertical
13 1 Accelerometer > Transverse
o Top of Load Cell No.2
14 1 Accelerometer > Longitudinal (South West Corner)
15 1 Accelerometer @ Vertical
16 1 Accelerometer } Transverse
o Top of Load Cell No.3
17 1 Accelerometer > Longitudinal (Mid West Support)
18 1 Accelerometer @ Vertical
19 1 Accelerometer } Transverse
o Top of Load Cell No.4
20 1 Accelerometer > Longitudinal (North West Corner)
21 1 Accelerometer @ Vertical
22 1 Accelerometer } Transverse
o Top of Load Cell No.5
23 1 Accelerometer > Longitudinal (North East Corner)
24 1 Accelerometer @ Vertical
25 1 Accelerometer » Transverse
o Top of Load Cell No.6
26 1 Accelerometer > Longitudinal (Mid East Support)
27 1 Accelerometer @ Vertical
28-29 2 Accelerometer » Transverse
o Top of I/R System No.1
30-31 2 Accelerometer > Longitudinal (South East Corner)
32-34 3 Accelerometer @ Vertical
35-36 2 Accelerometer > Transverse
o Top of I/R System No.2
37-38 2 Accelerometer > Longitudinal (South West Corner)
39-41 3 Accelerometer @ Vertical

(\
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Table 4-2 (cont’d) Instrumentation List, Accelerometers, Phase I: Isolated Test Specimen

Channel # | Quantity Type Symbol Direction Location

42-43 2 Accelerometer > Transverse

o Top of I/R System No.3
44-45 2 Accelerometer > Longitudinal (Mid West Support)
46-48 3 Accelerometer @ Vertical
49-50 2 Accelerometer > Transverse

oL Top of I/R System No.4
51-52 2 Accelerometer > Longitudinal (North East Corner)
53-55 3 Accelerometer ® Vertical
56-57 2 Accelerometer > Transverse

. Top of I/R System No.5
58-59 2 Accelerometer > Longitudinal (North West Corner)
60-62 3 Accelerometer @ Vertical
63-64 2 Accelerometer > Transverse

o Top of I/R System No.6
65-66 2 Accelerometer > Longitudinal (Mid East Point)
67-69 3 Accelerometer @ Vertical
70-75 6 Accelerometer > Transverse AHU West Face
76-79 4 Accelerometer > Longitudinal AHU North Face

Figure 4-3 Triaxial Accelerometers Installed Close to Center of Mass of Test Specimen,
Top of Motor inside Fan Module
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Coil Module #1
Coil Module #2

28 63 ) 56
Figure 4-5 Arrangement of Accelerometers at Top Level of I/R Systems, Channels #28 to #69
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Figure 4-6 Arrangement of Accelerometers on Test Specimen Housing, Channels #70 to #79,
Phase I: Isolated Test Specimen
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Table 4-3 Instrumentation List, Load Cells, Phase I: Isolated Test Specimen

Channel # | Qty. Type Symbol Direction Location
80 1 |Load Cell Transverse Shear
81 1 | Load Cell Longitudinal Shear
82 1 | Load Cell * Normal Force S((iu;: dEglel\(I)?le)r
83 1 |Load Cell Moment around Transverse Axis
84 1 |Load Cell Moment around Longitudinal Axis
85 1 | Load Cell Transverse Shear
86 1 |Load Cell Longitudinal Shear
87 1 | Load Cell * Normal Force S((Elil d“éizsltl %(())r'rzlir
88 1 | Load Cell Moment around Transverse Axis
89 1 |Load Cell Moment around Longitudinal Axis
90 1 | Load Cell Transverse Shear
91 1 | Load Cell Longitudinal Shear
92 1 | Load Cell * Normal Force h{igg?ﬁtu&ﬁsg?
93 1 | Load Cell Moment around Transverse Axis
94 1 | Load Cell Moment around Longitudinal Axis
95 1 | Load Cell Transverse Shear
96 1 | Load Cell Longitudinal Shear
97 1 | Load Cell * Normal Force I\iilzg d“ée:ﬁ i&g?r
98 1 | Load Cell Moment around Transverse Axis
99 1 | Load Cell Moment around Longitudinal Axis
100 1 | Load Cell Transverse Shear
101 1 | Load Cell Longitudinal Shear
102 1 |Load Cell * Normal Force I?Eg;%‘:ﬁ?\?g?
103 1 | Load Cell Moment around Transverse Axis
104 1 | Load Cell Moment around Longitudinal Axis
105 1 | Load Cell Transverse Shear
106 1 | Load Cell Longitudinal Shear
107 1 |Load Cell * Normal Force lziigagisjilsllgg 06r)t
108 1 | Load Cell Moment around Transverse Axis
109 1 |Load Cell Moment around Longitudinal Axis
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LC#3: 90-94 T.CH4: 95-

LC#2: 85-89 LC#1: 80-84 LC#6: 105-109 ~ LC#5:100-104

Figure 4-7 Arrangement of Six Load Cells under Test Specimen, Channels #80 to #109,
Phase I: Isolated Test Specimen

Table 4-4 Instrumentation List, Coordinate Measurement Machine LEDs, and Displacement
Transducers, Phase I: Isolated Test Specimen

Channel # | Qty. Type Symbol | Direction Location
110-111 2 Displacement Transducer I><I Diagonal AHU Top Surface
112-113 2 Displacement Transducer I><I Diagonal AHU West Face
114-115 2 Displacement Transducer I><I Diagonal AHU North Face
116-117 2 Displacement Transducer I><I Diagonal AHU East Face
118-126 | 9 KRYPTON LED <~ | Triaxial AHU South Face
127-128 2 KRYPTON LED + Triaxial Top of Load Cell No.1
129-130 | 2 KRYPTON LED < Triaxial Top of Load Cell No.2

131 1 KRYPTON LED <> | Triaxial Extension South Edge
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Figure 4-8 Arrangement of Displacement Transducers on Test Specimen Housing,
Channels #110 to #117, Phase I: Isolated Test Specimen
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Figure 4-9 Displacement Transducers on West Face of Test Specimen, Channel#113,
Phase I: Isolated Test Specimen

130

Figure 4-10 Arrangement of KRYPTON LEDs on Test Specimen Housing, on Top Level of Load
Cells, and on Earthquake Simulator Extension, Channels #118 to #131,
Phase I: Isolated Test Specimen
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4.2.2 Phase II: Rigidly Mounted Test Specimen

The instrumentation plan of the Phase II of the experiments (rigidly mounted test specimen) was similar
to that of the Phase I but without the instrumentation on the top level of the I/R systems and with 16
additional accelerometers attached to the test specimen housing. The instrumentations used for Phase II of
the experiments are listed in Tables 4-5 through 4-7. Figures 4-11 through 4-15 show the locations of the
instrumentation for this phase of the experiments.
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Table 4-5 Instrumentation List, Accelerometers, Phase 1I: Rigidly Mounted Test Specimen

Channel # | Quantity Type Symbol Direction Location
1-3 3 Accelerometer — Triaxial Center .Of Earthquake
Simulator
4-6 3 Accelerometer — Triaxial Cc?nter of Earthqu? ke
Simulator Extension
7-9 3 Accelerometer — Triaxial AHU Center of Gravity
10 1 Accelerometer > Transverse
. Top of Load Cell No.1
11 1 Accelerometer > Longitudinal (South East Corner)
12 1 Accelerometer @ Vertical
13 1 Accelerometer > Transverse
o Top of Load Cell No.2
14 1 Accelerometer > Longitudinal (South West Corner)
15 1 Accelerometer @ Vertical
16 1 Accelerometer > Transverse
o Top of Load Cell No.3
17 1 Accelerometer > Longitudinal (Mid West Support)
18 1 Accelerometer @ Vertical
19 1 Accelerometer > Transverse
o Top of Load Cell No.4
20 1 Accelerometer > Longitudinal (North West Corner)
21 1 Accelerometer @ Vertical
22 1 Accelerometer > Transverse
o Top of Load Cell No.5
23 1 Accelerometer > Longitudinal (North East Corner)
24 1 Accelerometer @ Vertical
25 1 Accelerometer > Transverse
o Top of Load Cell No.6
26 1 Accelerometer > Longitudinal (Mid East Support)
27 1 Accelerometer @ Vertical
28-33 6 Accelerometer > Transverse AHU West Face
34-37 4 Accelerometer > Longitudinal AHU North Face
38-43 6 Accelerometer > Transverse AHU East Face
44-47 4 Accelerometer > Longitudinal AHU South Face
48-53 6 Accelerometer O Vertical AHU Top Surface




Figure 4-11 Arrangement of Accelerometers on Test Specimen Housing, Channels #28 to #53,
Phase II: Rigidly Mounted Test Specimen
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Table 4-6 Instrumentation List, Load Cells, Phase II: Rigidly Mounted Test Specimen

Channel # | Qty. Type Symbol Direction Location
54 1 |Load Cell Transverse Shear
55 1 |Load Cell Longitudinal Shear
56 1 | Load Cell * Normal Force S((iu;: dEgztllcl\?Sle )r
57 1 |Load Cell Moment around Transverse Axis
58 1 |Load Cell Moment around Longitudinal Axis
59 1 | Load Cell Transverse Shear
60 1 |Load Cell Longitudinal Shear
61 1 | Load Cell * Normal Force nggz d“ézsltl %c())r'rzl(;r
62 1 | Load Cell Moment around Transverse Axis
63 1 |Load Cell Moment around Longitudinal Axis
64 1 | Load Cell Transverse Shear
65 1 | Load Cell Longitudinal Shear
66 1 | Load Cell * Normal Force h{igg?ﬁtu&ﬁsg?
67 1 | Load Cell Moment around Transverse Axis
68 1 | Load Cell Moment around Longitudinal Axis
69 1 | Load Cell Transverse Shear
70 1 | Load Cell Longitudinal Shear
71 1 |Load Cell * Normal Force I\iirotg d“ézsltl %Z)Ijzsr
72 1 | Load Cell Moment around Transverse Axis
73 1 | Load Cell Moment around Longitudinal Axis
74 1 | Load Cell Transverse Shear
75 1 | Load Cell Longitudinal Shear
76 1 | Load Cell * Normal Force ngdegsfl(ﬁ(?;r
77 1 |Load Cell Moment around Transverse Axis
78 1 |Load Cell Moment around Longitudinal Axis
79 1 |Load Cell Transverse Shear
80 1 |Load Cell Longitudinal Shear
81 1 | Load Cell * Normal Force lziigagacsiﬁlﬁg 061)1
82 1 | Load Cell Moment around Transverse Axis
83 1 |Load Cell Moment around Longitudinal Axis
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LC#2: 59-63
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LC#4: 69-73 -

Figure 4-12 Arrangement of Six Load Cells under Test Specimen, Channels #54 to #83,
Phase II: Rigidly Mounted Test Specimen
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Table 4-7 Instrumentation List, Coordinate Measurement Machine LEDs and Displacement
Transducers, Rigidly Mounted Test Specimen, Phase II: Rigidly Mounted Test Specimen

Channel # | Qty. Type Symbol | Direction Location
84-85 2 Displacement Transducer I><I Diagonal AHU Top Surface
86-87 2 Displacement Transducer I><I Diagonal AHU West Face
88-89 2 Displacement Transducer I><I Diagonal AHU North Face
90-91 2 Displacement Transducer I><I Diagonal AHU East Face
92-100 | 9 KRYPTON LED <~ | Triaxial AHU South Face
101-102 | 2 KRYPTON LED <> | Triaxial Top of Load Cell No.1
103-104 2 KRYPTON LED <=~ Triaxial Top of Load Cell No.2
105 1 KRYPTON LED <> | Triaxial | Table Extension South Edge

Figure 4-13 Arrangement of KRYPTON LEDs on Test Specimen Housing, on Top Level of Load Cells,
and on Earthquake Simulator Extension, Channels #92 to #105,
Phase II: Rigidly Mounted Test Specimen
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Figure 4-14 Arrangement of Displacement Transducers on Test Specimen Housing,
Channels #84 to #91, Phase I1: Rigidly Mounted Test Specimen
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SECTION §

EARTHQUAKE SIMULATOR TESTS

The experimental study presented in this report included two phases of earthquake simulator testing. In
Phase I, the test specimen was mounted on six of the I/R systems. The test plan of Phase I included
triaxial seismic tests with different input motion amplitudes, and incorporated different configuration
properties of the restraint components of the I/R systems. Pulse tests were also conducted for the system
identification of the test specimen supported by the isolation components of the I/R systems.

In Phase II of the experiments, the test specimen was rigidly mounted on the earthquake simulator. The
test plan of Phase II included unidirectional white noise tests and triaxial seismic tests with different
amplitudes. The following sections describe the input motion used for the three types of earthquake
simulator tests, the test plan, and test setup procedure.

5.1 Earthquake Simulator Input Motions
5.1.1 Seismic Tests

A set of triaxial input motion was generated for the seismic tests to match the Required Response
Spectrum (RRS) of the AC156 testing protocol (ICC-ES, 2004). The generated input motion was intended
to represent the roof motion of a building structure located on a site class D in an area of high seismicity.
Figure 5-1 shows the parametric 5%-damped horizontal and vertical RRS specified by the AC156 testing
protocol.

AFij

N
2

(98] \9)

Horizontal RRS
— — Vertical RRS

Spectral Response Acceleration, g

13 X} 333
Frequency, Hz

Figure 5-1 AC156 5%-Damped Horizontal and Vertical Required Response Spectra (RRS)
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For all frequencies, the amplitude of the vertical RRS is two third of the amplitude of the horizontal RSS.
According to the AC156 testing protocol, the horizontal spectral acceleration for a piece of flexible
equipment (4 r.y) and for a piece of rigid equipment (4g) are calculated as:

Arrx = SDS(1+2%) <1.6Sps (5-1)
Aric = 0.4SD5(1+2%) (5-2)

where:

z = height of the level in the structure where the equipment is located with respect to base
h = average roof height of the structure with respect to base
Sps = design 5%-damped spectral response acceleration at short period

The height ratio Z s equal to one for the roof level of building structures. Sps was selected as 1.0 g for a
site class D in an area of high seismicity (ICC, 2003). Hence, Ax.x and Ag;c were calculated as 1.6 g and
1.2 g, respectively. The triaxial acceleration histories generated to match the corresponding RRS are
shown in Figure 5-2. The peak input acceleration of the generated input motion in the transverse,
longitudinal, and vertical direction were 0.80 g, 0.79 g, and 0.53 g, respectively. The transverse and
longitudinal component of the input motion was associated with the short and long direction of the test
specimen, respectively. The Required Response Spectra (RRS) and the Test Response Spectra (TRS) for a
full-scale test are compared in Figure 5-3. The TRS envelopes the RRS over almost the entire 1.3 to 33
Hz frequency range.
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Figure 5-2 Acceleration Histories of Triaxial Input Motion Generated to Match AC156 RRS,
Roof Level of a Building Located on a Site Class D in an Area of High Seismicity
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Figure 5-3 Comparison of RRS and TRS for a Full-Scale Triaxial Seismic Test
5.1.2 Pulse-Type System-Identification Tests

In Phase I of the experiments, pulse-type system-identification tests were conducted before and after each
seismic test to establish and monitor changes to the natural frequencies and mode shapes of the test
specimen supported by the isolation components of the I/R systems.

The input motion of the pulse tests consisted of three full-cycle sinusoidal pulses occurring in the
transverse, longitudinal, and vertical direction, respectively, with a ten-second interval between each
pulse. Each of the three pulses had a period of 0.1 second and an amplitude of 0.05 g. The amplitude of
the pulses was calibrated to insure that the restraint components of the I/R systems would not be engaged.
Equation 5-3 presents the desired input acceleration of the pulse tests. Figure 5-4 shows the portion of the
acceleration history in each of the three orthogonal directions, which includes the pulse.

(5-3)

(0.055in(207t))g ; t:s<t<ts+0.1
a=
0 ) t<ts or t2t3+01

where:

a = input (desired) acceleration

g = acceleration due to gravity

t, = 5 sec. for the transverse direction, 15 sec. for the longitudinal direction,
and 25 sec. for the vertical direction

The ten-second interval between the pulses was introduced to allow the test specimen to return to an at-
rest condition (no vibration) before the application of each pulse. From the response to the pulse in each
direction, natural frequencies and mode shapes of the isolated test specimen were established based on the
procedure described in Section 6.1.2.

44



[ [ [ [ [ [ [ [

| | | | | | | |

[ [ [ [ [ [ [ [

I I I I 0 I I I I A
e e e B Vo \\,\\\,\\\\\,\\\,\\\\w

[ [ [ [ [ [ [ [

| | | | | | | |

[ [ [ [ [ [ [ [
S [ e S iy [l el B

[ [ [ [ [ [ [ [ | | | |

[ [ [ [ [ [ [ [ | | | |

[ [ [ [ [ [ [ [ ~ | | | |
ST [ B T e I e YA

| | | | n | | | | — ,t ” ,t ”

[ [ [ [ [ [ [ [ | | | |

[ [ [ [ [ [ [ [ | | | |
e A [ [ o I I
| | | | g | .m ,r ” | |

[ [ [ [ —~ B | ~ Q | | | |

, , , , g 8 ! g 2 | | | |
e A NN e | | | |

[ [ [ [ w3 A [ o T [
o o E 2 | N - o

[ [ I [ = 5 I = 5 | | | |

[ [ [ [ > [ =

I I I I S I I I I =} | | | |

[ [ [ [ = [ [ [ [ M | | | |

[ [ [ [ ~ = [ R [ - | | | |
e Y ~ T T | M @ -7 = A4 - I i
[ [ [ [ [ [ [ [

o o o o o o

[ [ [ [ [ [ [ [ | | | |
- o —— - — e s [l (R i (R R
[ [ [ [ [ [ | | | |

[ [ [ [ [ | | | |

, | | | | | o | | | |
- I Ve -k == - il SR S TR B [
[ [ [ [ [ [ [ [ — | | | |

[ [ [ [ [ [ [ [ | | | |

[ [ [ [ [ [ [ [ | | | |

I A R B S e e R — — ,W,W, ,W,W,
g9 ° 8 2 8 28 ° 388 N
S S < S s S S S S < S S 3 S S 3

(8) uonerdEoy (8) uonerd[eoy (8) uoneI[PIOY

25 25.2

24.8

Time(sec.)
(b) Vertical Direction
45

24.4 24.6

242
Figure 5-4 Triaxial Input Acceleration for Pulse-Type System-Identification Tests



5.1.3 White Noise System-Identification Tests

Unidirectional white noise tests were conducted at the beginning and conclusion of Phase II to establish
and monitor changes to dynamic properties of the rigidly mounted test specimen. The input motion of the
unidirectional white noise tests was a three-minute-long, acceleration-controlled, broadband excitation
extended from 0.25 to 40 Hz. The root mean square and peak acceleration of the input motion were 0.05 g
and 0.20 g, respectively. The acceleration history of the white noise test input is shown in Figure 5-5.

0.2+
5
= 0.1
.2 1
g 0
(]
5
S 0.1
< |

-0.2+

I I I I I I I I I
0 20 40 60 80 100 120 140 160 180 200

Time (seconds)

Figure 5-5 Input Acceleration History for Unidirectional White Noise Tests

5.2 Test Plan

The test plan was elaborated by the authors in collaboration with the members of the ASHRAE Technical
Committee 2.7. As shown in Table 5-1, Phase I of the experiments included 11 test series. Each test series
was defined by 5 configuration properties of the restraint components of the I/R systems. The test
specimen mounted on the I/R systems with specified configuration properties was subjected to the triaxial
input motions scaled to different amplitudes during each test series. Each seismic test of Phase I of the
experiments was preceded and followed by a pulse-type system-identification test (for brevity the system-
identification tests are not included in Table 5-1). Therefore, throughout the 11 test series of Phase I of the
experiments, a total of 47 system-identification tests and 46 seismic tests were conducted.

Test Series 11 was conducted after the rubber tubes and washers of all the I/R systems were removed. The
full-scale test of Test Series 7 was repeated after the vibration isolators supporting the motor and fan
inside the fan module were activated. In addition, the full-scale test of Test Series 6 was repeated after
retrofitting the connections between the base rail and modules. More details about retrofitting the test
specimen housing during Test Series 6 are described in Section 6.2.2.

Phase II of the experiments, with the test specimen rigidly mounted on the earthquake simulator, started
with three unidirectional white noise tests in the transverse, longitudinal, and vertical direction,
respectively. The white noise tests were followed by five seismic tests with the input motion amplitude
increasing from 10% to 100% of the AC156 qualification level (see Section 5.1.1). At the end of the
seismic tests, the three unidirectional white noise tests were conducted once again in the same order.
Then, the vibration isolators supporting the fan and motor inside the fan module of the test specimen were
activated, and the experiments were concluded by conducting a pulse test and a full-scale triaxial seismic
test. The sequence of the tests in Phase II of the experiments is listed in Table 5-2.
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Table 5-1" Test Plan, Phase I: Isolated Test Specimen

Horizontal Snubber: Vertical Snubber: Input
Test # Test Gap, Rubber Tube Rubber Washer Motion
Name | mm (in.) | Thickness, Hardness, Thickness, Hardness, | Amplitude
mm (in.) Duro. mm (in.) Duro. (%)
1 [TS1-S1 10
2 [TS1-S2 25
6 (0.25) 19 (0.75) 40 19 (0.75) 40
3 |TS1-S3 50
4 |TS1-S4 100
5 |TS2-S1 10
6 |TS2-S2 25
6 (0.25) 19 (0.75) 60 19 (0.75) 60
7 |TS2-S3 50
8 |TS2-S4 100
9 |TS3-S1 10
10 | TS3-S2 25
11 |TS3-S3| 6(0.25) 13 (0.5) 40 13 (0.5) 40 50
12 | TS3-S4 75
13 |TS3-S5 100
14 | TS4-S1 10
15 |TS4-S2 25
6 (0.25) 13 (0.5) 60 13 (0.5) 60
16 |TS4-S3 50
17 | TS4-S4 100
18 | TS5-S1 10
19 |TS5-S2 25
13 (0.5) 6 (0.25) 40 6 (0.25) 40
20 |TS5-S3 50
21 |[TS5-S4 100
22 [TSe6-S1 10
23 |TS6-S2 25
24 [TS6-S3| 13 (0.5) 6 (0.25) 60 6 (0.25) 60 50
25 |[TS6-S4 100
26 |TS6-S5 100
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Table 5-1 (cont’d) Test Plan, Phase I:

Isolated Test Specimen

Horizontal Snubber: Vertical Snubber: Input
Test Gap, Rubber Tube Rubber Washer Motion
Test # Name [mm (in.)| Thickness, Hardness, Thickness, Hardness, | Amplitude
mm (in.) Duro. mm (in.) Duro. (%)
27 | TS7-S1 10
28 | TS7-S2 25
29 | TS7-S3 |6 (0.25) 6 (0.25) 40 6 (0.25) 40 50
30 | TS7-S4 100
31 | TS7-S5 100
32 | TS8-S1 10
33 | TS8-S2 25
6 (0.25) 6 (0.25) 60 6 (0.25) 60
34 | TS8-S3 50
35 | TS8-S4 100
36 | TS9-S1 10
37 | TS9-S2 25
6 (0.25) 3(0.125) 40 6 (0.25) 40
38 | TS9-S3 50
39 | TS9-S4 100
40 |[TS10-S1 10
41 |[TS10-S2 25
6 (0.25) 3(0.125) 60 6 (0.25) 60
42 |TS10-S3 50
43 [TS10-S4 100
44 |TS11-S1 10
10
45 |TS11-S2 (0.375) — — — — 25
46 |TS11-S3 50

*- The horizontal and vertical snubber gap sizes were nominally equal (the third column of the table)
- The test specimen housing was damaged during TS6-S4
- TS6-S5 was conducted after the test specimen housing was retrofitted by additional connection plates (see
Section 6.2.2)
- TS7-S5 was conducted after the internal isolation system inside the fan module was activated
- The three seismic tests of Test Series TS11 were conducted after rubber snubbers were removed from the
restraint components of the I/R systems
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Table 5-2" Test Plan, Phase II: Rigidly Mounted Test Specimen

Test # | Test Name fnput Motion
Type Direction | Amplitude (%)

1 TS12-wlx | White Noise | Transverse 100
2 TS12-wly | White Noise | Longitudinal 100
3 TS12-wlz | White Noise Vertical 100
4 TS12-S1 Seismic Triaxial 10
5 TS12-S2 Seismic Triaxial 25
6 TS12-S3 Seismic Triaxial 50
7 TS12-S4 Seismic Triaxial 75
8 TS12-S5 Seismic Triaxial 100
9 TS12-w2x | White Noise | Transverse 100
10 TS12-w2y | White Noise | Longitudinal 100
11 TS12-w2z | White Noise Vertical 100
12 TS12-P1 Pulse Triaxial 100
13 TS12-S6 Seismic Triaxial 100

*- TS12-S6 was conducted after the internal isolation system inside the fan

module was activated
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5.3 Test Setup

The test setup for Phase I of the experiments was initiated by bolting the interface steel plates to the
earthquake simulator extension. Then, the load cells were bolted to the steel plates. Figure 5-6 shows the
six load cells bolted to the interface plates. The I/R systems were assembled and bolted to the load cells
such that the orientation of the isolation component of the I/R systems be parallel to the transverse
direction of the test specimen. Finally, the test specimen was mounted on top of the I/R systems, and at
each support location the top plate of the isolation and restraint component of the I/R system and the base
plate of the test specimen were all tied together by four bolts. After mounting the test specimen on the I/R
systems, the leveling bolts of the isolation component and the two nuts on the rods of the restraint
component were adjusted to provide the required vertical gaps in the restraint component according to the
test plan. Figure 5-7 shows the test specimen at the end of the test setup mounted on the I/R systems.

For Phase II of the experiments, the I/R systems were unbolted and removed. Then, at each support
location the test specimen base plate was directly bolted to the load cell. Figure 5-8 shows the test
specimen at the end of the test setup for the Phase II of the experiments.
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Figure 5-6 Six Load Cells Bolted to Interface Plates
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Figure 5-8 Test Setup, Phase II: Rigidly Mounted Test Specimen
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SECTION 6

TEST RESULTS

The dynamic characteristics of the rigidly mounted and isolated test specimen obtained from the system-
identification tests results, the modal equivalent viscous damping ratios of the isolated test specimen
obtained form the seismic tests results, and selected response envelopes during the seismic tests are
presented in this section.

6.1 System-Identification Tests Results
6.1.1 Dynamic Characteristics of Rigidly Mounted Test Specimen

The acceleration responses measured during the white noise tests were analyzed to establish the natural
frequencies and mode shapes of the first three modes of the rigidly mounted test specimen. The amplitude
transfer-function between the input motion and the acceleration response has local peaks at the natural
frequencies of the system (Wheeler and Ganji, 2004). The amplitude transfer-function was established
between the input acceleration and acceleration responses at several points on the test specimen. Each
amplitude transfer-function had several local peaks. The first three global natural frequencies of the
rigidly mounted test specimen were detected among the common local peaks of the amplitude transfer-
functions as 9.6, 17.9, and 27 Hz.

The phase and amplitude transfer functions between the acceleration response at several locations at the
top level of the side faces and on the perimeter of the top face of the test specimen were used to establish
the normalized mode shapes of the first three modes of vibration of the test specimen. The results showed
that the vertical motion of the test specimen in the first three modes was negligible. Therefore, as listed in
Table 6-1, the normalized mode shapes of the first three modes of the test specimen were defined by the
values of the rotation around the vertical axis and the translation along the transverse and longitudinal
axis at the center of the top face of the test specimen. The coordinate system used to calculate the values
listed in Table 6-1 is the coordinate system previously shown in Figure 2-6.

Table 6.1 Normalized Modal Displacements and Rotation
at Center of Top Face, Rigidly Mounted Test Specimen

Mode No. X, m Y, m 0,, rad

1* Mode (9.6 Hz) 0.012 1.000 -0.043
2" Mode (17.9 Hz) 1.000 -0.161 -0.038
3" Mode (27.0 Hz) -0.191 0.572 1.000

The results show that the first two mode shapes are attributed to almost pure translation in the transverse
and longitudinal direction, respectively, and the third mode is a combination of the horizontal translation
and rotation around the vertical axis. The mode shapes of the first three modes of vibration of the rigidly
mounted test specimen are schematically shown in Figure 6-1.
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(a) First Mode, 9.6 Hz

(b) Second Mode, 17.9 Hz (Side View)

(c) Third Mode, 27 Hz (Top View)

Figure 6-1 Schematic Representation of Normalized Mode Shapes of Rigidly Mounted Test Specimen
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6.1.2 Dynamic Characteristics of Isolated Test Specimen

The acceleration responses measured during the free vibrations between the three pulses during the pulse
tests were used to establish the natural frequencies of the isolated tests specimen. The frequency content
of the acceleration responses showed that the isolated test specimen responded to each pulse like a rigid
body with six distinct natural frequencies. Table 6-2 lists the natural frequencies and periods of the six
modes of vibrations of the isolated test specimen.

Table 6-2 Natural Frequencies / Periods of Isolated Test Specimen

Mode No. 1 2 3 4 5 6

Frequency, Hz | 1.23 1.55 2.06 2.38 2.80 3.60
Period, seconds | 0.81 0.65 0.49 0.42 0.36 0.28

To establish the normalized mode shapes, one of the measured acceleration responses was selected as the
reference. Then, the amplitude and phase transfer-functions between the acceleration response at several
other points and the reference acceleration response were established. At the frequency of the target
mode, multiplying the amplitude transfer-function by the cosine of the phase-transfer function (+1 or -1)
of each point yielded the normalized modal translation of that point. With the modal translations of
several points on the test specimen and assuming that the mode shapes are associated with rigid body
motion, the geometry-based kinematics equations were used to calculate the displacement and rotation at
the center of mass of the test specimen. The procedure for establishing the modal displacements and
rotations at the center of mass from the normalized modal translations of other points of a rigid body is
explained in details in Fathali and Filiatrault (2007).

The values established as modal displacement and rotations at the center of mass of test specimen were
normalized so that the largest displacement at the center of mass has value of +1 m. The procedure for
establishing the mode shapes was repeated with the results of all of the pulse tests conducted throughout
the test series TSS, TS6, and TS11. These three test series were selected to establish the mode shape
because the gap size of the restraint components in these test series was larger than that in the other test
series. The large gap size of the restraint components allowed the test specimen to respond to the pulses
without engagement of the restraint components. The results obtained form different pulse tests of the
three test series were coherent and, therefore, the mode shapes were calculated as an average of the
results.

Table 6.3 lists the modal displacements and rotations at the center of mass of the isolated test specimen.
The values in Table 6.3 are referred to the coordinate system previously defined in Figure 2.6. The results
show that the first three mode shapes are mainly associated with pure translation along the transverse,
longitudinal, and vertical direction, respectively. However, all of the first three modes of the isolated test
specimen incorporated some rotational movements. The mode shapes of the fourth, fifth, and sixth mode
of the isolated test specimen involved more rotations. The mode shapes of the six modes of the isolated
test specimen show that the total response of the isolated test specimen always involves some rotational
components.

As it was mentioned earlier, the seismic tests TS7-S5 and TS12-S6 were conducted after the vibration
isolators supporting the fan and motor inside the fan module were activated. The triaxial acceleration
responses on top of the motor during the pulse tests conducted before these two seismic tests were
analyzed to establish the first three natural frequencies of the isolated motor and fan. The power spectrum
of the triaxial acceleration responses identified the first three natural frequencies of the isolated motor and
fan as 2.9 Hz, 3.0 Hz, and 3.8 Hz. The instrumentation attached to the motor was not sufficient to
establish the mode shapes of the isolated fan and motor. However, the power spectra of the triaxial
acceleration responses on top of the motor showed that the largest displacement of the first three mode
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shapes were in the transverse, vertical, and longitudinal direction, respectively. The two coil springs
interfacing the fan encasing-frame and the test specimen housing (see Figure 2-4 (b)) increased the
stiffness of the isolated fan and motor in the longitudinal direction.
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6.2 Seismic Tests Results
6.2.1 Estimation of Modal Equivalent Viscous Damping Ratios for Isolated Test Specimen

The equivalent viscous damping ratio can be quantified by measuring the decrement of the peak response
amplitudes. Double peak amplitudes are used to eliminate the effect of the potential offset of the response
with respect to the time axis (Filiatrault, 2002). As annotated in Figure 6-2, the double amplitude response
is defined as the difference between the maximum and minimum response within one response cycle. The
equivalent viscous damping ratio for attributed to the decay of responses in any two consecutive cycles is
calculated by Equation 6-1 (Fathali and Filiatrault, 2007):

_ 1, R ]
{»«—27[ Zn(Rm) (6-1)
where,

¢» = equivalent viscous damping ratio of the n™ mode
Riand Rii = double response amplitude of two consecutive cycles

The equivalent viscous damping ratio calculated in equation 6-1 is attributed to Ra, the average amplitude
of the two consecutive cycles, which is calculated by Equation 6-2:

R,—(Ri+Rin1) (6-2)

Response

Figure 6-2 Decay of Response Attributed to Viscous Damping

Variation of the equivalent viscous damping ratio with the response amplitude should be established for a
range of response amplitudes. The decay of acceleration and displacement responses of the isolated test
specimen during the tale of the seismic tests were used to establish the equivalent viscous damping ratios
for the first three modes of vibration of the isolated test specimen.

Before implementing Equation 6-1 on the decay of a measured response to calculate the damping ratio for
a particular mode, the contribution of other modes to the response must be filtered out. For this purpose,
band-pass filters were implemented. Three band-pass filters were selected such that each one includes
only a very narrow frequency band centered on one of the first three modes. The decaying measured
responses during the tale of seismic tests subjected to the three band pass filters provided several data sets
for each of the first three modes to calculate the equivalent viscous damping ratios.
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The results showed that the equivalent viscous damping ratios of the first two modes of vibration of the
isolated test specimen were around 3% of the critical damping and the equivalent viscous damping ratio
of the third mode was around 1% of the critical damping. It should be noted that the results were obtained
for peak acceleration and displacement responses at the top level of the test specimen limited to 0.1 g and
15 mm (0.6 in.), respectively. The low damping property of the isolation components of the I/R systems
proves why coil springs are successful vibration isolators.

6.2.2 Damage Observations during Seismic Tests

During the 11 tests series of Phase I of the experiments, the I/R systems sustained no damage. However,
the test specimen housing was damaged after the full-scale (100%) test of Test Series 6. The base rail
separated from the housing around the perimeter of the fan module. The separation of the base rail and the
housing resulted in a slight separation of the fan and coil module. After observation of this damage, the
joint between the test specimen and housing was strengthened by adding connection plates and the test
with the full-scale input motion was repeated as TS6-S5. Figure 6-3 shows photographs of the damaged
and retrofitted test specimen housing. During the repeated seismic test and the seismic tests conducted
afterward, the test specimen did not sustain any damage. The responses of the test specimen during
Seismic Test TS6-S4 and the repeated test (Seismic Test TS6-S5) are compared to each other in Section
7.4.

(a) Damaged Connection Plate between Base Rail ~ (b) Separation of Modules Resulting from Damage
and Test Specimen Housing to Connection Plates between Base Rail and Test
Specimen Housing

(c) Strengthening of Test Specimen Housing by Additional Connection Plates
between Base Rail and Housing

Figure 6-3 Damaged and Retrofitted Test Specimen Housing after Seismic Test TS6-S4
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6.2.3 Selected Response Envelopes during Seismic Tests

The peak triaxial acceleration responses at the top of the motor, the peak horizontal (transverse, and
longitudinal) acceleration responses on the test specimen housing, the peak dynamic shear and normal
forces induced into the I/R systems, and the peak relative displacement responses at three levels of the
south face of the test specimen housing during the 46 seismic tests of Phase I of the experiments (with the
isolated test specimen) are listed in Tables 6-4 through 6-8, respectively.

The peak triaxial acceleration responses at the top of the motor, the peak horizontal acceleration responses
on the housing, and the peak dynamic shear and normal forces experienced at the support locations of the
rigidly mounted test specimen during the six seismic tests of Phase II of the experiments are listed in
Tables 6-9 through 6-12, respectively.

As mentioned earlier, the diagonal string displacement transducers were mainly used to measure the
permanent deformation of the test specimen housing. Instead of the peak values, the difference between
the initial and final values was the important quantity measured during each test. Furthermore, the peak
values of the data recorded by the diagonal displacement transducers on the four faces of the test
specimen throughout the tests were smaller than 5 mm (0.2 in.). These small values were in fact a
combination of three effects: diagonal deformation of the test specimen housing, out-of-plane vibration of
the transducer strings, and displacements of the magnets attaching the two ends of the transducer to the
test specimen housing (which were not measured during the tests). Therefore, it was decided not to
include the peak values recorded by the diagonal transducers in this section.

The response envelopes obtained during the 46 seismic test of Phase I and the six seismic test of Phase 11
of the experiments are analyzed and discussed in Section 7.
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Table 6-5 Peak Horizontal Acceleration Responses of Test Specimen Housing during Seismic Tests,
Phase I: Isolated Test Specimen

Test | Test Peak Transverse Acceleration, g Peak Longitudinal Acceleration, g
# | Name | ppeermediate Level Top Level Intermediate Level Top Level
1 |TSI-S1 0.73 0.74 0.42 0.49
2 |TS1-S2 1.07 1.21 0.76 0.86
3 |TS1-S3 1.74 2.34 1.68 1.42
4 |TS1-S4 3.58 4.23 2.94 2.56
5 |TS2-S1 0.50 0.48 0.31 0.36
6 |TS2-S2 1.07 1.28 0.63 0.63
7 |TS2-S3 1.48 1.84 1.47 1.15
8 |TS2-S4 3.50 4.03 2.65 2.69
9 |TS3-S1 0.56 0.68 0.41 0.34
10 |TS3-S2 1.46 1.58 0.66 0.79
11 |TS3-S3 1.85 1.94 1.84 1.29
12 |TS3-S4 3.12 3.68 2.67 1.84
13 | TS3-S5 3.70 4.15 3.34 2.69
14 |TS4-S1 0.47 0.57 0.30 0.42
15 |TS4-S2 1.11 1.29 0.70 0.68
16 |TS4-S3 1.79 2.37 1.68 1.32
17 |TS4-54 3.93 4.34 3.42 2.25
18 |TS5-S1 0.67 0.70 0.39 0.48
19 |TS5-S2 1.65 1.56 1.03 1.00
20 |TS5-S3 2.93 4.27 1.65 1.61
21 |TS5-S4 4.62 5.77 3.91 2.99
22 | TS6-S1 1.01 1.06 0.40 0.58
23 | TS6-S2 1.30 1.60 1.12 1.37
24 | TS6-S3 2.57 3.58 1.76 1.94
25 |TS6-S4 4.75 6.20 3.40 3.46
26 [TS6-S5 4.35 4.45 2.67 3.30
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Table 6-5 (cont’d) Peak Horizontal Acceleration Responses of Test Specimen Housing during Seismic
Tests, Phase I: Isolated Test Specimen

Test | Test Peak Transverse Acceleration, g Peak Longitudinal Acceleration, g
# | Name | y;ermediate Level Top Level Intermediate Level Top Level
27 | TS7-S1 0.94 0.94 0.47 0.45
28 | TS7-S2 1.63 1.69 0.71 0.80
29 | TS7-S3 2.15 2.17 1.41 1.77
30 | TS7-S4 3.08 4.28 2.46 2.62
31 | TS7-S5 3.24 4.05 2.33 241
32 | TS8-S1 0.73 0.70 0.51 0.41
33 | TS8-S2 1.48 1.74 0.80 0.78
34 | TS8-S3 1.89 242 1.33 1.30
35 | TS8-S4 2.97 4.03 2.52 2.75
36 | TS9-S1 0.60 0.63 0.40 0.44
37 | TS9-S2 1.28 1.41 0.81 0.86
38 | TS9-S3 1.70 1.92 1.19 1.66
39 | TS9-54 2.67 3.22 2.23 2.97
40 ([TS10-S1 0.62 0.74 0.41 0.33
41 |[TS10-S2 1.26 1.44 0.95 0.94
42 |TS10-S3 1.39 2.02 1.48 1.46
43 |TS10-S4 2.81 3.63 2.76 2.59
44 [TS11-S1 1.04 1.25 0.65 0.51
45 [TS11-S2 1.42 1.77 0.81 1.00
46 |TS11-S3 2.34 2.87 1.97 1.83

*_ See footnotes of Table 6-4
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Table 6-9° Peak Acceleration Responses at Top of Motor Close to Center of Mass of
Test Specimen during Seismic Tests, Phase II: Rigidly Mounted Test Specimen

Test Test Input MOtiOH Peak Acceleration Response, g
i Name Am([:;)t)ude Transverse | Longitudinal Vertical
1 TS12-S1 10 0.43 0.29 0.28
2 TS12-S2 25 0.85 0.49 0.63
3 TS12-S3 50 1.05 1.16 0.95
4 TS12-S4 75 1.52 1.98 1.23
5 TS12-S5 100 2.98 2.50 1.70
6 TS12-S6 100 3.34 3.75 2.44

*- TS12-S6 was conducted after the internal isolation system inside the fan module was activated

Table 6-10" Peak Horizontal Acceleration Responses of Test Specimen Housing during Seismic Tests,

Phase II: Rigidly Mounted Test Specimen

Peak Transverse Acceleration, g

Peak Longitudinal Acceleration, g

Test Test
# Name | 1;termediate Level Top Level Intermediate Level Top Level
1 TS12-S1 0.14 0.14 0.13 0.17
2 TS12-S2 0.30 0.35 0.28 0.32
3 TS12-S3 0.58 0.69 0.53 0.56
4 TS12-S4 1.10 1.37 0.79 0.80
5 TS12-S5 1.83 2.52 1.18 1.24
6 TS12-S6 2.10 1.79 0.97 1.15

*. See footnote of Table 6-9
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SECTION 7

SEISMIC TEST RESULTS ANALYSES

The seismic test results, presented earlier in Section 6, are analyzed in this section. Effects of variation of
the restraint component properties on the seismic performance of the I/R systems are investigated in this
section. The seismic response and damaged assessment of both the isolated and rigidly mounted test
specimen are presented. Finally, the comparison of seismic responses of the test specimen before and
after activation of the internal isolation systems concludes this section. Throughout this section, whenever
possible, seismic responses of the isolated and rigidly mounted test specimen during similar seismic tests
are compared to each other.

7.1 Test Specimen Response

The peak acceleration responses near the center of mass, the peak acceleration responses on the housing,
and the peak relative displacement responses on the south face of the test specimen during the seismic
tests are presented and discussed in Sections 7.1.1 through 7.1.3, respectively.

7.1.1 Acceleration Response near Center of Mass of Test Specimen

One of the most important unknowns regarding the seismic protection of nonstructural components is the
amplification of acceleration response. Depending on the nonstructural component characteristics and its
support conditions, the acceleration response experienced by the nonstructural component can be much
larger than the input acceleration. Flexibility of the nonstructural component and presence of flexible
supports generally increase the amplification of acceleration response. The amplification of the
acceleration response can be different for different locations on a nonstructural component. However,
since the seismic requirements for nonstructural components in most of the code provisions and
guidelines deal with an equivalent static force applied at the center of mass of the nonstructural
component (Tauby et al., 1999), it is always essential to know the amplification of the acceleration
response at (or near) the center of mass. The amplification of acceleration response at the center of mass
is quantified by an Acceleration Amplification Factor (44 F), which is calculated as:

Amax,.cm

AAF= (7-1)

Amax,inp

where,

amaxcw = the peak acceleration response at the center of mass
amaxmy = the corresponding peak input acceleration

The AAF can be calculated for the acceleration response in a given direction (such as the longitudinal,
transverse, and vertical acceleration response) or for the resultant acceleration responses. It should be
noted that the AAF can be calculated at any other point rather than the center of mass by using the peak
acceleration response of that point in the numerator of Equation 7-1.

As it was mentioned in Section 4, the top of the motor inside the fan module was the closest location to
the center of mass of the test specimen for which the triaxial acceleration responses were measured during
the seismic tests. Therefore, the triaxial peak acceleration responses on top of the motor during the
seismic tests were used as numerator of Equation 7-1 to calculate the AAF near the center of mass of the
test specimen.
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To calculate the horizontal and resultant AAF on the top of the motor, the horizontal and resultant
acceleration response histories were required. The triaxial acceleration responses measured on the top of
the motor can be used to calculate the horizontal and resultant acceleration response histories on the top
of the motor as follows:

|aH(t)|:\'aT(t)2+aL(t)2 (7-2)

la(t)| =y as(t) +au(t P+au(1)? (7-3)

where,

ar(t) = the transverse acceleration response
ai(t) = the longitudinal acceleration response
ar(t) = the vertical acceleration response
au(t) = the horizontal acceleration response
ax(t) = the resultant acceleration response

The variations of the transverse, longitudinal, horizontal, vertical, and resultant AAF on top of the motor
with the corresponding peak input acceleration during the 46 seismic tests of Phase I and the six seismic
tests of Phase II are presented in Figures 7-1(a) through 7-1(e), respectively. According to Equation 7-1,
for any given seismic test, multiplying the peak input acceleration (the horizontal axis in Figure 7-1) by
the AAF (the vertical axis in Figure 7-1) yields the peak acceleration response on top of the motor during
that test.

The maximum AAF, minimum AA4F, and maximum acceleration responses on top of the motor during the
seismic tests of Phase I are listed in Tables 7-1 through 7-3, respectively. To find the extreme values
presented in these tables, results of Test Series TS11 (the test series conducted without rubber snubbers),
Seismic Tests TS6-S4 (the test during which the test specimen housing was damaged), and TS7-S5 (the
test conducted after activation of the isolation systems inside the fan module) were not considered. The
transverse, longitudinal, horizontal, vertical, and resultant AAF on the top of motor of the isolated test
specimen varied in the range of 3.5 t0 8.7, 3.6 t0 9.9, 4.0 to 11.2, 4.2 to 15.1, and 4.5 to 13.8, respectively.
The test results show that near the center of mass of the test specimen, the vertical A4F was remarkably
larger than the horizontal A4F.

With the peak horizontal and vertical input acceleration limited to 0.81 g and 0.53 g in the seismic tests,
the horizontal and vertical acceleration responses experienced near the center of mass of the isolated test
specimen were as high as 4.71 g and 2.98 g, respectively. As listed in Table 7-1, even with the 10%-
amplitude input motion, the resultant acceleration response on top of the motor exceeded 1.0 g.

The test results show that during the seismic tests, the A4F near the center of mass of the isolated test
specimen varied with a change in the input motion amplitude or with a change in the restraint component
properties. The sensitivity of the AAF near the center of mass of the isolated test specimen to the variation
of the restraint component properties decreased with an increase of the input motion amplitude. In terms
of reducing the acceleration responses near the center of mass of the test specimen, among different I/R
systems tested throughout the 11 test series, the I/R systems with small gap size and thin rubber snubbers
(Test Series TS7 through TS10) exhibited the best performance (lowest AAF values).

During most of the seismic tests of Phase I, when the input motion amplitude was high enough to engage
the restraint components of the I/R systems, the A4F near the center of mass of the isolated test specimen
decreased with an increase of the input motion amplitude. However, the peak acceleration responses near
the center of mass of the isolated test specimen always increased with an increase of the input motion
amplitude. During each test series of Phase I, the maximum acceleration responses near the center of mass
of the isolated test specimen were always experienced in the test with the full-scale input motion.
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During the six seismic tests of Phase II of the experiments, the transverse A4F on top of the motor of the
rigidly mounted test specimen decreased with an increase of the input motion amplitude. The longitudinal
and vertical AAF on top of the motor of the rigidly mounted test specimen, on the other hand, hardly
varied with a change in the input motion amplitude. This trend is attributed to the fact that the test
specimen is more flexible in the transverse direction than in the longitudinal and vertical direction,
thereby exhibited displacement-dependent damping in the transverse direction.

The AAF near the center of mass of the test specimen obtained in the seismic tests of this series of
experiments is considerably larger than the AAF at the center of mass of a heavy centrifugal chiller
obtained in similar earthquake-simulator experiments previously conducted by Fathali and Filiatrault
(2007). This is mainly attributed to the fact that the test specimen used in this study was more flexible and
six times lighter that centrifugal chiller previously tested. Effect of the flexibility of the test specimen on
the amplification of the acceleration response was clearly seen in the test results obtained in Phase II of
the experiments. As it is seen in Figure 7-1, regardless of the input motion amplitude, the horizontal and
vertical AAF on top of the motor of the rigidly mounted were always larger than 3.
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Table 7-1 Maximum AAF near Center of Mass of Test Specimen (on Top of Motor),
Phase I: Test Series TS1 through TS10

Input Motion .
Acceleration | Maximum Test ) lf:sal:,;:cecz:l;:ogf
Component AAF Name |Amplitude, Peak P M P
% Acceleration, g otor, g
Transverse 8.7 TS7-S1 10 0.08 0.69
Longitudinal 9.9 TS7-S1 10 0.08 0.79
Horizontal 11.2 TS1-S1 10 0.08 091
Vertical 15.1 TS1-S1 10 0.05 0.80
Resultant 13.8 TS1-S1 10 0.08 1.15
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Table 7-2 Minimum AA4F near Center of Mass of Test Specimen (on Top of Motor),
Phase I: Test Series TS1 through TS10

Input Motion .
Acceleration | Minimum Test ) If:sal;::‘sceczf?zmg f
Component AAF Name | Amplitude, Peak P M P
% Acceleration, g otor, g
Transverse 3.5 TS9-S3 50 0.40 1.41
Longitudinal 3.6 TS8-S4 100 0.79 2.89
Horizontal 4.0 TS8-S4 100 0.81 3.26
Vertical 4.2 TS5-S4 100 0.53 2.23
Resultant 4.5 TS7-S4 100 0.83 3.72

Table 7-3 Maximum Acceleration Responses near Center of Mass of Test Specimen (on
Top of Motor), Phase I: Test Series TS1 through TS10

Maximum Input Motion
Acceleration Acceleration Response Test . AAF
Component Ton of M P Name |Amplitude, Peak
on Top of Motor, g % Acceleration, g
Transverse 4.08 TS4-S4 100 0.80 5.1
Longitudinal 4.39 TS4-S4 100 0.79 5.5
Horizontal 4.71 TS3-S5 100 0.81 5.8
Vertical 2.98 TS3-S5 100 0.53 5.7
Resultant 4.94 TS1-S4 100 0.83 5.9

7.1.2 Acceleration Response on Test Specimen Housing

The transverse and longitudinal acceleration responses measured at several points on the intermediate and
top level of the test specimen housing were used in Equation 7-1 to calculate the transverse and
longitudinal A4F on the test specimen housing.

The variations of the transverse and longitudinal A4AF on the intermediate and top level of the test
specimen housing with the corresponding peak input acceleration during the 46 seismic tests of Phase 1
and the six seismic tests of Phase II of the experiments are presented in Figures 7-2 and 7-3, respectively.

The maximum AAF, minimum 4A4F, and maximum acceleration responses on the intermediate and top
level of the test specimen housing during the seismic tests of Phase I are listed in Tables 7-4 through 7-6,
respectively. To find the extreme values presented in these tables, results of Test Series TS11 (the test
series conducted without rubber snubbers), Seismic Tests TS6-S4 (the test during which the test specimen
housing was damaged), and TS7-S5 (the test conducted after activation of the isolation systems inside the
fan module) were not considered. On the intermediate level of the housing of the isolated test specimen,
the transverse and longitudinal A4F varied in the range of 3.4 to 12.7 and 2.8 to 6.5, respectively. On the
top level of the housing of the isolated test specimen, the transverse and longitudinal AAF varied in the
range of 4.0 to 13.4 and 2.8 to 7.3, respectively. The acceleration response and its variation range along
the height of the housing of the isolated test specimen were larger in the transverse direction than in the
longitudinal direction.
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With the peak transverse and longitudinal input acceleration limited to 0.80 g and 0.79 g in the seismic
tests, the transverse and longitudinal acceleration responses of the housing of the isolated test specimen
exceeded 5.70 g and 3.90 g, respectively. As it is seen in Table 7-4, even with the 10%-amplitude input
motion, the transverse acceleration response on the housing of the isolated test specimen exceeded 1.0 g.

The AAF on the housing of the isolated test specimen varied with a change in the input motion amplitude
or with a change in the restraint component properties. However, the sensitivity of the acceleration
response on the housing of the isolated test specimen to the changes in the restraint component properties
decreased with an increase of the input motion amplitude. The housing of the test specimen mounted on
the I/R systems with large gap size (Test Series TS5 and TS6) or without rubber snubbers (Test Series
TS11) experienced the largest acceleration responses throughout the experiments.

During most of the seismic tests of Phase I, when the input motion amplitude was high enough to engage
the restraint components of the I/R systems, the AAF on the test specimen housing decreased with an
increase of the input motion amplitude. The peak acceleration responses on the test specimen housing, on
the other hand, always increased with an increase of the input motion amplitude. The maximum
acceleration responses on the housing of the isolated test specimen during each test series were always
experienced in the test with the full-scale input motion.

As seen in Figure 7-2, during the six seismic tests of Phase II of the experiments, the transverse and
longitudinal A4F on the housing of the rigidly mounted test specimen varied in the range of 1.5 to 3.2,
and 1.2 to 2.1, respectively. The comparison of the A4F on the top of the motor and on top of the housing
obtained during both phases of the experiments shows that the acceleration responses have been larger on
the top level of the housing than on the top of the motor.
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Table 7-4 Maximum AAF on Test Specimen Housing, Phase I: Test Series TS1 through TS10

Input Motion Peak Acceleration
. . Maximum | Test Response on Test
Direction Level . Peak . .
AAF Name Ampz/ltude, Acceleration, | SPecimen Housing,
0
g 4
Intermediate 12.7 TS6-S1 10 0.08 1.01
Transverse
Top 13.4 TS6-S1 10 0.08 1.06
~_|Intermediate 6.5 TS8-S1 10 0.08 0.51
Longitudinal
Top 7.3 TS6-S1 10 0.08 0.58

Table 7-5 Minimum AAF on Test Specimen Housing, Phase I: Test Series TS1 through TS10

Input Motion Peak Acceleration
. . Minimum | Test Response on Test
Direction Level . Peak . .
AAF Name Amp:/ltude, Acceleration, | SPecimen Housing,
0
g 4
Intermediate 34 TS9-54 100 0.80 2.67
Transverse
Top 4.0 TS9-S4 100 0.80 3.22
~|Intermediate 2.8 TS9-54 100 0.79 2.23
Longitudinal
Top 2.8 TS4-S4 100 0.79 2.25

Table 7-6 Maximum Horizontal Acceleration Responses on Test Specimen Housing,
Phase I: Test Series TS1 through TS10

Maximum Acceleration Test Input Motion
Direction Level Re§p0nse on Test Name | Amplitude, Peak ) AAF
Specimen Housing, g % Acceleration,
g
Intermediate 4.62 TS5-S4 100 0.80 5.8
Transverse
Top 5.77 TS5-S4 100 0.80 7.2
~|Intermediate 3.91 TS5-S4 100 0.79 4.9
Longitudinal
Top 3.30 TS6-S5 100 0.79 4.2

7.1.3 Relative Displacement Response of Isolated Test Specimen

The absolute displacement responses of the nine instrumented locations on the south face of the test
specimen and one instrumented location on the earthquake-simulator extension platform during the
seismic tests were used to calculate the relative displacement response at three levels on the south face of
the isolated test specimen. Figures 7-4 and 7-5 show the triaxial relative displacement response histories
at the top-south-east corner of the isolated test specimen (channel #120, shown in Figure 4-10 and listed
in Table 4-4) during Seismic Tests TS1-S4 and TS8-S1, respectively. These figures are useful to compare
the displacement responses of the isolated test specimen during a test with the high amplitude input
motion (TS1-S4) and during a test with the low amplitude input motion (TS8-S1).
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If the isolated test specimen experienced only translation (no rotation) and the snubbers were
incompressible, the relative displacement histories shown in Figures 7-4 and 7-5 would have been limited
to the dashed lines representing the limits of the gap size. However, the seismic response of the isolated
test specimen was always a combination of translation and rotation. Moreover, during the temporary
engagement of the restraint components of the I/R systems, the rubber snubbers were compressed.
Therefore, in most of the seismic tests, the relative displacement response measured on the south face of
the isolated test specimen exceeded the gap size. In order to compare the peak relative displacement
response of the isolated test specimen to the gap size of the restraint components, a dimensionless
Relative Displacement Response Ratio (RDRR) can be defined as:

RDRR = Peak Relative Displacement Response

7-4
Gap Size 74

Figures 7-6 through 7-8 show the variations of the transverse, longitudinal, and vertical RDRR at the top
and bottom of the southeast edge of the isolated test specimen with the corresponding peak input
acceleration during the 46 seismic tests of Phase I of the experiments. The dashed lines in Figures 7-6
through 7-8, crossing the RDRR axis at value 1.0, corresponds to the peak relative displacement response
equal to the gap size of the restraint component. As seen in these figures, the peak relative displacement
response on the south face of the isolated test specimen during some of the seismic tests was six times
larger than the gap size.

The comparison of the results for the RDRR in the three orthogonal directions shows that the
displacement response of the isolated test specimen has been larger in the transverse direction than in the
other two directions. Furthermore, the comparison of the RDRR on the top and bottom levels of the south
face of the isolated test specimen shows that because of the rotational responses of the test specimen, the
displacement response amplitude was proportionate to the elevation from the support locations.

The peak relative displacement response of the isolated test specimen was sensitive to a change of the
input motion amplitude or to a change in the restraint component properties. The peak relative
displacement responses of the isolated test specimen generally increased with an increase of any of the
followings: the input motion amplitude, gap size, rubber snubber thickness, or softness.

The maximum and minimum relative displacement responses measured on the south face of the test
specimen housing during the seismic tests of Phase I are listed in Tables 7-7 through 7-8, respectively. To
find the extreme values presented in these tables, results of Test Series TS11 (the test series conducted
without rubber snubbers), Seismic Tests TS6-S4 (the test during which the test specimen housing was
damaged), and TS7-S5 (the test conducted after activation of the isolation systems inside the fan module)
were not considered. During the seismic tests of Test Series TS6 and TS5 (gap size of the restraint
component adjusted to 13 mm (0.5 in.)), the peak transverse, longitudinal, and vertical relative
displacement response on the south face of the test specimen exceeded 45, 37, and 31 mm (1.8, 1.5, and
1.2 in.), respectively.
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Table 7-7 Maximum Relative Displacement Response on Top Level of South
Face of Test Specimen, Phase I: Test Series TS1 trough TS10

o Maximum Relative Test Input Motion
Direction Displacement Name | Amplitude, |Peak Acceleration,
Response, mm % g
Transverse 45.8 TS5-S4 100 0.80
Longitudinal 37.6 TS5-S4 100 0.79
Vertical 31.1 TS6-S5 100 0.53

Table 7-8 Minimum Relative Displacement Response on Top Level of South
Face of Test Specimen, Phase I: Test Series TS1 trough TS10

o Minimum Relative | . Input Motion
Direction Displacement Name | Amplitude, |Peak Acceleration,
Response, mm % g
Transverse 10.4 TS10-S1 10 0.08
Longitudinal 7.0 TS9-S1 10 0.08
Vertical 6.9 TS9-S1 10 0.05

7.2 Isolation/Restraint Systems Response

The response quantities measured at the support locations during the seismic tests including the triaxial
acceleration responses, and the dynamic forces are analyzed in this section.

7.2.1 Acceleration Response on Top Level of Isolation/Restraint Systems

The variations of the transverse, longitudinal, and vertical A4F on the top level of the six I/R systems
during the 46 seismic tests of Phase I are presented in Figures 7-9 through 7-11, respectively. In these
figures, the dashed lines crossing the 4A4F axis at value 1.0 correspond to the 4A4F at the support locations
of the rigidly mounted test specimen.

The maximum AAF, minimum AAF, and maximum acceleration responses on the top level of the I/R
systems during the seismic tests of Phase I are listed in Tables 7-9 through 7-11, respectively. To find the
extreme values presented in these tables, results of Test Series TS11 (the test series conducted without
rubber snubbers), Seismic Tests TS6-S4 (the test during which the test specimen housing was damaged),
and TS7-S5 (the test conducted after activation of the isolation systems inside the fan module) were not
considered. The transverse, longitudinal, and vertical A4F on the top level of the I/R systems varied in the
range of 2.9 to 17.3, 2.7 to 9.5, and 4.2 to 27, respectively. With the peak transverse, longitudinal, and
vertical input acceleration limited to 0.80 g, 0.79 g, and 0.53g, respectively, in the seismic tests, the
transverse, longitudinal, and vertical acceleration responses on the top level of I/R systems exceeded 7.6
g, 6.7 g, and 6.3 g, respectively.

During some of the test series, even with the 25%-amplitude input motion, the peak acceleration
responses experienced on the top level of the I/R systems exceeded their design peak acceleration (3.0 g).
However, due the safety factors used in the design of the I/R systems, their actual capacity was larger than
their nominal (static design) capacity, and they were not damaged during the experiments.
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The AAF on the top level of the I/R systems varied with a change in the input motion amplitude or with a
change in the restraint component properties. However, the sensitivity of the acceleration responses on
top level of the I/R systems to changes in the restraint component properties decreased with an increase of
the input motion amplitude. Among different I/R systems tested in 11 test series, the I/R systems with the
large gap size (Test Series TS5 and TS6) or without rubber snubbers (Test Series TS11) experienced the
highest acceleration responses on their top level.

The AAF was larger on the top level of the I/R systems than on top of the motor near the center of mass of
the test specimen. This was mainly attributed to the rotational responses of the test specimen. The
dynamic forces induced into the restraint components created translational acceleration responses at the
support locations, but they created translational and rotational acceleration responses at the center of mass
or other points of the test specimen. Therefore, the highest translational acceleration responses were
always experienced at the support location where the peak dynamic forces where applied to the test
specimen. Moreover, from an energy point of view, the energy of the impacts created in the restraint
component at the support location was always partially absorbed by the test specimen housing and other
components. Therefore, the energy induced on the top of the motor was always a fraction of the energy
imparted at the support locations.
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Table 7-9 Maximum AAF on Top Level of I/R Systems, Phase I: Test Series TS1 through TS10

Input Motion Peak Acceleration
o Maximum I/R Test . Peak Response on Top
Direction AAF | System # | Name Ampiltude, Acceleration,|  Level of /R
% g System, g
Transverse 17.3 2 TS7-S1 10 0.08 1.38
Longitudinal 9.5 2 TS7-S1 10 0.08 0.75
Vertical 27.0 1 TS6-S2 25 0.13 3.56

Table 7-10 Minimum AAF on Top Level of I/R Systems, Phase I: Test Series TS1 through TS10

Input Motion Peak Acceleration
piecion | M| VR e | sk | Rt e o
% g System, g
Transverse 2.9 1 TS2-S3 50 0.40 1.16
Longitudinal 2.7 1 TS1-S4 100 0.79 2.11
Vertical 4.2 6 TS1-S4 100 0.53 2.20

Table 7-11 Maximum Triaxial Acceleration Responses on Top Level of I/R systems,
Phase I: Test Series TS1 through TS10

Maximum Input Motion
c Acceleration Response; I/R Test . Peak
Direction [, Top Level of I/R | System # | Name Amp(l)ltude, Acceleration, AAF
System, g % g
Transverse 7.68 3 TS6-S5 100 0.80 9.6
Longitudinal 6.72 2 TS5-S4 100 0.79 8.5
Vertical 6.39 1 TS5-S4 100 0.53 11.7

7.2.2 Dynamic Forces Induced into I/R Systems

Variations of the peak dynamic transverse shear, longitudinal shear, resultant shear, and normal forces
induced into the I/R systems with the corresponding peak input acceleration during the 46 seismic tests of
Phase I of the experiments are presented in Figures 7-12 through 7-15, respectively. In order to compare
the dynamic forces induced into the I/R systems to the dynamic forces experienced at the support
locations of the rigidly mounted test specimen, variations of the peak dynamic forces measured at the
support locations of the rigidly mounted test specimen during the six seismic tests of Phase II of the
experiments were added to Figures 7-12 through 7-15.

The dynamic forces induced into the I/R systems varied with a change of the input motion amplitude or
with a change in the restraint component properties. The peak dynamic forces induced into the I/R
systems increased with an increase of the input motion amplitude. Among the I/R systems used in the 11
test series, those with thick rubber snubbers experienced the lowest dynamic forces. Removing the rubber
snubbers of the restraint components during the seismic tests of Test Series 11 resulted in very large
dynamic forces induced into the I/R systems. In fact, conducting a seismic test with the full-scale input
motion during Test Series TS11 would have damaged the load cells.
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Figure 7-12 Variations of Peak Dynamic Shear Forces Induced into I/R Systems with Peak Input
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Figure 7-12 (cont’d) Variations of Peak Dynamic Shear Forces Induced into I/R Systems with Peak
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Figure 7-12 (cont’d) Variations of Peak Dynamic Shear Forces Induced into I/R Systems with Peak
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108



10.0

1 [TS1 TS2 TS3 TS4 TS5 TS6 TS7 TS8 TS9 TSI10 TS11 TS12(Rigid) A
%04 O W + ¢ O A p X * & H
= ] X
-~
s 380+ o
o il
S >
=70
S | >
< @
L60 -
kS| X
2 5.0
2 | o +
g *
3 40 - 8
2 i [ 2
= 5 =
S 30 o
2>
A ) % 8
=4 i
8 2.0 . + ®
g 8
1.0 - § &
] =
00 T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Peak Longitudinal Input Acceleration, g
(a) I/R System #1
12.0
L0 1 (TSI TS2 TS3 TS4 TS5 TS6 TS7 TS8 TS9 TSI0 TSI TSI2(Rigid) e
' o m + ¢ O A Db X »w & H
Z 100 - >
g i
& 9.0 +
£ :
g 80 - *
< i
n o
= 7.0 4 A
£ i
2 60 > +
50 | .
S 50 8 s +
2 i *
g 4.0 + & B
A 3.0 A ] E " |
v i
B & a
A 2.0 A N B
] N
1.0 + * B
1 =
00 T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Peak Longitudinal Input Acceleration, g
(b) I/R System #2

Figure 7-13 Variations of Peak Dynamic Shear Forces Induced into I/R Systems with Peak Input
Acceleration, Longitudinal Direction

109



16.0 >

150 | (TSI TS2 TS3 TS4 TS5 TS6 TS7 TS8 TS9 TS10 TSI1 TSI2(Rigid) ®
1o | 4+ ¢ O A B> X 5 & H
- 14.0 A
=< 13,0 - &
@ |
2 120 - 4
S
~ 7 > +
5 11.0 -
s |
= 100 - N
= ] * o
g 9.0 +
= |
z 8.0 1 . .
£ 7.0 .
S |
[>) 60 N @) o
2 1 B
§ 5.0 t ; @
240 1 ¥ ® o ®
& ] :
2.0 e *
| | -
1.0 - 8
. ]
00 T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Peak Longitudinal Input Acceleration, g
(c) I/R System #3
12.0 x
11.0 : TS1 TS2 TS3 TS4 TS5 TS6 TS7 TS8 TS9 TS10 TS11 TS12(Rigid)
o m + ¢ 0 Ao p X S & H
Z 100 - N
5 i
E 9.0 - :
S 80 - b
< i
z o
E 7.0 - " .
2 60 - ) .
2 |
& 5.0 +
. +
g 4.0 o
£ 1 . e
[ 3.0 1 x @ 1]
A , ®
S +
=W 2.0 7 n ] H
1 B
1.0 u 8
1 ®
00 T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Peak Longitudinal Input Acceleration, g
(d) I/R System #4

Figure 7-13 (cont’d) Variations of Peak Dynamic Shear Forces Induced into I/R Systems with Peak
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Figure 7-13 (cont’d) Variations of Peak Dynamic Shear Forces Induced into I/R Systems with Peak
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Figure 7-14 (cont’d) Variations of Peak Dynamic Resultant Shear Forces Induced into I/R Systems
with Peak Horizontal Input Acceleration
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Figure 7-14 (cont’d) Variations of Peak Dynamic Resultant Shear Forces Induced into I/R Systems
with Peak Horizontal Input Acceleration

114



16.0

._.
g
=

_.
o
o

6.0

Peak Dynamic Normal Force, kN
o]
(e}

4.0

2.0

0.0

24.0

22.0

20.0

18.0

16.0

14.0

12.0

10.0

8.0

Peak Dynamic Normal Force, kN

6.0

4.0

2.0

0.0

4 (TSI TS2 TS3 TS4 TS5 TS6 TS7 TS8 TS9 TSI10 TS11 TS12(Rigid) o}
o m + ¢ O Ao D> X 5 O H A
B
7 +
|
n
A
N ] *
A
— O
+
i a
] &
o g
| ]
g
| y ﬁ @
4 H
I ]
| . =
T T T T T T T T T T T
0 0.1 0.2 03 0.4 0.5 0.6
Peak Vertical Input Acceleration, g
(a) I/R System #1
| (TSI TS2 TS3 TS4 TS5 TS6 TS7 TS8 TS9 TSI10 TSIl TS12(Rigid) ©
/g m + ¢ O A p X X & H
| N
: B
*
— [::]
| ° %
|
1 °
— A
J o 5 *
| N lg
4 |
i 8 @
[]
- {—\ E
] . H
? .
hl H
H
T T T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6
Peak Vertical Input Acceleration, g
(b) I/R System #2

Figure 7-15 Variations of Peak Dynamic Normal Forces Induced into I/R Systems with Peak
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Figure 7-15 (cont’d) Variations of Peak Dynamic Normal Forces Induced into I/R Systems with
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Figure 7-15 (cont’d) Variations of Peak Dynamic Normal Forces Induced into I/R Systems with
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The maximum dynamic shear and normal forces experienced by the I/R systems are listed in Table 7-12.
To find the extreme values presented in these tables, results of Test Series TS11 (the test series conducted
without rubber snubbers), Test TS6-S4 (the test during which the test specimen housing was damaged),
and Test TS7-S5 (the test conducted after activation of the isolation systems inside the fan module) were
not considered. The I/R systems designed for a static load of 15 kN (3.4 kips) withstood dynamic shear
and normal forces as strong as 29 kN (6.6 kips) and 34 kN (7.7 kips), respectively, without sustaining any
damage.

Table 7-12 Maximum Dynamic Forces Induced into I/R Systems,
Phase I: Test Series TS1 through TS10

. Peak Input Motion
Dynamic Directi R /R Test
Force trection esponse, System # | Name | Amplitude, | Peak Acceleration,
kN 9%
4 8
Transverse 16 4 TS6-S5 100 0.80
Shear |Longitudinal 29 5 TS10-S4 100 0.79
Resultant 29 5 TS10-S4 100 0.81
Normal Vertical 34 5 TS6-S5 100 0.53

The test results show that the maximum dynamic forces were not necessarily induced into the I/R system
supporting the largest tributary mass. Furthermore, despite the fact that the acceleration response (near the
center of mass) of the test specimen was usually larger in the transverse direction than in the longitudinal
direction, the maximum shear force was experienced in the longitudinal direction. These two important
observations regarding the dynamic forces induced into the I/R systems are attributed to the rotational
responses of the test specimen. The engagements of the restraint components were not only because of the
translational movement but also because of the rotational movement of the test specimen. The
relationship between the rotational responses of the test specimen on the dynamic forces induced into the
I/R systems are explained more in Section 7.3.2.

For each of the input motion amplitudes, the maximum dynamic forces induced into the support locations
of the isolated and rigidly mounted test specimen can be compared to each other by a dimensionless Force
Amplification Factor (FAF) defined in Equation 7-5:

FAF = Fmax,isol (7_5)
max,rigid

where,

FAF = the Force Amplification Factor
Foanisor = the maximum dynamic resultant shear or normal force induced into the I/R systems
Foaxrigin = the maximum dynamic resultant shear or normal force at the support locations of the
rigidly mounted test specimen

The variations of the resultant shear and normal FAF with the corresponding peak input acceleration
throughout the 46 seismic tests of Phase I of the experiments are shown in Figures 7-16 and 7-17,
respectively. Throughout the seismic tests of Test Series TS1 through TS10, the resultant shear and
normal FAF varied in the range of 1.5 to 15.8 and 1.1 to 11.1, respectively. Both resultant shear and
normal FAF decreased with an increase of the input motion amplitude. During the tests with the full-scale
input motion, the variation ranges of the resultant shear and normal FAF were limited to 1.5 to 2.5 and 1.0
to 2.0, respectively.
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7.3 Effect of Restraint Component Properties on Seismic Performance of I/R Systems

The sensitivity of the seismic performance of the I/R systems to the variations of the restraint component
properties are investigated in this section. Among several response quantities measured on the test
specimen during the seismic tests, the horizontal, vertical, and resultant A4F near the center of mass, the
peak relative displacement responses on top of the south face of the test specimen, and the maximum
dynamic shear and normal forces induced into the I/R systems were selected as the main indicators of the
seismic performance of the I/R system. Effects of variation of the gap size, rubber snubber thickness, and
rubber snubber hardness on the seismic responses of the test specimen and on the dynamic forces induced
into the I/R systems are described in Sections 7.3.1 through 7.3.3, respectively.

7.3.1 Effect of Gap Size

The test plan included two groups of test series that incorporated I/R systems with identical rubber
snubber thickness and hardness, but different gap sizes. The first group of test series included TS5 and
TS7, and the second group included TS6 and TS8. Table 7-13, lists the identical and variable properties of
the restraint components of I/R systems incorporated in the test series of each group.

Table 7-13 Restraint Component Properties in Test Series Conducted to Study
Effect of Gap Size on Seismic Performance of I/R System

Identical Properties: Variable Property:
Test | Rubber Snubber Thickness, | Rubber Snubber Hardness,
Series mm (in.) Duro. Gap Size,
Horizontal Vertical Horizontal Vertical mm (in.)
Snubber Snubber Snubber Snubber
%H TS5 6 (0.25) 6 (0.25) 40 40 13 (0.5)
S TS7 6 (0.25) 6 (0.25) 40 40 6 (0.25)
= TS6 6 (0.25) 6 (0.25) 60 60 13 (0.5)
<=
S TS8 6 (0.25) 6 (0.25) 60 60 6 (0.25)

The variations of the horizontal, vertical, and resultant AAF on top of the motor with the corresponding
peak input acceleration during the seismic tests of Groups I and II are shown in Figures 7-18 and 7-19,
respectively. The results of Test Series TS12 have been added to these figures to compare the
amplification of the acceleration response of the isolated and rigidly mounted test specimen to each other.

The effect of doubling the gap size of the restraint components from 6 mm (0.25 in.) to 13 mm (0.5 in.) on
the acceleration responses on top of the motor varied with the input motion amplitude. In the tests with
the low-to-moderate amplitude input motions, increasing the gap size from 6 mm (0.25 in.) to 13 mm (0.5
in.) resulted in a decrease of the acceleration response on the top of the motor. However, in the tests with
the high amplitude input motions, doubling the gap size from 6 mm (0.25 in.) to 13 mm (0.5 in.) increased
the acceleration response on the top of the motor. The reason for this trend is that the responses of the test
specimen to the low-to-moderate amplitude input motions were relatively small and the large air gap
precluded the engagement of the restraint components with high frequency and intensity. However, for
the high amplitude input motions, engagement of the restraint components with high intensity and
frequency was inevitable and the large air gap allowed the test specimen to accelerate more and engage
the restraint components with higher momentum.
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Figure 7-18 Effect of Variation of Restraint Component Gap Size on A4 F near Center of Mass of
Test Specimen (on Top of Motor), Comparison of Results of Test Series 5 and 7
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Figure 7-18 (cont’d) Effect of Variation of Restraint Component Gap Size on A4 F near Center of
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Figure 7-19 Effect of Variation of Restraint Component Gap Size on A4 F near Center of Mass of
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Figure 7-19 (cont’d) Effect of Variation of Restraint Component Gap Size on A4 F near Center of
Mass of Test Specimen (on Top of Motor), Comparison of Results of Test Series 6 and 8

The variations of the maximum horizontal and vertical relative displacement responses on the south face
of the isolated test specimen with the corresponding peak input acceleration during the seismic tests of the
test series of Group I and II are shown in Figures 7-20 and 7-21, respectively.

The test results show that regardless of the input motion amplitude, increasing the gap size from 6 mm
(0.25 in.) to 13 mm (0.5 in.) resulted in a significant increase of the relative displacement responses of the
test specimen. Due to the contributions of the rotational responses and deformation of the rubber snubbers
to the displacement responses of the test specimen, the increase of the peak relative displacement
response was usually larger than the 6 mm (0.25 in.) enlargement of the gap size. With an increase of the
input motion amplitude, the rotational responses of the test specimen and intensity of the engagement of
the rubber snubbers increased. Therefore, the effect of the large gap size on the amplification of the
relative displacement responses of the test specimen increased with an increase of the input motion
amplitude. For instance, with the full-scale input motion, doubling the gap size from 6 mm (0.25 in.) in
Test Series TS7 to 13 mm (0.5 in.) in Test Series TS5 resulted in 19 mm (0.75 in.) increase of the
horizontal relative displacement response on the south face of the test specimen.
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Figure 7-20 Effect of Variation of Restraint Component Gap Size on Peak Relative Displacement
Responses at Top-South-East Corner of Test Specimen, Comparison of Results of Test Series 5 and 7
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The variations of the maximum dynamic shear and normal forces induced into the I/R systems with the
corresponding peak input acceleration during the seismic tests of the test series of Group I and II are
shown in Figures 7-22 and 7-23, respectively. The results of Test Series TS12 have been added to these
figures to compare the dynamic forces at the support locations of the isolated and rigidly mounted test
specimen.

In the test series of Group I with the soft rubber snubber (Test Series TS5 and TS7), regardless of the
input motion amplitude, increasing the gap size from 6 mm (0.25 in.) to 13 mm (0.5 in.) has resulted in an
increase of the dynamic forces induced into the I/R systems. However, in the test series of Group II with
the hard rubber snubber (Test Series TS6 and TS8), the effect of increasing the gap size on the dynamic
forces induced into the I/R systems varied with the input motion amplitude. During these two test series,
the detrimental effect of the enlargement of the gap size in increasing the dynamic forces (particularly the
normal forces) induced into the I/R systems was mainly seen in the tests with full-scale input motion.

The results obtained in this study and the results of the previous study on the seismic performance of the
I/R systems (Fathali and Filiatrault, 2007) show that depending on the response amplitude, the large air
gap can be relatively beneficial or seriously detrimental. The large air gap might be beneficial by allowing
the equipment to respond to the input motion without intense engagement of the restraint components or
might be seriously problematic by allowing the equipment to accelerate in a larger domain and engage the
snubbers with higher velocity and momentum. With so many uncertainties about the input motion
characteristics and given the fact that increasing the gap size always results in a considerable increase of
the displacement response of the equipment, it can be concluded that increasing the gap size degrades the
overall seismic performance of the I/R system and should be avoided.
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Figure 7-23 Effect of Variation of Restraint Component Gap Size on Peak Dynamic Forces Induced
into I/R Systems, Comparison of Results of Test Series 6 and 8

129



7.3.2 Effect of Rubber Snubber Thickness

The test plan included two groups of test series that incorporated I/R systems with identical rubber
snubber hardness and equal gap size, but different rubber snubber thicknesses. The first group of test
series included TS1, TS3, and TS7, and the second group included TS2, TS4, and TSS. Table 7-14, lists
the identical and variable properties of the restraint components of I/R systems incorporated in the test
series of each group.

Table 7-14 Restraint Component Properties in Test Series Conducted to Study
Effect of Rubber Snubber Thickness on Seismic Performance of I/R System

Identical Properties: Variable Property:
Test Gap Size,| Rubber Snubber Hardness, | Rubber Snubber Thickness,
Series mm (in.) Duro. mm (in.)

Horizontal Vertical Horizontal Vertical

Snubber Snubber Snubber Snubber

_ TS1 19 (0.75) 19 (0.75)
o

5 TS3 6 (0.25) 40 40 13 (0.5) 13 (0.5)
)

TS7 6 (0.25) 6 (0.25)

— TS2 19 (0.75) 19 (0.75)
o

5 TS4 6 (0.25) 60 60 13 (0.5) 13 (0.5)
G}

TS8 6 (0.25) 6 (0.25)

The variations of the horizontal, vertical, and resultant AAF on the top of the motor with the
corresponding peak input acceleration during the seismic tests of Groups I and II are shown in Figures 7-
24 and 7-25, respectively. The results of Test Series TS12 have been added to these figures to compare
the amplification of the acceleration response of the isolated and rigidly mounted test specimen. In
addition, the results of Test Series TS11 have been included in these figures to investigate the effect of
removing the rubber snubbers on the acceleration responses of the isolated test specimen. However, it
should be considered that the gap size of the I/R systems in Test Series TS11 was 3 mm (0.125 in.)
smaller than the gap size of the I/R systems in the other test series.

The test results show that in the tests with the low-to-moderate amplitude input motions, increasing the
rubber snubber thickness resulted in a reduction of the acceleration response on top of the motor.
However, the opposite trend took place during the tests with high amplitude input motions. Moreover, the
test results show that the combination of reduced rubber hardness and increased rubber thickness resulted
in very large acceleration responses on the top of the motor. As shown in Figure 7-24, regardless of the
input motion amplitude, the resultant acceleration response on the top of the motor was always larger
during Test Series TS1 (thickest and softer snubber) than during the other two test series of Group I (Test
Series TS7 and TS3).

The variations of the peak relative displacement responses on the south face of the test specimen during
the seismic tests of Groups I and II are shown in Figures 7-26 and 7-27, respectively. The results of Test
Series TS11 have been included in these figures to investigate the effect of removing the rubber snubbers
on the displacement responses of the isolated test specimen. The results show that, in most cases,
increasing the rubber thickness resulted in an increase of the displacement response of the test specimen.
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Given the fact that the gap size of the I/R systems in Test Series TS11 (I/R systems without rubber
snubber) was 3 mm (0.125 in.) larger than the gap size of the I/R systems during the other test series, the
reduction of the peak relative displacement responses of the test specimen during Test Series TS11
highlights the significant contribution of the rubber snubbers in increasing the displacement response of
the test specimen.

The variations of the maximum dynamic shear and normal forces induced into the I/R systems with the
corresponding peak input acceleration during the seismic tests of Groups I and II are shown in Figures 7-
28 and 7-29, respectively. The results of Test Series TS12 have been added to these figures to compare
the dynamic forces at the support locations of the isolated and rigidly mounted test specimen. In addition,
the results of Test Series TS11 have been included in these figures to investigate the effect of removing
the rubber snubbers on the dynamic forces induced into the I/R systems.

The test results show that despite the increased acceleration and displacement response of the test
specimen, in most of the tests increasing the rubber snubber thickness resulted in a reduction of the peak
dynamic forces induced into the I/R systems. Decreases in the translational acceleration responses of all
points of the test specimen would certainly result in reductions of the dynamic forces induced into the I/R
systems. Conversely however, as the tests results showed, reduction of the dynamic forces induced into
the I/R systems does not mean that all the points of the test specimen experienced lower translational
acceleration responses. In fact, increases of the translational acceleration responses near the center of
mass of the test specimen and reductions of the dynamic forces induced into the I/R systems occurred
often during the same seismic test. In order to understand these apparently contradictory observations, the
following characteristics of the seismic response of the test specimen should be considered:

1) A large portion of the dynamic forces induced into the I/R systems was attributed to the rotational
responses of the test specimen. In other words, the dynamic force applied to the test specimen at
the support locations created both translational and rotational acceleration responses. Therefore,
in the presence of rotational acceleration responses in the equilibrium equation, a reduction of the
dynamic force could occur at the same time as an in increase of the translational acceleration
response.

2) Due to the rotational and vertical responses of the test specimen, the dynamic mass supported by
each I/R system was not constant. Therefore, any change in the peak dynamic forces could be
attributed to a change in any of the two variables of the equilibrium equation at the support
location, namely the supported dynamic mass and the translational acceleration response. In other
words, with the variable dynamic mass supported by each I/R system a reduction in the induced
dynamic force could occur at the same time as an increase in the translational response.

3) The translational acceleration responses at different points of a rigid body, which is experiencing
a combination of translational and rotational displacement, are not necessarily equal. Therefore,
even if the reduction in dynamic forces induced into the I/R systems was as a result of a reduction
in the translational acceleration responses at the support locations, this could still coincide with an
increase of the translational acceleration responses at other locations of the test specimen, such as
the center of mass.

The results obtained during Test Series TS11 show that the retraining mechanism without the rubber
snubbers, which involves impacts between steel surfaces, resulted in excessive dynamic forces induced
into the I/R systems. In fact, the dynamic forces induced into the I/R systems were so high that
performing a seismic test with the full-scale input motion would have damaged the load cells installed
under the I/R systems.

Based on the test results obtained, it can be concluded that increasing the thickness of the rubber snubbers
is a successful modification in the restraint component properties to reduce the dynamic forces induces
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into the I/R systems. However, it might result in an increase of the acceleration responses of the test
specimen and it certainly results in an increase of the displacement responses of the test specimen.

With the large air gap, large acceleration and displacement response are already expected and increasing
the thickness of the rubber snubbers will hardly worsen the seismic performance of the I/R systems from
those points of view. However, thick rubber snubbers are capable of reducing the potential strong
dynamic forces induced into the I/R systems. In other words, in presence of large air gaps, increasing the
rubber snubber thickness is a reasonable solution, because the unwanted consequences of the solution are
negligible compared to its required benefits.
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Figure 7-24 Effect of Variation of Rubber Snubber Thickness on A4F near Center of Mass of Test
Specimen (on Top of Motor), Comparison of Results of Test Series 1, 3, 7, and 11
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Figure 7-24 (cont’d) Effect of Variation of Rubber Snubber Thickness on A4F near Center of Mass
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Figure 7-25 Effect of Variation of Rubber Snubber Thickness on A4F near Center of Mass of Test
Specimen (on Top of Motor), Comparison of Results of Test Series 2, 4, 8, and 11
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Figure 7-28 Effect of Variation of Rubber Snubber Thickness on Peak Dynamic Forces Induced into
I/R Systems, Comparison of Results of Test Series 1, 3, 7, and 11
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Figure 7-29 Effect of Variation of Rubber Snubber Thickness on Peak Dynamic Forces Induced into
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7.3.3 Effect of Rubber Snubber Hardness

The test plan included five groups of test series that incorporated I/R systems with identical rubber
thickness and equal gap size, but different rubber hardness. Each group consisted of a test series with 40
Duro rubber snubbers and a test series with 60 Duro rubber snubbers. Table 7-15, lists the identical and
variable properties of the restraint components of I/R systems incorporated in the test series of each of the
five groups.

Table 7-15 Restraint Component Properties in Test Series Conducted to Study
Effect of Rubber Snubber Hardness on Seismic Performance of I/R System

Identical Properties: Variable Property:
Test Gap Size,| Rubber Snubber Thickness, | Rubber Snubber Hardness,
Series mm (in.) mm (in.) Duro.
Horizontal Vertical Horizontal Vertical
Snubber Snubber Snubber Snubber

=) TS1 40 40
o~ 6 (0.25) 19 (0.75) 19 (0.75)
) TS2 60 60
= TS3 40 40
= 6 (0.25) 12 (0.5) 12 (0.5)
G} TS4 60 60
=y TS5 40 40
p= 13 (0.5) 6 (0.25) 6 (0.25)
G} TS6 60 60
=3 TS7 40 40
o> 6 (0.25) 6 (0.25) 6 (0.25)
) TS8 60 60
& TS9 40 40
o> 6 (0.25) 3(0.125) 6 (0.25)
G} TS10 60 60

The variations of the horizontal, vertical, and resultant AAF on top of the motor with the corresponding
peak input acceleration during the seismic tests of Groups I through V are shown in Figures 7-30 through
7-34, respectively. The results of Test Series TS12 have been added to these figures to compare the
amplification of the acceleration response of the isolated and rigidly mounted test specimen. The test
results show that in most of the tests, reducing the rubber snubber hardness resulted in an increase of the
acceleration response on the top of the motor.

The variations of the maximum horizontal and vertical relative displacement responses on the south face
of the isolated test specimen with the corresponding peak input acceleration during the test series of
Group I through V are shown in Figures 7-35 through 7-39, respectively. The results show that regardless
of the input motion amplitude, reducing the rubber snubber hardness from 60 to 40 Duro resulted in an
increase of the peak relative displacement responses of the test specimen.

The variations of the maximum dynamic shear and normal forces induced into the I/R systems with the
corresponding peak input acceleration during the test series of Group I through V are shown in Figures 7-
40 through 7-44, respectively. The results of Test Series TS12 have been added to these figures to
compare the dynamic forces at the support locations of the isolated and rigidly mounted test specimen.
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The test results show that despite the increased acceleration and displacement responses of the test
specimen in most of the tests with the softer rubber snubber, still in some cases reducing the rubber
snubber hardness resulted in a reduction of the dynamic forces induced into the I/R systems.

The immediate concern about the excessive displacement response of the equipment is the breakage of
the connected pipes and wires. However, beyond this potential problem, the increased displacement of the
equipment as a result of application of softer (or thicker) rubber snubbers can actually degrade the
capability of the snubbers in reducing the dynamic forces induced into the I/R systems.

For a single impact between a punching mass and a rubber snubber, reducing the stiffness of the snubber
by reducing its hardness (or increasing its thickness) will certainly result in a reduction of the dynamic
force experienced by the object. The reduction of the snubber stiffness will also result in an increased
compression of the rubber snubber during the impact. For a single impact, the increased compression of
the rubber snubber will not be a concern. However, if the punching mass is moving within an air gap and
there is a chance of a second impact in the opposite direction after rebounding, then the excessive
compression of the rubber snubber during the first impact might be detrimental. The excessive
compression of the rubber snubber in one direction can instantly enlarge the nominal gap size and allow
the punching mass to accelerate and impact the snubber on the other side with a larger momentum.
Analogously, in the seismic tests with the I/R systems, the capability of the soft (or thick) rubber snubbers
could be degraded by their contribution in enlarging the nominal gap size and allowing the test specimen
to move and accelerate within a larger domain.

As discussed previously, the increase of the snubber thickness in most of the cases was successful in
reducing the dynamic forces induced into the I/R systems. However, the same level of success in reducing
the dynamic forces was not repeated by reducing the rubber snubber hardness. In order to understand the
reason behind this trend, the effect of rubber hardness and thickness on the snubber stiffness should be
compared to each other. The stiffness of a rubber snubber can be estimated by (Kinetics Noise Control,
2004):

K=C LBy (1+C5%) (7-6)
where,

K = snubber stiffness
A; = loaded area
t = snubber thickness
E, = tangent modulus for a shape factor equal to zero
S = rubber snubber shape factor
Ciand C, = constant coefficients that depend on the shape of the snubber (for
instance, C; and C, for the rubber washer used as the snubbers in
the vertical direction are equal to 1 and 2, respectively.)

As it is seen in Equation 7-6, the rubber hardness controls the snubber stiffness only through E.
Increasing the rubber hardness from 40 to 60 Duro increases E, by a factor of about 2.2(Gent, 2001).
Therefore, throughout the experiments, replacing the 40 Duro-rubber snubbers by the 60 Duro-rubber
snubbers would amplify the stiffness of the restraint components by a factor of about 2.2.

The direct effect of the rubber thickness on the snubber stiffness is seen in the denominator of Equation 7-
6. In addition, the rubber thickness variation affects the snubber stiffness indirectly through the shape
factor in the numerator of Equation 7-6. The shape factor of a snubber is the ratio between the loaded area
and the area free to bulge. With an increase of the thickness, the bulging area increases and therefore, the
shape factor decreases. Therefore, in Equation 7-6, the rubber stiffness reduces nonlinearly with snubber
thickness. For example, according to the manufacturer of the rubber snubbers, doubling and tripling the
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thickness of a 6 mm (0.25 in.)-thick rubber washer snubber would reduce the snubber stiffness by a factor
of about 5 and 10, respectively.

Therefore, throughout the experiments, the stiffness of the rubber snubbers was reduced much more by
increasing their thickness rather than by reducing their hardness. For instance, the 6 mm (0.25 in.)-thick
washer snubber made from 40 Duro was stiffer than a 19 mm (0.75 in.)-thick washer snubber made from
60 Duro rubber.

In general, the seismic performance of the I/R systems was more influenced by a change in the gap size or
rubber thickness than by a change in the rubber snubber hardness. Moreover, the effect of the rubber
snubber hardness on the seismic performance of the I/R systems could be overshadowed by the effects of
the other two properties of the I/R systems. For instance, the results of Test Series TS5 and TS6 showed
that in presence of the large gap size, variation of the rubber snubber hardness hardly affected the
dynamic forces induced into the I/R systems.
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Figure 7-30 Effect of Variation of Rubber Snubber Hardness on AA4F near Center of Mass of Test
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Figure 7-30 (cont’d) Effect of Variation of Rubber Snubber Hardness on A4F near Center of Mass
of Test Specimen (on Top of Motor), Comparison of Results of Test Series 1 and 2
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Figure 7-32 Effect of Variation of Rubber Snubber Hardness on A4 F near Center of Mass of Test
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Figure 7-33 Effect of Variation of Rubber Snubber Hardness on AA4F near Center of Mass of Test
Specimen (on Top of Motor), Comparison of Results of Test Series 7 and 8
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Figure 7-36 Effect of Variation of Rubber Snubber Hardness on Peak Relative Displacement
Response at Top-South-East Corner of Test Specimen, Comparison of Results of Test Series 3 and 4
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Figure 7-38 Effect of Variation of Rubber Snubber Hardness on Peak Relative Displacement
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Figure 7-39 Effect of Variation of Rubber Snubber Hardness on Peak Relative Displacement
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Figure 7-40 Effect of Variation of Rubber Snubber Hardness on Peak Dynamic Forces Induced into
I/R Systems, Comparison of Results of Test Series 1 and 2
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Figure 7-41 Effect of Variation of Rubber Snubber Hardness on Peak Dynamic Forces Induced into
I/R Systems, Comparison of Results of Test Series 3 and 4
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Figure 7-42 Effect of Variation of Rubber Snubber Hardness on Peak Dynamic Forces Induced into
I/R Systems, Comparison of Results of Test Series 5 and 6
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Figure 7-43 Effect of Variation of Rubber Snubber Hardness on Peak Dynamic Forces Induced into
I/R Systems, Comparison of Results of Test Series 7 and 8
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Figure 7-44 Effect of Variation of Rubber Snubber Hardness on Peak Dynamic Forces Induced into
I/R Systems, Comparison of Results of Test Series 9 and 10
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7.4 Seismic Response of Damaged Test Specimen

In Section 6.2.2, it was described that during Seismic Test TS6-S4 the test specimen housing was
damaged. After strengthening the test specimen housing (see Figure 6-3), the test with the full-scale input
motion was repeated as Seismic Test TS6-S5. The selected peak response quantities of the test specimen

during Seismic Tests TS6-S4 and TS6-S5 are compared in Table 7-16.

Table 7-16 Comparison of Selected Peak Response Quantities During
Seismic Tests TS6-S4 and TS6-S5

Test Name
Response Quantity Direction . .
TS6-S4 TS6-S5
Transverse 5.19 3.76
Longitudinal 4.83 4.08
Peak Acceleration Response Horizontal 543 4.08
on Top of Motor, g
Vertical 3.07 2.76
Resultant 6.24 4.53
Peak Acceleration Response Transverse 6.20 445
on Test Specimen Housing, £ | 1 ongitudinal 3.46 330
Transverse 41.8 40.8
Peak Relative Displacement | Longitudinal 33.7 30.9
Response at Top-South-East .
Corner of Test Specimen, mm Horizontal 45.44 42.72
Vertical 19.23 23.94
Peak Dynamic Forces Shear 27.75 25.33
Induced into I/R Systems, AN Normal 36.36 3358

*_ The test specimen housing was damaged during this seismic test

**_The test specimen housing was retrofitted before this seismic test (see Section 6.2.2)

The test results show that the damage of the connections between the base rail and modules during
Seismic Test TS6-S4 resulted in a significant increase of the seismic responses of the test specimen and
the dynamic forces induced into the I/R systems. The damaged test specimen housing experienced
transverse acceleration larger than 6.0 g. The amplification of the response resulted from the damage to

the housing was larger in the transverse direction than in the longitudinal direction.
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7.5 Effect of Activation of Internal Isolation System on Seismic Response

During Test Series TS7 (Phase 1), and TS12 (Phase II) of the experiments, the full-scale input motion
tests were repeated after the isolation supports inside the fan module were activated. The selected peak
response quantities during each pair of the seismic tests (Seismic Tests TS7-S4 and TS6-S5 with the
isolated test specimen and Seismic Tests TS12-S5 and TS12-S6 with the rigidly mounted test specimen)
are listed in Table 7-17.

Table 7-17 Comparison of Selected Peak Response Quantities with and without Activation of
Internal Isolation Systems during Full-Scale Tests of Test Series TS7 and TS12

Test Name
. . . Phase I: Isolated Phase II: Rigidly Mounted
Response Quantity Direction Test Specimen Test Specimen
TS7-S4" TS7-S5" TS12-S5" TS6-S6™
Transverse 2.99 6.02 2.98 3.34
) Longitudinal 3.47 5.60 2.5 3.75
Peak Acceleration
Response on Vertical 3.54 6.32 3.12 4.29
Top of Motor, g .
Horizontal 2.38 3.83 1.70 2.44
Resultant 3.72 7.39 3.15 4.29
Peak Acceleration Transverse 4.28 4.05 2.52 2.10
Response on Test
Specimen Housing’ g Longitudinal 2.62 2.41 1.24 1.15
Transverse 30.0 30.6 7.5 7.0
Peak Relative T
Displacement Response Longitudinal 19.8 19.6 3.1 3.0
Measured on South Face | - 14,0y 30.3 30.9 7.7 7.1
of Test Specimen, mm
Vertical 16.8 16.7 2.4 2.3
Peak Dynamic Forces Shear 25.29 25.33 11.69 13.14
Induced into I/R

*. Seismic test without internal isolation system
**_ Seismic test with internal isolation system

The test results show that the activation of the internal isolation system supporting the motor and fan
resulted in a significant increase of the acceleration response of the motor. However, the response of the
test specimen housing and the dynamic forces induced into the I/R systems hardly changed (slightly
decreased) after activation of the internal isolation system. The increase of the acceleration responses on
top of the motor after activation of the internal isolation systems has been much larger in the test with the
isolated test specimen than in the test with the rigidly mounted test specimen.
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SECTION 8

CONCLUSIONS

The experimental research presented in this report is aimed at evaluating the seismic performance of an
isolation/restraint (I/R) system supporting a relatively light mechanical equipment item. The I/R system
considered in this study was typical of commercially available systems for seismic application. The
mechanical equipment used as the test specimen was an Air-Handling Unit (AHU). The mass of the test
specimen was 1971 kg (4345 [b). The experimental study included two phases of earthquake-simulator
tests. During the first phase, the test specimen was supported by six I/R systems. The test plan of this
phase of the experiments incorporated variations of the restraint component properties, and included 46
seismic tests. Each seismic test was preceded and followed by a pulse-type system-identification test. In
order to establish the dynamic properties of the test specimen, and to compare the seismic responses of
the isolated and rigidly mounted test specimen, the second phase of the experiments was conducted with
the rigidly mounted test specimen. This phase included six seismic and seven system-identification tests.
The main conclusions obtained from the system-identification and seismic tests conducted throughout the
two phases of earthquake-simulator experiments are described in this section.

The results of the pulse-type system-identification tests showed that the first three natural frequencies of
the isolated test specimen were 1.23, 1.55, and 2.06 Hz. These natural frequencies were significantly
lower than the first (lowest) natural frequency of the rigidly mounted test specimen (9.6 Hz). Translations
along the transverse, longitudinal, and vertical directions were the major component of the mode shapes
established for the first three modes of the isolated test specimen. However, all of the first three modes of
the isolated test specimen incorporated some rotational components. The mode shapes of the fourth, fifth,
and sixth mode of the isolated test specimen involved more rotations. The mode shapes of the six modes
of the isolated test specimen show that the total response of the isolated test specimen always involves
some rotational movements. In other words, the test specimen would always engage the restraint
components with both translational and rotational momentum.

Decay of responses of the isolated test specimen at the end of the seismic tests (free vibration without
engagement of the restraint components) showed that the isolation component of the I/R system provided
only less than three percents of the critical (equivalent) viscous damping ratio. The low damping capacity
of the isolation component of the I/R system is in fact desirable from the vibration-isolation point of view.

Comparisons of similar responses of the isolated and rigidly mounted test specimen during the seismic
tests confirmed that the restraint component of the I/R system limited the displacement responses of the
isolated test specimen at the expense of significant amplified acceleration responses and large dynamic
forces induced at the support locations (I/R systems).

During the seismic tests conducted with the different restraint component properties, the horizontal and
vertical Acceleration Amplification Factor (44F, defined as the ratio between the peak acceleration
response measured on the test specimen and the peak input acceleration in a particular direction) near the
center of mass of the test specimen varied in the range of 4.0 to 11.2 and 4.2 to 15.1, respectively. The
variation ranges of the same response quantities for the rigidly mounted test specimen were 3.3 to 5.6 and
3.1 to 5.3, respectively.

The transverse and longitudinal 44F on the housing of the isolated test specimen during the seismic tests
varied in the range of 3.4 to 13.4 and 2.8 to 7.3, respectively. The same response quantities for the rigidly
mounted test specimen during the seismic tests varied in the range of 1.5 to 3.2 and 1.3 to 2.1,
respectively.
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Throughout the seismic tests of the first phase of the experiments, the transverse, longitudinal, and
vertical AAF at the support locations of the isolated test specimen (on the top level of the I/R systems)
varied in the range of 2.9 to 17.3, 2.7 t0 9.5, and 4.2 to 27.0, respectively.

Throughout the seismic test, the following trends were observed in the variations the A4F near the center
of mass, on the housing, and at the support locations of the test specimen:

1) The Horizontal AAF was usually smaller than the vertical AAF. The restraining mechanism in the
horizontal direction, which incorporated a geometric nonlinearity by gradual expansion of the contact
surface, was proven more successful in reducing the amplification of the acceleration responses.

2) Due to the rotational responses of the test specimen and the energy absorption by the test specimen
housing and other components, the A4F was considerably larger at the support locations than near the
center of mass or on the housing of the test specimen.

3) Comparison of the test results in this study and the results obtained in the previous study conducted
with a heavy and rugged mechanical equipment item (Fathali and Filiatrault, 2007) confirmed that the
amplification of acceleration response increases as the mass of the equipment decreases or its flexibility
increases.

4) With the high input motion amplitude, the velocity (both translational and rotational) of the test
specimen at the threshold of the engagement of the snubbers was more influenced by the input
acceleration rather than by the restraint component properties. Therefore, as the test results showed, the
sensitivity of the 4AF to variations of the restraint component properties generally decreased with an
increase of the input motion amplitude.

5) The acceleration responses of the test specimen increased with an increase of the input motion
amplitude. However, the 44F usually decreased with an increase of the input motion amplitude. During
most of the test series, the largest and smallest AAF was experienced during the test with the lowest and
highest (full-scale) amplitude input motion, respectively.

The maximum horizontal and vertical acceleration responses measured near the center of mass of the
isolated test specimen were 4.71 and 2.98 g, respectively. The similar response quantities for the rigidly
mounted test specimen were 3.12 and 1.17 g, respectively. The maximum transverse and longitudinal
acceleration responses on the housing of the isolated test specimen were 5.77 and 3.91 g, respectively.
The similar response quantities for the rigidly mounted test specimen were 2.52 and 1.24 g, respectively.

Whereas the I/R systems were designed for a peak acceleration of 3.0 g, the peak transverse, longitudinal,
and vertical acceleration responses measured at the support locations of the isolated test specimen during
the seismic tests exceeded 7.6, 6.7, and 6.3 g, respectively.

During the seismic tests, the restraint components of the I/R systems designed for a 15 AN nominal static
design capacity experienced dynamic shear and normal forces as large as 29 and 34 kN, respectively, and
were not damaged. The dynamic forces induced into the I/R systems were considerably larger than the
dynamic forces experienced at the support locations of the rigidly mounted equipment. The maximum
shear and normal forces at the support locations of the rigidly mounted test specimen during the seismic
tests were 12 and 19 kN, respectively.

The resultant shear and normal Force Amplification Factor (FAF, defined as the ratio between the
maximum dynamic forces induced into the I/R systems and maximum dynamic forces experienced at the
support locations of the rigidly mounted test specimen) varied in the range of 1.5 to 15.8 and 1.1 to 11.1,
respectively. Both the resultant shear and normal FAF decreased with an increase of the input motion
amplitude. During the tests with the full-scale input motion, the variation ranges of the resultant shear and
normal FAF were limited to 1.5 to 2.5 and 1.1 to 2.0, respectively.
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The peak dynamic forces induced into the I/R systems during the seismic tests showed that: 1) the
maximum dynamic force was not necessarily induced into the I/R system that supported the largest
tributary static mass; 2) the maximum dynamic force was not always induced in the direction along which
the largest translational acceleration response was experienced near the center of mass of the test
specimen, and 3) a reduction of the dynamic forces induced into the I/R systems resulting from changes in
the restraint component properties could occur at the same time as an increase of the translational
acceleration responses near the center of mass of the test specimen. These observations, which might
contradict intuition, are justified when translational and rotational responses of the test specimen are
considered together. In fact, a large portion of the dynamic forces induced into the I/R systems was
attributed to the rotational responses of the test specimen. Even without translational response at the
center of mass and only with rotations, significant dynamic forces could be induced into the I/R systems.
Furthermore, due to the rotational and vertical responses of the test specimen, the dynamic mass
supported by each I/R system could be significantly different form the tributary static mass. The I/R
system that supported the maximum static mass would not necessarily support the maximum dynamic
mass at the threshold of the engagement of the restraint component.

Because of rotational responses of the test specimen and compressibility of the rubber snubbers, the peak
relative displacement responses during the seismic tests could be much larger than the gap size of the I/R
systems. Whereas the largest gap size of the I/R systems during the experiments was 13 mm, peak relative
displacement response as large as 46 mm was measured on the housing of the isolated test specimen. The
test results showed that the relative displacement responses of the test specimen increased with an
increase of the elevation from the support locations.

During the seismic tests with the isolated test specimen, increasing the gap size of the restraint component
always resulted in larger displacement responses. However, effects of increasing the gap size on the
acceleration response of the test specimen, and on the dynamic forces induced into the I/R systems were
functions of the input motion amplitude. With the low-amplitude input motion, increasing the gap size
could preclude the high-frequency and high-intensity engagements of the snubbers. Therefore, it resulted
in lower acceleration responses and smaller dynamic forces. With the high-amplitude input motion, on the
other hand, the large gap size allowed the test specimen to accelerate within a larger space and engage the
snubbers with high momentum. The increased momentum of the test specimen resulted in excessive
amplified acceleration responses and large dynamic forces induced into the I/R systems. The test
specimen housing was damaged during the full-scale test of the test series with the largest gap size (13
mm). The peak transverse and longitudinal acceleration responses on the test specimen housing during the
test that resulted in the damage, were as high as 6.20 and 3.46 g.

Increasing the thickness of the rubber snubbers in most of the seismic tests resulted in higher acceleration
responses near the center of mass and larger displacement responses on the housing of the test specimen.
However, in most of the seismic tests, increasing the rubber snubber thickness was successful in reducing
the dynamic forces induced into the I/R systems. In fact, the reduction of the stiffness of the rubber
snubbers by increasing their thickness allowed the test specimen to move and rock in a larger space, but at
the same time, it resulted in reductions of the dynamic forces induced into the I/R systems.

In most of the seismic tests, reducing the hardness of the rubber snubbers from 60 to 40 Duro resulted in
larger displacement responses. The effects of reducing the hardness of the rubber snubbers on the
acceleration responses near the center of mass were functions of the input motion amplitude and thickness
of the rubber snubber. In many tests, reducing the rubber hardness resulted in an increase of the
acceleration responses near the center of mass. Despite of the increased displacement (on the housing)
and acceleration responses (near the center of mass), still in some of the seismic tests reducing the rubber
hardness resulted in reductions of the dynamic forces induced into the I/R systems. However, in some of
the seismic tests, reducing the rubber hardness degraded the seismic performance of the I/R systems from
all points of view as the acceleration response near the center of mass increased, the test specimen
experienced larger displacements, and stronger dynamic forces were induced into the I/R systems.
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The test results confirmed that the capability of the rubber snubber to reduce the dynamic forces was
improved more by increasing the snubber stiffness than by reducing its hardness. Furthermore, it was
observed that the effect of the snubber hardness on the seismic responses was overshadowed in presence
of thick snubber or large gap size.

The test results showed that after activation of the internal vibration isolators (supporting the motor and
fan inside the fan module) the acceleration responses on top of the motor significantly increased.
However, other seismic responses of the test specimen were hardly affected by the activation of the
internal vibration isolators. In addition, the test results showed that the amplification of the acceleration
responses on top of the motor due to the activation of the internal vibration isolators was much larger for
the isolated test specimen than for the rigidly mounted test specimen.
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SECTION 9

GENERAL FINDINGS AND RECOMMENDATIONS ON
SEISMIC PERFORMANCE OF I/R SYSTEMS

The general conclusions obtained from the earthquake-simulator experiments conducted with a relatively
light and flexible equipment item (an air-handling unit) in the present study, and the conclusions
previously obtained from similar experiments conducted with a relatively heavy and rugged mechanical
equipment item (a centrifugal liquid chiller) are summarized as follows.

1) The seismic protection of vibration-isolated equipment by rubber snubbers is a displacement-control
approach, which involves impact mechanisms. In general, impact is a crude control mechanism with poor
energy-dissipation capability, which results in amplified acceleration responses and large dynamic forces.
Similarly, the displacement-control of vibration-isolated equipment by rubber snubbers is achieved at the
expense of amplified acceleration responses of the equipment and large dynamic forces induced into the
snubbers. However, by proper selection of the snubber properties and without violation of the vibration-
isolation requirements, it is possible to moderate the unwanted consequences of the impacts between the
equipment and snubbers.

2) The response of a mechanical equipment item mounted on I/R systems to a seismic excitation is
highly nonlinear. For a given seismic excitation, the peak seismic responses are functions of several
parameters including, mass and mass moment of inertia of the equipment, flexibility of the equipment,
eccentricities of the center of mass of the equipment , and the I/R system properties.

3) Effects of the restraint component properties on the equipment seismic responses are functions of the
input motion amplitude. For instance, with low amplitude input motions, a large gape size might desirably
allow the equipment to move within the air gaps without high-frequency and high-intensity engagements
of the restraint components. However, with large-amplitude input motions, the large gap size might be
seriously detrimental by allowing the equipment to accelerate in a larger space and engage the restraint
components with high momentum.

4) Among the three properties of the restraint components, the gap size and the rubber snubber hardness
has the most and the least influence on the seismic performance of the I/R systems, respectively. The first
recommendation to improve the seismic performance of the I/R systems is to reduce the gap size.
Particularly in the areas of high seismicity or wherever high amplitude input motions are expected (top
levels of high-rise buildings), the gap size should be reduced to the minimum which satisfies the
vibration-isolation requirements. Being conservative on the gap size to ensure the vibration-isolation
efficiency seriously endangers the safety of the equipment, the I/R systems, and the lifelines connected to
the equipment. Increasing the rubber snubber thickness is the second recommendation for the cases that
small gap sizes violate the vibration-isolation requirements, and therefore, large gap sizes should be used.
Reducing the hardness of the rubber snubber is not recommended since it slightly reduces the induced
dynamic forces but at the same time increases displacement responses of the equipment and might also
increase the acceleration responses of the equipment. In other words, reducing the dynamic forces (the
main expected benefit of reducing the hardness of the rubber snubber) is achieved much more efficiently
by increasing the rubber snubber thickness than by reducing its hardness. Moreover, when soft rubber
snubber is used, it is better to increase the snubber thickness to delay/avoid the hardening (and snubber
rupture) resulting from over-compression of the snubber during impacts.

5) Increasing the thickness and/or reducing the hardness of the rubber snubbers are the solutions to reduce

the dynamic forces induced into the I/R systems. However, these solutions result in larger displacement of
the equipment. The increased translation and rocking of the equipment could be damaging to the lifelines
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connected to the equipment. Moreover, it might result in large acceleration responses at the points
elevated from the support locations and damage the acceleration-sensitive components located at those
points. Therefore, application of thick rubber (thicker than 0.25 in.) or soft rubber (40 Duro) might be
necessary only for the I/R systems with strong potential dynamic forces such as I/R systems with the large
gap size (larger than 0.25 in.).

6) The static approach to estimate the peak dynamic forces induced into the I/R systems is inaccurate
because the mass supported by each I/R system is not constant during the seismic response, and, more
importantly, because a large portion of the forces induced into the I/R systems is attributed to the
rotational acceleration responses of the equipment. Contrary to what is predicted by the static approach,
the maximum dynamic forces are not necessarily induced into the I/R system supporting the largest static
tributary mass.

7) Due to the rotational responses of the equipment and compressibility of the rubber snubbers, the
relative displacement responses at some points on the equipment can be much larger than the gap size of
the I/R systems. The relative displacement response increases with an increase of any of the followings:
the input motion amplitude, gap size, rubber snubber thickness, rubber snubber softness, or elevation
from the support locations.

8) Higher acceleration-response amplifications should be expected for flexible and light mechanical
equipment than for rugged and heavy mechanical equipment. Unfortunately, compared to heavy and
rugged equipment items, light and flexible equipment items are usually more sensitive to acceleration.
Therefore, the lower force-demands of I/R systems supporting light equipment should not lead to less
attention in selecting the appropriate properties of the restraint components. Securing the I/R systems
during an earthquake and keeping the equipment in place are important objectives but they do not fulfill
the seismic protection of the equipment. The equipment should stay put but it also should be able to
continue its normal operation after the earthquake.

9) Contrary to what might be expected by intuition, due to the rotational responses of the equipment,
change of the restraint component properties in the horizontal or vertical direction could influence the
equipment responses and the dynamic forces induced into the I/R systems in both horizontal and vertical
directions.

10) Compared to restraining mechanisms with constant contact surface (such as a rubber washer pressing
a rubber grommet), restraining mechanisms that incorporate geometric nonlinearity by gradual expansion
of the contact surface (such as a cylindrical punch and a rubber tube) are certainly superior for protection
of acceleration-sensitive mechanical equipment.

11) The restraining mechanism resulting from an impact between two steel objects induces very large

dynamic forces and can be catastrophic. I/R systems should be designed to ensure that all restraining
mechanisms incorporate resilient contact surfaces.
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