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Preface

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

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

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

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

This report describes experimental research aimed at evaluating the seismic performance of an
isolation/restraint system, typical of the systems designed by the American Society of Heating,
Refrigerating and Air Conditioning Engineers (ASHRAE) members, supporting heavy mechanical
equipment. The ASHRAE-type isolation/restraint system consisted of coil springs and rubber
snubbers constraining the displacement in the horizontal and vertical direction. The heavy HVAC-
type mechanical equipment used as test specimen was a centrifugal liquid chiller. System-
identification and seismic shake table tests were conducted on the test specimen mounted on four of
the isolation/restraint systems. The test plan included variation of design parameters of the restraint
component of the systems, such as gap size, rubber pad thickness and hardness, and static capacity.
The tri-axial acceleration response at the center of mass and corners of the chiller, displacement
response of the chiller, and the dynamic forces induced into the isolation/restraint systems were
recorded in each test. The experimental results were analyzed to determine the response amplification
due to the engagement of the restraint components, to investigate the sensitivity of the seismic
performance of the isolation/restraint systems to the variations of their restraint component design
parameters, and to compare the static design capacity of the restraint components to their dynamic
(actual) capacity. A companion report describing light mechanical equipment is under preparation.

iv



ABSTRACT

This report describes an experimental research aimed at evaluating the seismic performance of an
isolation/restraint system, typical of the systems designed by the ASHRAE members, supporting heavy
mechanical equipment. The ASHRAE-type isolation/restraint system consisted of coil springs and rubber
snubbers constraining the displacement in the horizontal and vertical direction. The heavy HVAC-type
mechanical equipment used as test specimen was a centrifugal liquid chiller. System-identification and
seismic shake table tests were conducted on the test specimen mounted on four of the isolation/restraint
systems. The test plan included variation of design parameters of the restraint component of the systems
namely the gap size, rubber pad thickness and hardness, and the static capacity. The tri-axial acceleration
response at the center of mass and corners of the chiller, displacement response of the chiller, and the
dynamic forces induced into the isolation/restraint systems were recorded in each test. The experimental
results were analyzed to determine the response amplification due to the engagement of the restraint
components, to investigate the sensitivity of the seismic performance of the isolation/restraint systems to
the variations of their restraint component design parameters, and to compare the static design capacity of
the restraint components to their dynamic (actual) capacity.
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SECTION 1
INTRODUCTION

Achieving a target seismic performance for a building requires the harmonization of the performance
levels between structural and nonstructural components. Recent studies have shown that even if the
structural components of a building achieve an immediate occupancy performance level after a seismic
event, failure of nonstructural components of the building such as mechanical and electrical equipment
can lower the performance level of the entire building and result in significant financial loss (Gould et al.,
2003; Kircher, 2003; Filiatrault et al., 2001). The 2003 edition of the International Building Code (ICC,
2003) defines minimum seismic loads against which equipment installed in buildings should be capable
of resisting. The IBC 2003 requires certification for the capability of the equipment to resist the defined
seismic loads. Several methods of certification including dynamic testing, analysis, and historical data are
allowed. However, the cost of dynamic testing, difficulty of accurate dynamic analysis, and lack of
historical data on the seismic performance of nonstructural components make such certification
problematic.

Heating, Ventilation, and Air-Conditioning (HVAC) equipment is an important category of nonstructural
components in buildings, which needs to meet the IBC 2003 certification requirements. Some HVAC-
type equipment items are conventionally suspended from or mounted on a building floor by rigid
interfacing links. However, in many cases the HVAC-type equipment is mounted on, or hung from
isolation devices. The isolation devices, interfacing the equipment and the building, are used to control
the transmission of noise, shock, and vibration produced by the equipment into the building structure or
into other equipment installed in the building. Furthermore, the same devices isolate the equipment from
vibration generated by other equipment items installed in the building. In strong seismic events, massive
rigid equipment suspended by or mounted on flexible vibration isolation devices may experience
displacement significantly larger than the isolator capacity. Whilst the isolators should continuously play
the important role of supporting the equipment, large displacements may result in the undesirable isolator
failure.

Application of rubber or neoprene snubber elements in conjunction with vibration isolation devices has
been proposed and implemented successfully to control the displacement response of HVAC-type
equipment suspended by or mounted on vibration isolation devices. The snubber elements and isolation
devices can be placed around or connected to different locations of the equipment separately. More
efficiently, the snubber elements and isolation devices can be unified into one isolation/restraint system
(for brevity in this report, I/R is used as the acronym of isolation/restraint). Presence of such impact-type
displacement control devices may introduce large seismic acceleration into the supported equipment and
large dynamic forces into the I/R systems. Consequently, studying the seismic performance of HVAC-
type nonstructural components mounted on I/R systems requires the consideration of the seismic
performance of I/R systems.

The experimental research presented in this report focused on the seismic performance evaluation of an
I/R system typical of systems designed by the members of the American Society of Heating,
Refrigerating, and Air-Conditioning Engineers (ASHRAE). The heavy (HVAC-type) mechanical
equipment used as test specimen in this study was a liquid centrifugal chiller weighing 11997 kg (26450
Ib). The chiller was mounted on four I/R systems located at its four corners. Determination of the
amplified seismic forces and accelerations experienced by the mounted equipment and the relationship
between the static capacities and the actual dynamic capacities of the I/R system and the test specimen
were investigated. The relationship between the static and actual dynamic capacities of I/R systems is an
expedient tool for evaluation of the dynamic system capacity from individual component static testing
results. The sensitivity of the seismic performance of the I/R systems to the change in their component
properties and configuration was experimentally examined by repeating the shake table tests of the chiller
mounted on the systems with different properties and configurations.






SECTION 2
TEST SPECIMEN
2.1 General Description of Test Specimen

The heavy mechanical equipment used as test specimen in this study was a centrifugal liquid chiller
provided by York International Corporation. Centrifugal chillers are HVAC-type equipment, and are
utilized for cooling of large buildings with centralized air conditioning system. They are heat-exchange
equipment and use air, refrigerant, water, and evaporation (for transferring heat) to produce air
conditioning. The cold liquid generated in the centrifugal chiller is circulated through a cooling coil of an
air-handling unit (AHU) to cool the air supplied to a building. Figure 2-1 shows the test specimen placed
on one of the two six-degree-of freedom earthquake simulators of the Structural Engineering and
Earthquake Simulation Laboratory (SEESL) of the Department of the Civil, Structural, and
Environmental engineering at University at Buffalo, the State University of New York.

Figure 2-1 Test Specimen: Centrifugal Liquid Chiller

2.2 Test Equipment Components

A brief description of the seven major components of the test specimen and their close up photographs are
presented in table 2-1. Figure 2-2 indicates the location of the seven major components on the chiller
assembly.



Table 2-1 Major Components of Centrifugal Liquid Chiller

Component Function Close-up View
Absorbs heat from building
Evaporator .
environment.
Condenser Removes the heat absorbed by

the evaporator.

Opti-View Control Center (OCC)

Electrically detects basic system
information namely pressure,
temperature, electrical systems,
etc.

Variable Speed Drive (VSD)

Controls the speed of the motor.

Raises the refrigerant pressure
and pump it into the condenser

Compressor and through the air conditioning
system.
Motor Drives the compressor.
Oil Pump (OS) Provides oil for lubrication.




Figure 2-2 Test Specimen Overall Views

2.3 Test Specimen Dimensions and Mass

The test specimen overall dimensions were 4.88 meters by 2.11meters (192 inches by 83 inches) in plan,
and 2.87m (113 in) in height. The chiller dimensions are presented in figure 2-3. The chiller could be
tested in two different extreme conditions: dry condition (without any water) and wet condition (full of
water and refrigerant). Expecting the chiller filled with water would experience larger dynamic responses,
only the wet condition of the chiller was considered in this study. According to the data provided by York
International Corporation and the data from the measurement in the laboratory, the chiller filled with
water weighed 11997 kg (26450 lbs). More than 98% of the mass of the chiller was provided by the
evaporator, condenser, compressor, motor, oil pump, suction pipe, and the water and refrigerant inside the
condenser and evaporator. Table 2-2 lists the chiller components mass. Table 2-3 presents the coordinates
of the center of mass of the chiller with respect to the coordinate system defined in figure 2-4(a). As
shown in figure 2-4(b), the transverse, longitudinal, and vertical directions are associated with y, x, and z
axes, respectively. Table 2-4 lists the eccentricities between the center of mass of the chiller and the
geometric center of four corners of the chiller in the transverse, longitudinal, and vertical directions.
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Table 2-2 Chiller Components Mass

Component Mass
kg 1b
Evaporator 3589 | 7912
Condenser 2822 | 6222
Compressor 1323 | 2917
Motor 989 | 2180
Oil Pump 195 | 430
Suction Pipe 204 | 449
Others 219 482
Water and Refrigerant | 2657 | 5858
Total 11997 | 26450

Table 2-3 Coordinates of Center of Mass of Chiller

X y z

cm in cm in cm in

2354 | 92.7 | 102.1 | 40.2 96.9 38.2

(a) Reference Coordinate System (b) Reference Directions

Figure 2-4 Reference Coordinate System and Directions for Center of Mass of Chiller

Table 2-4 Eccentricities between Center of Mass of Chiller
and Geometric Center of Four Corners of Chiller

Transverse Longitudinal Vertical

cm in cm in cm in

33 1.3 8.4 3.3 96.9 38.2







SECTION 3
ISOLATION/RESTRAINT SYSTEMS
3.1 General Description of Isolation/Restraint Systems

Coil springs have been vastly used for vibration control of many types of mechanical equipment such as
HVAC-type machinery (ASHRAE, 2003). Spring-type isolation devices control the transmission of noise,
shock, and vibration produced by mechanical equipment into the building structure or other equipment
items installed in the building. Figure 3-1 illustrates two common types of the isolation devices used for
mounted and suspended equipment.

(b) Spring-Type Isolation Device for Suspended Equipment

Figure 3-1 Spring-Type Vibration Isolation Devices
(Kinetics Noise Control, 2006, MASON Industries Inc., 2006)

While spring-type isolators are quite capable of mitigating the operation-induced vibration, their
performance in severe seismic events is seriously questioned. During an earthquake, due to the lateral
flexibility of the springs, massive equipment supported by isolators may experience displacements much
larger than the isolator capacity. Displacements larger than the isolator capacity result in the failure of the
isolator. When the isolators supporting the equipment fail, the equipment falls on the building floor, and
its dynamic response is not controlled anymore. This type of failure may cause significant damage to the
equipment itself, to the other equipment items installed in the building, and even to the building structure.

The displacement response of an isolated equipment item can be limited by using snubber elements.
Snubbers are designed and implemented in different shapes and properties. When the moving equipment



hits the snubber, impact occurs and the equipment bounces back to move within the accepted range of
displacement. The impact intensity can be reduced by implementing snubbers made of flexible materials
such as neoprene or natural rubber. Figure 3-2 presents one simple snubber utilized to restrain the
displacement of an equipment item supported by spring isolators.

Figure 3-2 Displacement Restraint Device: Neoprene Pad Snubber
(Kinetics Noise Control, 2006)

Compared to the systems with snubber elements and isolation springs installed around the equipment
separately (figure 3-2), systems with devices capable of simultaneous vibration isolation and
displacement restraining (spring and snubber integrated into a common device) are more efficient, more
stable, and easier to install. The ASHRAE-type I/R system used for supporting the test specimen in this
study is an example of such systems. In this system, spring elements provide vibration isolation for the
supported equipment in three orthogonal directions and the supported equipment can move within a range
of spatial displacement defined and limited by the restraining elements.

3.2 Isolation/Restraint System Configuration

The ASHRAE-type I/R system considered in this experimental study consists of two major components
that are oriented orthogonally with respect to each other: an isolation component and a restraint
component. The isolation component consists of two coil springs embedded between two parallel
rectangular steel plates. The bottom steel plate interfaces the I/R system and the building floor and the top
plate interfaces the supported equipment and the I/R system. Enough clearance is provided between the
two coil springs to allow the installation of the restraint component of the I/R system in a perpendicular
direction relative to the axis connecting the centers of the two coil springs. As shown in figure 3-3(a),
coaxial coil springs with different vertical stiffness values are used to provide the required vertical
stiffness. A leveling bolt passes through the center of the coil springs. At the end of the leveling bolt, a
nut is welded that provides the proper contact area with the top plate. Once the equipment is mounted on
the I/R systems, by losing or fastening the rods through the square washers (load plate) on top of the
springs, the distance between the top and bottom plates is adjusted according to the height required for
proper operation of the restraining component. If there is no seismic consideration, the isolation
components of the I/R systems, assembled as shown in figure 3-3(b), provide sufficient control for noise
and vibrations encountered by the equipment during operation.

The restraint component of the I/R system consists of two major sub-assemblies that limits the
displacement in the horizontal and vertical directions. Figures 3-4(a) and 3-4(b) show details of these two
sub-assemblies. The top part of the restraint component, shown in figure 3-4(a), consists of two threaded
rods (and two nut and two steel washers for each rod) and a piece of steel pipe welded to a rectangular
steel plate. A steel bushing may circumscribe the steel pipe to adjust the displacement limit.

10



(a) Coaxial Coil Springs in Isolation (b) Test Equipment Supported by Isolation
Component of I/R System Component of I/R System

Figure 3-3 Isolation Component of ASHRAE-Type Isolation/Restraint System

The bottom part of the restraint component, shown in figure 3-4(b), consists of two rigid steel bearings
and a piece of steel pipe welded to a rectangular steel plate, two rubber grommets, and one tubular rubber
pad. The tubular rubber pad, shown in figure 3-4 (c), is placed inside the steel pipe. Figure 3-4(d) shows
the grommets, which are fitted into the holes of the steel bearings. Once the restraint component of the
system is fully assembled, as shown in figure 3-4(e), the top and bottom parts can move relative to each
other. The relative horizontal motion of the top and bottom part of the restraint component is free until the
steel pipe (or the steel bushing around it) of the top part makes contact with the tubular rubber pad. In
other words, the cylindrical gap left between the steel pipe of the top part and tubular rubber pad defines
the horizontal distance within which two parts of the restraint component can move freely. The relative
vertical motion of the top and bottom part of the restraint component is free until any of the two nuts of
the rods makes contact with the steel washers located between the nuts and the grommet. In fact, the
relative distance between the two nuts of the rods welded to the top plate adjusts the vertical displacement
limit.

The two components of the I/R system are tied together by bolting the top and bottom plates of the
restraint component to the top and bottom plate of the isolation component. Figures 3-5 shows the
assembled I/R system before and after mounting the test specimen (chiller).

3.3 Dimensions and Details of Isolation/Restraint Systems

Coil springs, as vibration isolation component of the I/R systems, are designed only based on the weight
of the equipment to be supported without any seismic considerations. On the other hand, the restraint
component of the I/R system is designed for the supplemental dynamic loads resulting from the impacts
inside the restraint component during a seismic event. The maximum dynamic load introduced into the
restraint component of the 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. The restraint component should be
capable of withstanding the equivalent static load applied in all directions.

The restraint components used in this experimental study were designed for two design peak
accelerations: 1.0 g and 3.0 g. Each I/R system was named according to the peak acceleration used to
design its restraint component. The 1.0 g design I/R system was an I/R system whose restraint component
was designed to withstand static loads equal to the weight carried by the I/R system in all directions.
Similarly, the 3.0 g design I/R system was an I/R system whose restraint component was designed to
withstand static loads up to three times of the weight carried by the I/R system in all directions.

11



Each I/R system carried almost one quarter of the weight of chiller (one quarter of 117.7 kN). Therefore,
the static capacity of the 1.0 g and 3.0 g design I/R systems was 29.4 and 88.3 kN, respectively. The
details and dimensions of the 1.0 g and 3.0 g design restraint component are shown in figures 3-6 and 3-7,
respectively. Table 3-1 lists the bill of materials used to build the 1.0 g and 3.0 g design restraint
components. Figures 3-8 and 3-9 show the dimensions and details of the assembled 1.0 g and 3.0 g design
I/R systems and the top and bottom plates of their isolation component. The weight of the assembled 1.0
g and 3.0 g design I/R system was 156 kg (344 Ibs) and 281 kg (620 lbs), respectively.

(c) Tubular Rubber Pad Placed in Steel Pipe (d) Grommets Fitted in Holes of Bearings in
Welded to Lower Part of Restraint Component Lower Part of Restraint Component

(e) Assembled Restraint Component

Figure 3-4 Restraint Component of ASHRAE-Type Isolation/Restraint System

12



(b) After Mounting Test Specimen
Figure 3-5 Assembled ASHRAE-Type Isolation/Restraint System

13



[u% ¥]
W 1713

Loz 1]
W fhR)

(Jur] ww :syrun) yJuduoduwro)) Jure.a)say usIsd( 38 ()°[ JO S[ILId( PuUE SUOISUIWI( 9-€ 1T

| =

| T

l|_”=0”_ wa Ze—

*lrm\m €l__|

1ouodwo)) JuTRNsSY [BOMISA (P

SMOIA 3pIS (q

MIIA Ul (0

[.8; s1l

ot £0f

(9]
ey *| )
L€l
w g/

L vavaTivivA
JETAVAVAVAVAVAVAVAVAVA
JAVAVAVAVAVAVAY)

8]
e €07

SOJ0H T
ONN 01
[.£] v g
de[. % (ua

woyod % doL
SO ¥ L8]
8
L] wur €07
wzee L& 12]
W LES
MITA DINouIos] (e
Lurl

14



([ur] ww :sy1un) yuduodwio)) Jure.a)say usIsd( 8 ()°E JO S[ILId( PuUt SUOISUIWI( L-€ 2In3L|

[ N\M% ! 1euodwo)) Jurensay reontep (p MITA ue[d (o
w9 4 [.61]
[u5] um 61
= TSR
[.2] J

mse _”:@”_ | i
| ww 767 4| Wl 6.7
] L]
| W 701

@ P
Wonog % mﬁl\ il
S9[CH ¥ u8
[.8] /@ L] w2z W £07
- BHNN\_AM ‘ L.oz]
u W (99
EE_¢: .
_fH s MIIA dpwos] (v
680 L1 o] wm goz—
SMIIA 3PIS (q
|
/%4
g,

i

)

i

it

SOIOH T

15



‘SOPIS XIS M NN NN "XOH ‘PeIIY] 9SI80)) WIOJIU) DN QNPAYDS YOS ‘IIun YOul Ul SIZIS Y) MOYS SIOorIq U SINJeA YT, ‘[

L-€ pue 9-¢ sans3y ur umoys ‘g

SSOUXOIY [, Iy, ‘Iojower pIsu (][ “JoIoWeL( pIsinQ :'q'0

o[qeLieA olqeLeA ped 10qqny renqng, I 1
L-€ 9In31J 99§ 9-¢ 9In31J 99§ JOWOIL) Ioqqmy ré b
suo [Egl oL 18T €1 = [81est x [8lest | Buotle] oo €] €1 x [9] st x [9] zs1 IBuy I c [
%a 68 9IoH ‘[1] €1 x[8] TST x [8] TST %a $6 910H ﬁ@ €1 x [9]1TST x [9]TST | SI0H Yim d1e[d [991S 4 H
@ 6 UL 4%: Lzrariolestiao % ww g YL “@ 1T ”.o.:m& [T @O | 19ysep [991S YOIy L 14 D
mN xoH anbioy ONN 8-[1] §¢ N "XaH anbio1, DNN olm_ 61 N "XaH anbio1, DNN v d
Suo ﬁms L61-poY papeary [, ONN 8-[1] sz |3uo] %a ¥S1-POY PapeaIY L, DNN olm_ 61 POy papeary L 4 q
3uoq [¢] Lz1-=did 0v' WS [1] 201 3uo [¢] Lz1-2did 0v'uos [€] 9L odid [o3s do, I a
3uoT [¢] LzT-0did 0+'UoS[8] €0T 3uoT [¢] zo1-0did 0%'UdS [9] TST 2did [9318 wonog I J
(921 099 x [11] 6LT x m: 43 %5 9¢s x [8] €0z x [1] 6T ale[d [091S Wonog I < |
(921 099 x [11] 6LT x m: 43 %5 9¢s x [8] €0z x [1] 6T ajed [o03s do. I \4

ugrsoq 3 o°¢ udrsa@ 3 ¢'1
uondrsaq fnuend | yed

2718

([ur] wiux :syrun) Jusuoduwio)) Jurea)sdy udisd 3 ('€ pue 3 (°1 Jo speIdq 1-€ Aqel

16



([ur] wrou :syrun) widysAS ¥/ A L-AVIHSY U31sa( 3 0°1 Jo s[re)d( A[quidssy §-¢ dan3iq

HIVI1d WOLLOY HIV1d dOL

[.01] w $67

L34 17] wo Lgg [.3¢ 1g] wwm g5

.

o

(8) WHHSVM LV [ 1] o 57
=[] ww g

INHWATEM HLVId WOLLOS (8) L1049 XAH ONOT [.677] wen 49 x Z1-[, 1] ww g7
(2) [ys] o £z y x [,6] woo 77 x [,zz°0] wor 9 Oy d ASION ANHIIOAN () 8-¥D 1706 XTH ONOT [,s47] wa gz x N [,,§£"0] trm 6] 7

(2) LNENQTIM LIHSNI WOLLOY

DNTEdS YHNNI

DNIMdS JHLNO

(@) [ug] wmr 277 x [,g] wom 277 x [,$0] W £ ALV'Td AVOT

L% 01
wu 197

DNOT [us¢] W oF1 “O'N ££°0 L'10€ DNITIATT

(D) IAHSVM TIALS [.5270] wor 61

— L% 121w £ x [,o1] wnm pszx [L,S2°0) @ 61 HLVL dOL - — W
() dHHSVM LV [,S£0] wm g1 /
[.01] T 16T (¥) 1NN XaH [s£ 0] w 6T L [.9] wm gg1

INANOJNOD
INIVLSTA
NDISHA 3 0’1

TK

17



([u1] wur :syrun) waysAS Y/ A L-AVIHSYV USISIQ 3 ("€ JO S[1e)d( A[qUIdSSY 6-€ dIN31]

HIV'Id WOLLOY HLVId dOL

(8) ¥AHSVM LV [u1] wm gz
(8) L'70€ XHH DNOT L.§'2] v 9 % Z[-[, 1] v mn14

LNAWCTEIM TLVId WOLLO]
_IW_ M (@) [us]wmm 171 % [6] wrm L1 X [,ZZ'0] W 9 (v ASION ANHUAOHN //
_ (2} INTNATAM LUASNI WOLLOH /_/
/ = .wm\mm
=2 o= = L)

ONIEdS JHNNI

‘DNIA4S dHIN0

ONOT [ug'8] T 0T “N $£°0 LTOE ONITHATT

(@) Lug] o £71 x [,6] wem £71 % [,$°0] Wi €1 ALV aQVO'T

(2) MaHS VM TAALS [uSL'0] wm 61

() GEHSVM LV14 [u6L 0] w61 =
r—,8] urw goz— L& 11 P s

W Z67 89D [,s77] s x 11086 [, 5L°0] v 6 — o le—  INIVHLSHY
L] mmazst NOIsAA 3 0°€

a——,.Z1] W gpg———=

18



3.4 Isolation/Restraint System Design Parameters

The horizontal and vertical stiffness of the coil springs are the only design parameters of the isolation
component of the I/R system. As mentioned earlier, the isolation component of the I/R system is designed
based on the weight of the supported equipment without any seismic considerations. The restraint
component of the I/R system, on the other hand, is designed for the dynamic loads induced by the impacts
during a seismic event. The intensity of an impact between an accelerated rigid mass and a surface is
controlled by several parameters including the distance within which the accelerated rigid mass moves
freely before hitting the surface and the stiffness and energy dissipation ability of the surface.
Analogously, the impact intensity in the restraint component of the I/R system, which directly influences
the seismic performance of the I/R system, is function of the design parameters listed below:

1) Horizontal Gap: The cylindrical space between the tubular rubber pad and the steel pipe welded
to the top plate of the restraint component defines how much the supported equipment can freely
move in the horizontal direction before an impact occurs. The horizontal gap can be adjusted by
either the rubber pad thickness or steel bushing circumscribing the steel pipe. In this study, the
following nominal horizontal gap sizes were investigated: 3 mm [0.125 in], 6 mm [0.25 in],
11 mm [0.4325 in], and 12 mm [0.5 in].

2) Vertical Gap: Subtracting the total thickness of the grommet and the two steel washers from the
distance left between the two nuts of the threaded rod (welded to the top plate of the restraint
component and passing through the grommet center) gives the effective vertical gap of the
restraint component. In this series of experiments, the vertical gap size was always nominally
equal to the horizontal gap size. However, as will be explained in Section 5.6, in practice the
horizontal and vertical gaps were not necessarily equal.

3) Rubber Thickness: The thickness of the rubber pad and grommets have direct influence on the
impact intensity inside the restraint component of the I/R systems. In an impact event, the rubber
pad and grommets are squeezed between two rigid parts. Therefore, it is expected that the thicker
rubber pad and grommet would correspond to the smaller dynamic forces introduced into the I/R
systems. In this series of experiments, the nominal thickness of the rubber pad was selected as:
3 mm [0.125 in], 6 mm [0.25 in], 12 mm [0.5 in], or 18 mm [0.75 in]. The grommets for each I/R
system design were the same in all experiments, as shown earlier in figures 3-6 and 3-7.

4) Rubber Hardness: The capability of rubber to dissipate the energy in an impact loading has an
inverse relationship with the rubber hardness. The rubber hardness is measured by a standard
durometer and is presented in Duro value. In this study, two nominal hardness values were
investigated for the tubular rubber pad: 50 Duro and 60 Duro. However, the hardness of the
thinnest rubber pads with thickness of 3mm [0.125in] reached 70 Duro. All grommets used in
this study had nominal hardness of 60 Duro.

3.5 Mechanical Properties of Isolation/Restraint Systems

Each I/R system unit can be considered in two different states: (1) the moving parts of the restraint
component are not in contact and all the loads are carried only by the isolation component of the I/R
system and (2) the moving parts of the restraint component are in contact (impact occurs). In state (1), the
horizontal and vertical stiffness of the system are provided only by the coil springs, whereas in state (2),
the stiffness of the grommets and tubular rubber pads significantly contribute to the total horizontal and
vertical stiffness of the I/R system, respectively. Both lateral load resistant elements of the I/R system
(coil springs and tubular rubber pads) have axisymmetric characteristics and provide the same stiffness in
any horizontal direction. Therefore, instead of evaluating the stiffness of the I/R system in a Cartesian
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coordinate system (x-y-z or transverse-longitudinal-vertical), it is necessary to consider the similar
horizontal stiffness in all directions (axisymmetric) with a separate vertical stiffness.

The isolation component of the I/R system consists of two sets of coil springs. Each set of coil springs of
the isolation component is made up of two coaxial coil springs (inner and outer coil spring). The axial
stiffness of the outer and inner coil spring is 219 kN/m (1250 1b/in) and 88 kN/m (500 1b/in), respectively.
For the outer and inner coil spring fixed at both ends (two ends of the spring remain always parallel), the
ratio of the lateral to vertical stiffness is estimated 1.43 and 1.12, respectively (Tauby, 2005). The
ASHRAE-type I/R system installation is such that the top end of the coil springs does not have fixed
condition (see the details of the end of the leveling bolts shown in figures 3-8 and 3-9). The lateral
stiffness of a coil spring fixed only at one end is approximately one quarter of the lateral stiffness of the
same spring fixed at both ends. The vertical and horizontal stiffness of isolation component of the I/R
system provided by four coil springs operating in parallel, K ,and K, , are estimated as:

K,= 2x219 + 2x88 = 614 kN/m (3500 Ib/in) (3-1)

K= 2%(0.25x1.43x219) + 2x(0.25x1.12x88) = 206 kN/m (1174 Ib/in) (3-2)

The values calculated above are the vertical and horizontal stiffness of the ASHRAE-type I/R system
when all the loads are carried only by the coil springs (when there is no contact in the restraint
component). During the short time of each impact, when the moving parts of the restraint component are
in contact with each other, the tubular rubber pad in the horizontal direction and the rubber grommets in
the vertical direction significantly increase the stiffness of the I/R system. Based on the rubber properties
and the dimensions of the contact area, the horizontal stiffness provided by tubular rubber pad and the
vertical stiffness provided by grommets can be estimated for statically applied loads. It is assumed that
the stiffness against dynamic loading (impact) is one and half times of the stiffness against statically
applied loads. Table 3-2 lists the estimated stiffness provided by each component of the two I/R system
designs. Table 3-3 summarizes the maximum stiffness of each I/R system design in the two different
states: with and without occurrence of impact in the restraint component. All of the values presented in
tables 3-2 and 3-3 were provided by MASON Industries, Inc.

Table 3-2 Stiffness of I/R System Components (units: KN/m [Ib/in])

Restraint Component
N Isolation 3 3
Direction Component 1.0 g Design 3.0 g Design
Static Dynamic Static Dynamic
Horizontal 206 [1174] 5721 [32666] | 8581 [49000] | 7589 [43333] | 11383 [65000]
Vertical 614 [3500] 5370 [30666] | 8056 [46000] | 7355 [42000] | 11033 [63000]

Table 3-3 Maximum Stiffness of an I/R System (units: kN/m [Ib/in])

L 1.0 g Design 3.0 g Design
Direction
Without Impact With Impact Without Impact With Impact
Horizontal 206 [1174] 8787 [50174] 206 [1174] 11589 [66174]
Vertical 614 [3500] 8669 [49500] 613 [3500] 11646 [66500]
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SECTION 4
LABORATORY EQUIPMENT

4.1 Earthquake Simulator

The six-degree-of-freedom shake table 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 shake table is
capable of the nominal performance listed in table 4-1. The performance data is based on the continuous
uniaxial sinusoidal motion of the shake table with a 20 mton rigid specimen installed on it. Performance
levels are reduced with payloads larger than this nominal value. Figure 4-1 shows photographs of the
shake table with and without its extension. The plan dimensions of the shake table extension, a welded
steel truss with the approximate mass of 9.8 mton, are indicated in figure 4-2. More details on the shake
table characteristics can be found on-line at: http://nees.buffalo.edu/Facilities/Major Equipment/.

Table 4-1 Nominal Performance of Six-Degree-of-Freedom Shake Table

3.6mx3.6m

Table Size without Table Extension
[12ftx12ft]
Table Size with Extension Platform in 7.0mx7.0m
Place [23ftx231t]

) ) 50 mton maximum /20 mton nominal
Maximum Specimen Mass ) . ) .
[110kips maximum / 44 kips nominal]

Maximum Specimen Mass with Table 40 mton maximum
Extension Platform in Place [ 88kips maximum]
46ton-m
Maximum Overturning Moment )
[333kips-ft |
) 15ton-m
Maximum off-Center Loading Moment )
[108kips-ft ]
Frequency of Operation 0.1~50 Hz nominal/100 Hz maximum
Nominal Performance X axis Y axis Z axis
+0.15m +0.15m +0.075m
Stroke ) ) )
[£6in] [£6in] [£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) t115¢g +115¢ +115¢'

1. g is the acceleration due to gravity
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(a) Without Table Extension

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

Measurements of the acceleration and displacement of the chiller, the displacement, force, and
acceleration introduced to the I/R systems, and the displacement and acceleration of the shake table (table
extension) were required to provide sufficient data for of the seismic performance evaluation of the I/R
systems. The instrumentation used for the target measurements was a total of 4 load cells, 48
accelerometers, and 7 Light Emitting Diodes (LEDs) detected by a coordinate measurement machine
(CMM).

To measure the dynamic forces (specifically the axial and shear forces) introduced into the I/R systems,
one load cell was located under each I/R system in the four corners of the chiller. Each load cell could
measure five different force components just below the I/R system: the normal force, the shear forces in
the two horizontal orthogonal directions (transverse and longitudinal), and two in-plane moments (around
the transverse and longitudinal axes). The capacity of each load cell was 1130 kN [254 kips] in pure axial
force (without moment and shear force), 29kN-m [ 261kips-in ] in pure moment (without axial and shear
force), and 329 kN [74 kips] in pure shear force (without moment and axial force). Figure 4-3 shows a
photograph of one of the load cells along with its capacity interaction chart. Each line in the chart
indicates the shear force capacity (indicated by a number in kN unit on each line) associated with the
simultaneous applications of an axial force (vertical axis) and a bending moment (horizontal axis).

One set of three accelerometers (in three orthogonal directions) was installed at each of the following
three locations: the center of the shake table (to validate the shake table performance during the
experiments), the center of the table extension, and the center of mass of the chiller. It will be explained in
Section 6 that the chiller is assumed as a rigid body supported by flexible links. Therefore, the response
measured at a reference point such as the center of mass along with the geometry-based kinematics
equations are sufficient to calculate the response of any other point on the chiller.

In order to verify that the presence of the load cells interfacing the I/R systems and the shake table
extension would not change the acceleration introduced to the bottom level of the I/R systems, in each of
the three diagonal directions one accelerometer was installed on the bottom level of the I/R systems (a
total of three accelerometers per each I/R system). To measure the acceleration responses at the corners of
the chiller seven accelerometers were installed on the top level of each I/R system: two accelerometers in
each of the transverse and longitudinal direction and three accelerometers in the vertical direction. Figure
4-4 shows the accelerometers installed at the center of mass of the chiller and top and bottom level of the
I/R systems.

A Krypton CMM detected the three-dimensional displacement of seven different locations: 4 points on
the south face of the chiller, 2 points on the I/R systems located at the south corners of the chiller, and one
point on the south face of the shake table extension. Figure 4-5 shows the Krypton CMM and the LEDs
attached to the chiller, to the I/R system, and to the table extension.

Figures 4-6 and 4-7, associated with tables 4-2 and 4-3, show the accelerometer and LED locations,
respectively. Table 4-2 and 4-3 summarize all the instrumentation used in the shake table tests.

All accelerometers and load cells signals were sampled at 256 Hz through the LABVIEW data acquisition
software. The three-dimensional displacement measurements from the Krypton CMM were recorded at
125 Hz by the software integrated with the Krypton CMM. An anti-aliasing filter with a corner frequency
of 50 Hz was applied to all channels during data acquisition. Figures 4-8 and 4-9 show the accelerometer
and load cell channel locations, respectively. All acquired data have been included in the CD-ROM
accompanying this report.
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Figure 4-3 Load Cell (Top) and its Capacity Interaction Chart (Bottom)
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(b) Horizontal Accelerometers Installed on
Top Level of Load Cells

(c) Vertical Accelerometers Installed on Top (d) Accelerometers in Three Directions
Level of Load Cells Installed on Top Level of I/R Systems

Figure 4-4 Accelerometer Locations
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(c) LED Attached to Top Level of Load Cell (d) LED Attached to Shake Table

Figure 4-5 Displacement Instrumentation: Coordinate Measurement Machine and LEDs
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Q' Longitudinal (N-S) Accelerometer
“ Transverse (E-W) Accelerometer

Vertical Accelerometer

(a) Center of Mass of Chiller and Shake Table Center

/@' Longitudinal (N-S) Accelerometer
\Transvc:rsc (E-W) Accelerometer

‘ Vertical Accelerometer

(b) Top Level of Load Cells

Figure 4-6 Accelerometer Locations
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Q’ Longitudinal (N-S) Accelerometer
\Transvcrsc (E-W) Accelerometer

$ Vertical Accelerometer

(c) Top Level of I/R Systems

Figure 4-6 Accelerometer Locations (cont’d)

1, -
EVAPORATOR

76

Figure 4-7 Light Emitting Diode (LED) Locations
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Table 4-2 Instrumentation List: Accelerometers

Channel # |Quantity Type Symbol' | Direction Location
A
1-3 3 Accelerometer #® P 3 Axes Center of Mass of Chiller
oS
4-6 3 Accelerometer ig: 3 Axes Center of Shake Table Extension
7 1 Accelerometer ,@' Transverse
o L Top Level of Load Cell No.1
8 1 Accelerometer ®, | Longitudinal (South East Corner)
9 1 Accelerometer ‘ Vertical
10 1 Accelerometer ,@' Transverse
o Top Level of Load Cell No.2
11 1 Accelerometer ®, | Longitudinal (South West Corner)
12 1 Accelerometer 6 Vertical
13 1 Accelerometer ,@' Transverse
o Top Level of Load Cell No.3
14 1 Accelerometer ®, | Longitudinal (North West Corner)
15 1 Accelerometer ‘ Vertical
16 1 Accelerometer ,@' Transverse
o Top Level of Load Cell No.4
17 1 Accelerometer ®, | Longitudinal (North East Corner)
18 1 Accelerometer 6 Vertical
19-20 2 Accelerometer ,@' Transverse
o Top Level of I/R System No.1
21-22 2 Accelerometer ®, | Longitudinal (South East Corner)
23-25 3 Accelerometer 6 Vertical
26-27 2 Accelerometer ,@' Transverse
o Top Level of I/R System No.2
28-29 2 Accelerometer ®, | Longitudinal (South West Corner)
30-32 3 Accelerometer ‘ Vertical
33-34 2 Accelerometer ,@' Transverse
o Top Level of I/R System No.3
35-36 2 Accelerometer ®, | Longitudinal (North West Corner)
37-39 3 Accelerometer 6 Vertical
40-41 2 Accelerometer ,@' Transverse
o Top Level of I/R System No.4
42-43 2 Accelerometer Q Longitudinal (North East Corner)
44-46 3 Accelerometer ‘ Vertical
47-49 3 Accelerometer ig: 3 Axes Center of Shake Table

1. Shown in figure 4-6
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Table 4-3 Instrumentation List: Load Cells and Krypton LEDs

Channel # | Quantity Type Symbol'| Direction Location
50 1 Load Cell (Shear Force) Transverse
51 1 Load Cell (Shear Force) Longitudinal
52 1 Load Cell (Axial Load) * Vertical (SﬁSt?ldEiesltl (l?i) (i*‘nler)
53 1 Load Cell (Moment) Transverse
54 1 Load Cell (Moment) Longitudinal
55 1 Load Cell (Shear Force) Transverse
56 1 Load Cell (Shear Force) Longitudinal
57 1 Load Cell (Axial Load) * Vertical (S;:l(zid\;:;: IC\I(?I:ﬁer)
58 1 Load Cell (Moment) Transverse
59 1 Load Cell (Moment) Longitudinal
60 1 Load Cell (Shear Force) Transverse
61 1 Load Cell (Shear Force) Longitudinal
62 I Load Cell (Axial Load) | Y | Vertical (Nigﬁd\gg gg}ier)
63 1 Load Cell (Moment) Transverse
64 1 Load Cell (Moment) Longitudinal
65 1 Load Cell (Shear Force) Transverse
66 1 Load Cell (Shear Force) Longitudinal
67 1 Load Cell (Axial Load) > Vertical (N%)‘r’&dEiilg) ‘;fer)
68 1 Load Cell (Moment) Transverse
69 1 Load Cell (Moment) Longitudinal
70 1 Displacement (Krypton) ¥ 3-D? South Face of Chiller
71 1 Displacement (Krypton) o 3-D South Face of Chiller
72 1 Displacement (Krypton) 3¢ 3-D South Face of Chiller
73 1 Displacement (Krypton) ye3 3-D South Face of Chiller
74 1 Displacement (Krypton) ye3 3-D Top Level of Load Cell No.1
75 1 Displacement (Krypton) ye3 3-D Top Level of Load Cell No.2
76 1 Displacement (Krypton) ¥ 3-D South Face of Shake Table

1. Shown in figure 4-7
2. 3 Dimensions
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SECTION 5
SHAKE TABLE TESTS
5.1 Test Protocol

The chiller mounted on the I/R systems with different properties and configurations was subjected to a
series of seismic and identification tests. The synthetic input motions of the seismic tests were generated
based on the AC156 Testing Protocol (ICC-ES, 2004) and the IBC 2003 (ICC, 2003) requirements. The
input motions were scaled to simulate various levels of ground or floor motion. In order to monitor the
changes in dynamic (modal) properties of the test specimen throughout the experiments, each seismic test
was preceded and followed by a tri-axial pulse-type system-identification test. Accelerations,
displacements, and forces were measured by the 76 data acquisition channels described earlier in Section 4.

5.2 System-lIdentification Tests

Pulse-type system-identification tests were conducted before and after each seismic test to establish the
dynamic properties (natural frequencies and mode shapes) of the chiller supported by the isolation
component of the I/R systems, and to monitor the changes in the modal properties throughout the shake
table test program. Since the established dynamic properties were associated to the test specimen
supported only by the isolation component of the I/R systems (without engagement of the restraint
components), the amplitude of the system-identification tests had to be calibrated to insure that no impact
occurred against the snubbers of the restraint component of the I/R systems.

Equation 5-1 presents the desired input acceleration of the pulse tests and figure 5-1 shows the corresponding
acceleration time-history for each of the three orthogonal directions, which includes the pulse.

(5-1)

(0.05sin(2071))g ; 1:<1<t:+0.1
a=
0 ) t<ts or t2t5+01

where:

a = input 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 intervals between the individual pulses in each direction were considered to have the
mounted chiller respond to each pulse from an initial at rest condition (no vibration). In other words, it
was assumed that the response to the transverse and longitudinal pulses would damp out completely
within the ten-second interval. From the response to the pulse in each direction, natural frequencies and
mode shapes of the test specimen were established based on the procedure described in Section 6.1.

5.3 Seismic Tests

Based on Section 6.5.1 of the AC156 Testing Protocol (ICC-ES, 2004) and the seismic design
requirements specified by the IBC 2003 (ICC, 2003) for architectural, mechanical, electrical, and other
nonstructural components connected to building structures, two sets of tri-axial input motion were
generated for the seismic tests: one set for the roof level (for the case where the test specimen was mounted
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Figure 5-1 Tri-axial Input Acceleration for Pulse-Type Identification Test

on the roof level of a structure) and one set for the base level of a building (for the case where the test
specimen was mounted on the base level of a structure). It was assumed that the building structure

containing the equipment (test specimen) was located on a class D site (according to the IBC 2003) in an

area of high seismicity.
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The response spectra of the generated input motions should match the required response spectra (RRS)
specified by AC156 Testing Protocol (ICC-ES, 2004). Figure 5-2 is a parametric representation of the 5%
damped horizontal and vertical required response spectra (RRS). As shown in this figure, for all
frequencies, the amplitude of the vertical RRS is two third of the amplitude of the horizontal RSS.

Horizontal RRS
— — Vertical RRS

Spectral Response Acceleration (g)

0.1 foux % 333
Frequency (Hz)

Figure 5-2 Required Response Spectrum (RRS)
According to the IBC 2003 and AC156 Testing Protocol, the horizontal spectral acceleration for a flexible

equipment item (Ar;x), the horizontal spectral acceleration for a rigid equipment item (Agsc), frrx , and f;,
shown in figure 5-2, were calculated by the following equations:

Ary = SDS(1+2%) < 1.6Sps (5-2)

Aric = 0.4SDS(1+2%) (5-3)

fre=—r (5-4)
SDI(1+0.25%)

ﬁ)=5 Sbs (5-5)

Sp1

where:

Arrx = horizontal spectral acceleration calculated for a flexible equipment item
Aric = horizontal spectral acceleration calculated for a rigid equipment item
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 S5-percent-damped spectral response acceleration at short period
Sp; = design 5-percent-damped spectral response acceleration at a period of one second
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The height ratio > was zero for the base level (equipment mounted on the base level), and was unity for
the roof level (equipment mounted on the roof level). According to Section 1615.1.3 of IBC 2003, for a
class D site in an area of high seismicity Sps and Sp; were selected equal to 1.0g and 0.6g, respectively.
Thus, Ary, Aric, fo, and frxy were calculated by equations 5-2 through 5-5. Table 5-1 summarizes the
values of the parameters required to construct the base and roof level RRS.

Figures 5-3 and 5-4 show the acceleration time-histories of the final tri-axial synthetic input motions for
the base and roof level generated to match the corresponding RRS. Figure 5-5 compares the required
response spectra (RRS) and the test response spectra (TRS) for the base and roof level input motions. The
required response spectra and test response spectra of the generated input motions match quite well in the
0.5 to 10 Hz frequency range that includes all the natural frequencies of the chiller mounted on the I/R
system. The sharp decrease of the spectral values for frequencies lower than 0.5 Hz is attributed to the
high-pass filter with the 0.5 Hz comer frequency used by the shake table controller to accommodate the
displacement capacity of the shake table.

Table 5-2 lists the peak accelerations of the two full-scale synthetic input motions in each of the three
directions. As shown earlier in Section 2, the transverse component is associated with the short direction
and the longitudinal component is associated with the long direction of the chiller.

Table 5-1 Parameters of Required Response Spectrum for Roof and Base Level

Equipment Location Arprx Aric Srix Jo
Base Level 1.0g 0.4g 1.66 Hz 8.33 Hz
Roof Level 1.6g 1.2¢g 1.33 Hz 8.33 Hz

Table 5-2 Peak Accelerations of Full Scale Synthetic Input Motions

Synthetic Peak Acceleration (g)

Ground Motion Transverse Longitudinal Vertical
Base Level 0.47 0.45 0.32
Roof Level 0.80 0.79 0.53
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Figure 5-4 Synthetic Input Motion for Roof Level
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5.4 Test Plan

The test plan was elaborated by the authors in collaboration with the ASHRAE Technical Oversight
Committee. The test plan initially included twelve different test series. As shown in table 5-3, each test
series individually investigated four specific variables: 1) the design of the restraint component 2) the gap
size of the restraint component (nominally identical for both of the horizontal and vertical gaps) 3) the
thickness of the tubular rubber pads and 4) the hardness of the tubular rubber pads. As indicated in table
5-3, only ten of the twelve test series were conducted. For each test series, the chiller mounted on a
specified configuration of the I/R systems was subjected to the two synthetic input motions scaled to
different amplitudes (usually 10%, 25%, 50% and 100% of the full scale input motions presented in
section 5-3).
Table 5-3 Definition of Seismic Test Series

. Rubber Rubber
Test Restraint
. Gap Pad Pad
Series | Component . Thick H Test Date Note
No. Design (mm [in]) ickness ardness
(mm [in]) (Duro)

1 1.0g 3[1/8] 6[1/4] 60 — Not performed

2 1.0g 6[1/4] 6[1/4] 60 12/12/2005 —

3 1.0g 13 [1/2] 6 [1/4] 60 — Not performed

4 30¢g 3[1/8] 6 [1/4] 60 12/14/2005 —

5 30¢g 6 [1/4] 6 [1/4] 60 12/15/2005 —

6 30¢g 13 [1/2] 6 [1/4] 60 01/06/2006 —

7 30¢g 6 [1/4] 3[1/8] 60 12/14/2005 —

8 30¢g 6 [1/4] 13 [1/2] 60 01/06/2006 —

9 30¢g 6 [1/4] 6 [1/4] 50 12/15/2005 —

10 1.0g 11 [7/16] 19 [3/4] 60 12/12/2005 —

11 30¢ 6[1/4] | 6[1/4] 60 01/05/2006 | Repeat of Test
Series 9 and 5
with holes in

12 30¢g 6[1/4] 6[1/4] 50 01/05/2006 base plates

The sequence of all seismic tests conducted in this project is presented in table 5-4. For brevity, the
system-identification tests (see Section 5-2) have been omitted from this table. As mentioned previously,
the experiments started with one identification test (just before TS10-S1) and each seismic test presented
in table 5-4 was followed by one identification test. Therefore, a total of 73 identification tests and 72
seismic tests were conducted throughout the ten test series.
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Table 5-4 Seismic Test Sequence

Restraint Gap? Tubular Rubber Pad Input Motion
Test# | Test ID' |Component (mma{)in]) Thick Hard
Desisn ickness ardness .

g (mm [in]) | (Duro) Amplitude | Level
1 TS10-S1 10% Base
2 TS10-S1a 10% Roof
3 TS10-S2 1.0g 11[7/16] | 19[3/4] 60 25% Base
4 TS10-S3 25% Roof
5 TS10-S4 50% Base
6 TS2-S1 10% Base
7 TS2-S1a 10% Roof
8 TS2-S2 25% Base
9 TS2-S3 25% Roof
10 TS2-S4 50% Base

1.0g 6[1/4] 6[1/4] 60
11 TS2-S5 50% Roof
12 TS2-S6 100% Base
13 TS2-S7 100% Roof
14 TS2-S8 150% Roof
15 TS2-S8a 150% Roof
16 TS4-S1 10% Roof
17 TS4-S3 25% Roof
18 TS4-S5 30¢g 3[1/8] 6[1/4] 60 50% Roof
19 TS4-S7 100% Roof
20 TS4-S8 100% Roof
21 TS7-S1 10% Roof
22 TS7-S3 25% Roof
30¢g 6 [1/4] 3[1/8] 70

23 TS7-S5 50% Roof
24 TS7-S7 100% Roof
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Table 5-4 (cont’d) Seismic Test Sequence

Restraint G Tubular Rubber Pad Input Motion
Test# | TestID |Component (mma[li)n]) Thick Hard
Desisn ickness | Hardness .
g (mm [in]) | (Duro) Amplitude | Level
25 TS5-S1 10% Base
26 TS5-S1a 10% Roof
27 TS5-S2 25% Base
28 TS5-S3 25% Roof
30g 6 [1/4] 6 [1/4] 60
29 TS5-S4 50% Base
30 TS5-S5 50% Roof
31 TS5-S6 100% Base
32 TS5-S7 100% Roof
33 TS9-S1 10% Base
34 TS9-S1a 10% Roof
35 TS9-S2 25% Base
36 TS9-S3 25% Roof
30¢g 6 [1/4] 6[1/4] 50
37 TS9-S4 50% Base
38 TS9-S5 50% Roof
39 TS9-S6 100% Base
40 TS9-S7 100% Roof
41 TS12-S1 10% Base
42 TS12-Sla 10% Roof
43 TS12-S2 25% Base
44 TS12-S3 30g 6 [1/4] 6 [1/4] 50 25% Roof
. 3
45 | Ts12-s4 | (Modificd) 50% Base
46 TS12-S5 50% Roof
47 TS12-S6 100% Base
48 TS12-S7 100% Roof
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Table 5-4 (cont’d) Seismic Test Sequence

Restraint Gap Tubular Rubber Pad Input Motion
Test# | TestID Coll)n pf)nent (mm [in]) | Thickness | Hardness .

esign (mm [in]) | (Duro) Amplitude | Level
49 TS11-S1 10% Base
50 TS11-Sla 10% Roof
51 TS11-S2 25% Base
52 TS11-S3 3'0' g 6 [1/4] 6 [1/4] 60 25% Roof
53 | Ts11-s4 | (Modified) 50% Base
54 TS11-S5 50% Roof
55 TS11-S6 100% Base
56 TS11-S7 100% Roof
57 TS6-S1 10% Base
58 TS6-Sla 10% Roof
59 TS6-S2 25% Base
60 TS6-S3 3.0. g 13 [1/2] 6 [1/4] 60 25% Roof
61 | TS6-s4 | (Modified) 50% Base
62 TS6-S5 50% Roof
63 TS6-S6 75% Base
64 TS6-S7 75% Roof
65 TS8-S1 10% Base
66 TS8-Sla 10% Roof
67 TS8-S2 25% Base
68 TS8-S3 3.0. g 6 [1/4] 1312] 60 25% Roof
69 | Tss-s4 | (Modified) 50% Base
70 TS8-S5 50% Roof
71 TS8-S6 100% Base
72 TS8-S7 100% Roof

1. Test Identification
2. For both the horizontal and vertical gaps
3. See Section 5.6 for details

43




5.5 Test Setup

The installation of the test setup was initiated by bolting two 275x152x5cm (108x60x2in) steel plates to
the shake table extension. Then, the load cells were bolted to the steel plates. Figure 5-6 shows the
required dimensions to install the steel plates and the load cells. Then, 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 chiller. Thereafter, the chiller was mounted on top of the I/R
systems. Finally, at each corner of the chiller, the top plate of the isolation and restraint component and
the base plate of the chiller were all tied together by four grade 8 bolts. The sequence of the installation of
the test setup is illustrated in figures 5-7(a) through 5-7(d).

Once the chiller was mounted on and bolted to the I/R systems, the leveling bolts that pass through the
center of the coil springs 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 requirements (figure 5-

6(e))-

In order to modify the properties of the restraint component of the I/R systems between test series, as
illustrated in figure 5-7(f), the restraint components were unbolted from the isolation components and sled
out of the I/R systems. Modifications of the restraint component such as changing the tubular rubber pad
and/or the steel bushing (figure 5-7(g)) could then take place. The modified restraint components could
then be sled back into the I/R systems and bolted again to the I/R systems and to the chiller. At the end,
the vertical gaps were adjusted according to the test plan.

The accelerometers and the other instrumentations were installed in the locations that were not affected
by the modifications in the restraint components. However, between Test Series TS2 and TS4, the
accelerometers above the top level of the load cells had to be detached and re-installed again. For
reconfiguring the test setup from Test Series TS2 to Test Series TS4, as illustrated in figure 5-7(h), the
whole I/R systems had to be changed. For that purpose, the chiller was mounted off the table and the 1.0 g
design I/R systems were dismantled and replaced by the 3.0 g design I/R systems.
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(b) Load Cells Bolted to Interfacing Plates

Figure 5-7 Test Setup Procedure
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(c) I/R Systems Bolted to Load Cells
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Figure 5-7 (cont’d) Test Setup Procedure
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Figure 5-7 (cont’d) Test Setup Procedure
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(g) Changing Steel Bushing to Adjust Horizontal Gap

P
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(h) Changing I/R Systems from 1.0 g Des1gn to 3.0 g Design (between Test Series TS2 and TS4)

Figure 5-7 (cont’d) Test Setup Procedure
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5.6 Isolation/Restraint System Installation Issues

Several installation issues affected the seismic response of the I/R systems. In particular, the three main
issues that significantly affected the response are described in this section.

1) As described earlier and shown in figure 5-8(a), the horizontal gap of the I/R system is located in
the hoop space left between the inner steel pipe (or the circumscribing steel bushing around it) and the
tubular rubber pad. Theoretically, the inner steel pipe and the tubular rubber pad are coaxial, but in
practice after mounting the chiller on top of the four I/R systems, the horizontal gaps in the restraint
component of the I/R systems were not always uniform. In some of the test series with small nominal
gap size, the offset between the axes of the tubular rubber pad and the inner steel pipe was larger than
the nominal gap size and, therefore, the inner steel pipe was in contact with the tubular rubber pad, as
illustrated in figure 5-8(b). In some cases throughout the test series, as the result of the severe shaking
and impacts, the contact inside the restraint component was decreased or eliminated as shown in
figure 5-8(c).

Tubular Rubber Pad
Inner Steel Pipe
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Figure 5-8 Horizontal Gap in At-Rest Condition after Installation (Top View)

2) Throughout Test Series TS5 and TS9 it was observed that after adjusting the vertical gaps at 6 mm
(1/4 in), the distance left between the bottom nuts and the base plates had been smaller than the
nominal gap size. Consequently, in the compression direction before the top nuts could hit the steel
washer, the bottom nuts impacted with the base plate. In other words, in those two test series, the
vertical restraint components were not working properly in one direction. The impacts between the
bottom nuts and the base plates introduced large vertical acceleration responses to the chiller and, as
shown in figure 5-9(a), slightly damaged the base plates.

To solve this problem and provide sufficient travel distance for the bottom nuts, two 51 mm (2 in)
diameter holes were torched in the base plates of the 3.0 g design I/R systems, as shown in figure 5-
9(b). The centers of the holes were aligned with the center of the grommets (axes of the rods). Figure
5-9(c) shows photographs of the modified 3.0 g design I/R systems.

Test Series TS12 and TS11 with the same specification assigned for the I/R systems tested in Test
Series TS9 and TS5, respectively, were conducted to investigate the effect of the modification in the
3.0 g design I/R systems.

3) For Test Series TS7, the 3 mm (1/8 in) thick tubular rubber pads were formed by rolling two layers
of 1.5 mm (1/16 in) thick rubber strips, as shown in figure 5-9. Initially only the tubular rubber pads
with hardness of 50 or 60 Duro were included in the test plan, but in the laboratory, the hardness of
the rolled rubber strips was measured as 70 Duro.
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(b) Torching Holes in Base Plate

Lo i

(c) Modified 3.0 g Design I/R Systems
Figure 5-9 Modification of 3.0 g Design I/R Systems

-

. B

(a) 1.6 mm (1/16 in) Thick Rubber Role (Left) (b) Rubber Strips Rolled inside Pipe to Form
Cut to Strips (Right) Tubular Rubber Pad

Figure 5-10 Forming 3 mm (1/8 in) Thick Tubular Rubber Pad from 1.5 mm (1/16 in)
Rubber Strips with 70 Duro Hardness for Test Series TS7
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SECTION 6
TEST RESULTS
6.1 Dynamic Characteristics of Test Specimen Mounted on Isolation/Restraint Systems

The experimental study by Wanitkorkul and Filiatrault (2005) had shown that the first three modes of the
same chiller in wet condition (full of water and refrigerant) and rigidly mounted to the floor had natural
frequencies of 8.2, 8.5 and 10.0 Hertz (Hz) and were associated with the longitudinal, transverse, and
vertical directions, respectively. Preliminary analyses based on the predicted mechanical properties of the
isolation component of the I/R systems (coil springs) and mass of the chiller in wet condition predicted
that, without engagement of the restraint component of the I/R systems (no impact), the chiller mounted
on the I/R systems could be considered as a rigid body supported by four tri-axial flexible spring-dashpot
elements.

Each point of the chiller mounted on the flexible elements has six degrees of freedom: one translational
and one rotational degree of freedom for each of the transverse, longitudinal, and vertical directions. As a
rigid body, the motions of all the points on the chiller can be related to each other by geometry-based
kinematics equations. In other words, defining the motions of the six degrees of freedom at any point of
the chiller (a reference point) along with the geometry-based kinematics equations can fully define the
motion of the whole chiller. In this study, the center of mass of the chiller was selected as the reference
point. Figure 6-1 shows the six reference degrees of freedom at the center of mass of the chiller.

T: Transverse translation  67:Rotation around transeverse axis

L: Longitudinal translation 6L :Rotation around longitudinal axis

V:Vertical translation Ov :Rotation around vertical axis

Figure 6-1 Six Reference Degrees of Freedom at Center of Mass of Chiller
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The response of the chiller mounted on four I/R systems to any input motion can be fully described by the
responses of the six degrees of freedom at the center of mass of the chiller, which were composed of the
contribution of the six fundamental modal responses.

Each mode of vibration has a specific frequency, shape, and equivalent viscous damping ratio. In this
section, the six natural frequencies and mode shapes of the test specimen supported by the isolation
component of the I/R systems are established by processing the data obtained from the system-
identification tests. In Section 6.2, the modal equivalent viscous damping ratios of the first three modes of
vibration are estimated by processing the data obtained from the seismic tests.

The contribution of the six modal responses to the total displacement response of the six degrees of
freedom at the center of mass of the chiller is represented by:

6
u(t)={T(1),L(1), V(t),491(1),0L(t),6?v(t)}T=Z¢nqn(t) (6-1)
n=1
O ={T, Ln, Vs, 07,, 61,601} (6-2)
where:

u(t) = displacement response vector at the center of mass of the chiller
T(t) = translational displacement response at the center of mass of the
chiller at time ¢ with respect to the transverse axis
L(t) = translational displacement response at the center of mass of the
chiller at time ¢ with respect to the longitudinal axis
V(t) = translational displacement response at the center of mass of the
chiller at time ¢ with respect to the vertical axis
Or(t) = rotational displacement response at the center of mass of the
chiller at time ¢ around the transverse axis
O(t) = rotational displacement response at the center of mass of the
chiller at time ¢ around the longitudinal axis
Ov(t) = rotational displacement response at the center of mass of the
chiller at time ¢ around the vertical axis
# = the n" mode shape
n=12,..6
T, = translational displacement at the center of mass of the chiller in
the n mode shape with respect to the transverse axis
L, = translational displacement at the center of mass of the chiller in
the n" mode shape with respect to the longitudinal axis
V. = translational displacement at the center of mass of the chiller in
the n" mode shape with respect to the vertical axis
@1, = rotational displacement at the center of mass of the chiller in the
n™ mode shape around transverse axis
6L, = rotational displacement at the center of mass of the chiller in the
n" mode shape around the longitudinal axis
Ov., = rotational displacement at the center of mass of the chiller in the
n™ mode around the vertical axis
gn(t) = time variant coefficient of the n™ mode

For a free vibration, the time variant coefficient of the n™ mode, ¢u(?) , is defined by the following four
equations (Chopra, 2000):

q;1(t)=€7§nahl |:Qn(0) coS a)nut+q‘n(0)+g): a)rIQIl(O) SIN Whp t:| (6-3)
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q),,Mu(O) -
gn(0)= Mo (6-4)
¢nMu(O)
qn(0 6-5
gn(0)= oMo (6-5)
Onp =n]1-C 7 (6-6)
where:

¢» = equivalent viscous damping ratio of the n™ mode
@» = undamped natural frequency of the n™ mode

M = 6x6 global mass matrix of the chlller
@w = damped natural frequency of the n" mode

For a free vibration starting from an at rest condition (1(0)={0,0,0,0,0, O}T ), according to equation 6-4:

q:(0)=0 (6-7)
Substituting equations 6-3 and 6-7 into equation 6-1 yields:
6 .
&t 0(0) _
u(t)—;@e [ i a»t} (6-8)

For lightly damped modes ({»<10%) equation 6-6 indicates that the undamped and damped natural
frequencies are almost equal and in equation 6-7, @ can be replaced by an :

u(t)zi@e{"”” [%sina)n t} (6-9)

Equation 6-9 describes that the displacement response at the center of mass of the chiller in free vibration
is a linear combination of six damped sinusoidal responses. Figure 6-2(a) is a schematic representation of
a damped sinusoidal response defined by its frequency (@), amplitude (4o), and damping factor (B).

The second derivative of a damped sine wave is also a damped sine wave with the same frequency.
Therefore, based on equation 6-9, the acceleration response (the second derivative of the displacement
response) of the center of mass of the chiller in free vibration consists of six damped sinusoidal responses
with frequencies equal to the six natural frequencies of the chiller supported by the isolation components
of the I/R systems. Consequently, performing a Fast Fourier Transform (FFT) on the free vibration
acceleration response measured at the center of mass would disclose the natural frequencies of the chiller
supported by the isolation component of the I/R systems.

FFT technique transforms a set of data sampled in the time domain into the frequency domain. The result
of FFT for each frequency is a complex number. One way to represent the FFT of a data set is using a
power spectrum. A power spectrum shows the variation of the square of the amplitude per unit frequency
versus frequency. Figure 6-2(b) is the power spectrum of the damped sinusoidal response of figure 6-2(a);
as seen in figure 6-2(b), a peak exactly lies at the frequencyw, the natural frequency of the response.
Likewise, as shown in figure 6-2(¢c), the power spectrum of a response combined by a number of damped
sinusoidal responses, will have peaks exactly at the natural frequencies contributing to the total response.
This characteristic of the power spectra make them a very expedient tool to identify the frequency content
(the natural frequencies of the test specimen supported by the isolation component of the I/R system) of a
data set (free vibration acceleration response at the center of mass of the test specimen).
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Figure 6-2 Frequency Content Identification of Damped Sinusoidal Responses
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The concept described above was used to evaluate the free vibration response at the center of mass of the
chiller. Since all points of a rigid body oscillate at the same frequency, the concept can be extended to the
other points of the chiller. In other words, the local peaks of the power spectrum of the acceleration
response sampled through a free vibration at any point of the chiller would disclose the same natural
frequencies.

The pulse tests were used to induce three different regimes of free vibration in the test specimen: (i) the
free vibration starting after the first pulse was introduced to the chiller in the transverse direction at the 5"
second (ii) the free vibration after the second pulse was introduced to the chiller in the longitudinal
direction at the 15" second (iif) the free vibration after the third pulse was introduced to the chiller in the
vertical direction at the 25™ second. Therefore, each system-identification test provided three data sets of
free vibration acceleration response. However, it should be noted that the data obtained from the pulse
tests throughout the tests series in which the restraint components were engaged after installation (figure
5-7(b), Section 5.6) could not be used to identify the natural frequencies of the chiller supported only by
the isolation component of the I/R systems.

Figures 6-3(a) and (b) show the power spectra of the transverse acceleration recorded at the center of
mass of the chiller (channel #1) and top level of the I/R system #1 (channel #19), respectively, during the
pulse-type system-identification test TS6-P1. Three natural frequencies corresponding to the three peaks
in figures 6-3(a) and (b) can be easily identified as 1.17, 2.78 and 3.8 Hz. The presence of only three
major peaks in figures 6-3(a) and (b) instead of six peaks (expected for six modes) is attributed to the
contribution of only three modes to the total response through the first free vibration of the test TS6-P1.
In other words, the first pulse of the system-identification test TS6-P1 (in the transverse direction) could
only excite three modes of response. The other three modes of response would be excited by the second
and third pulses in the longitudinal and vertical direction, respectively. As shown in figures 6-4 and 6-5,
the power spectra of the acceleration response recorded by the longitudinal and vertical accelerometers
through the second and third free vibrations of the same pulse test disclosed the other three natural
frequencies as 1.54, 2.24, and 3.48 Hz.

Repeating the same procedure for the data acquired through the other system-identification tests resulted
in six natural frequencies identical to those obtained from the system-identification test TS6-P1. Table 6-1
lists the six natural frequencies identified for the chiller supported by the isolation component of the I/R
systems.
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(a) Center of Mass of the Chiller (Channel #1)
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(b) Top Level of I/R System #1 (Channel #19)

Figure 6-3 Power Spectra of Transverse Acceleration Measured at Center of Mass and Corner #1
of the Chiller , Pulse Test TS6-P1
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Figure 6-4 Power Spectra of Longitudinal Acceleration Measured at Center of Mass and Corner #1,
Pulse Test TS6-P1
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Figure 6-5 Power Spectra of Vertical Acceleration Measured at Center of Mass and Corner #1,

Pulse Test TS6-P1

Table 6-1 Natural Frequencies/Periods of Chiller in Wet Condition

Supported by Isolation Component of I/R Systems

Mode #

3.80
0.26

3.48
0.29

2.78
0.36

2.24

0.45

1.54
0.65

1.17
0.85

Frequency (Hz)

Period (sec)
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Mode shapes are the other dynamic characteristics to be determined for the six modes of vibration. Mode
shapes can be determined by comparing the modal response amplitude and phase of all degrees of
freedom against the modal response amplitude and phase of a reference degree of freedom.
Conventionally, for each mode of vibration, the degree of freedom with the largest modal response
amplitude can be selected as the reference degree of freedom.

The comparison of the modal response amplitude is carried out by normalizing the modal response
amplitude of each degree of freedom by the modal response amplitude of the reference degree of
freedom. The unit of the vertical axis of power spectra is square of the response amplitude per unit
frequency. Therefore, the square root of the ratio of the power spectrum amplitude of two degrees of
freedom at the natural frequency of a given mode is equal to the ratio of the modal response amplitude of
the two degrees of freedom.

As an example, for the third mode of vibration of the chiller supported by the isolation component of the
I/R systems, if the vertical displacement at the center of mass of the chiller is considered as the reference
degree of freedom, the modal response amplitude of the vertical displacement at the corner #1 of the
chiller can be calculated based on the power spectra of figure 6-5. In this figure, at the natural frequency
of the third mode of vibration (2.24 Hz), the power spectrum amplitudes of the vertical acceleration
response at the center of mass and corner #1 of the chiller are 3.2614x10™* g*/Hz and 3.5591x10™ g*/Hz,
respectively. Subsequently, the modal response amplitude of the vertical displacement at the corner #1 of
the chiller is calculated as:

[ 4
3.5591><10_4:1.045 (6-10)
3.2614x10

This means that in the third mode of vibration, a unit vertical displacement at the center of mass of the
chiller corresponds to a 1.045 unit vertical displacement at the corner #1.

The phase between the modal response of a given degree of freedom and the reference degree of freedom
is shown by the sign of the normalized modal response. The positive sign is used for a degree of freedom
in phase with the reference degree of freedom and the negative sign is used for a degree of freedom out of
phase with the reference degree of freedom. As a result, the modal response of the reference degree of
freedom is always taken as plus unity. Phase spectrum between two degrees of freedom is established
based on the imaginary part of the FFTs of the response at the two degrees of freedom (Wheeler and
Ganji, 2004).

As an example, figure 6-6 shows the phase spectrum between the vertical responses at the center of mass
and corner #1 of the chiller throughout the system-identification test TS6-P1. As shown in this figure at
the frequency of the third mode of vibration (2.24 Hz), the phase between the two responses is zero
degree. In other words, in the third mode of vibration the two degrees of freedom are in phase.

180 T T T T 0 T T T T T T T

_ | | | | ] | | | | | | |
—~ | | | | | | | | | | | |
Cl)907 77777 P T T
5 ; ; 3¢Mode:}2.24 Hz | :
L 1S | |
S o |
4 _ | | | | ] | |
é | | | | | | |
=907 A R |

B | | | I | | |
-180 | | | —— |

0 1 2 3

Frequency(Hz)

Figure 6-6 Phase Spectrum between Vertical Acceleration Responses at Center of Mass and
Corner #1 of Chiller, Third Mode of Vibration (2.24 Hz), Pulse Test TS6-P1
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The same procedure was repeated to establish the six modal amplitudes and phases of all of the degrees of
freedom for which, the acceleration response was measured. However, since the six degrees of freedom at
the center of mass (figure 6-1) were selected as the reference degrees of freedom to describe the motion of
the chiller, the mode shapes had to represent the modal response of the same six degrees of freedom
(three translational and three rotational degrees of freedom). For the three translational degrees of
freedom at the center of mass of the chiller, the power and phase spectra of the measured acceleration
responses could be used to calculate the normalized modal amplitudes and phases. For the three rotational
degrees of freedom at the center of mass, on the other hand, since no response was measured, the
normalized modal amplitudes and phases had to be calculated indirectly. The translational responses
recorded at the center of mass and corners of the chiller could be used to calculate the modal response of
the rotational degree of freedom at the center of mass of the chiller. The procedure for calculating the
modal amplitudes of the rotational degrees of freedom at the center of mass of the chiller from the
responses of the translational degrees of freedom at the center of mass and corners of the chiller is
illustrated below by considering a general rigid body experiencing one of its modal vibrations.

(0)

Figure 6-7 Rigid Body Modal Vibration

Figure 6-7 schematically shows a rigid body experiencing one of its modes of vibration, which is a
combination of translation in the i-j plane and rotation around the & axis. In this figure, the rigid body is
shown in at rest position (marked by (0)) and at maximum displacement positions (marked by (£1)) of
the modal vibration. The acceleration responses in the i and j directions are measured at points 4, B, and
C. Points B and C have the same coordinate with respect to the k axis. The natural frequency of the
considered mode is identified by the power spectra of the acceleration responses measured at points 4, B,
and C. The angle ¥, which is the rotation around the £ axis in the maximum displacement position, cannot
be measured and needs to be calculated indirectly. If ¥ is small, the maximum displacement of points B
and C with respect to the 7 axis can be related to each other by:

|AiB—Aic|:R_/BC7 (6_1 1)

where:

Az = modal displacement of point B with respect to the i axis
Aic = modal displacement of point C with respect to the 7 axis
Rjsc = distance between points B and C with respect to the j axis

¥ = modal rotation around the & axis

If the translational degree of freedom in direction of the i axis at point 4 is selected as the reference
degree of freedom of the considered mode of vibration (A:,=1), A4i and 4ic are calculated from the
power spectra of the acceleration responses in direction of the 7 axis measured at points B and C:
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- PSiB _
A,B_JPSM (6-12)

“=\Ps., (19

PSi, = the power spectrum amplitude of the acceleration response at point 4 in direction of the i axis at
the natural frequency of the considered mode

PSi; = the power spectrum amplitude of the acceleration response at point B in direction of the i axis at
the natural frequency of the considered mode

PSic = the power spectrum amplitude of the acceleration response at point C in direction of the i axis at
the natural frequency of the considered mode

Substituting equations 6-12 and 6-13 into equation 6-11 and solving the resultant equation for y will yield
to:

N PSiz = PSic (6 14)
7= — -
RA]'BC PSi

Analogously, if the center of mass of the chiller is assumed to be located at point 4 and its corners are
assumed to be located at points B and C, the amplitude of the modal rotation at the center of mass of the
chiller around any of the three axes (1,60, 0v ) can be calculated based on the acceleration response
measured at the center of mass and corners of the chiller with respect to one of the two other axes. For
example, the longitudinal or vertical acceleration responses at the center of mass and two corners of the
chiller with equal transversal coordinate are used to calculate the modal amplitude and phase of the
rotational degree of freedom at the center of mass around the transverse axis (67 ) .

For each mode of vibration, one of the six degrees of freedom at the center of mass of the chiller was
considered as the reference degree of freedom (with the modal response amplitude of plus unity), and the
procedure of finding the modal responses at the other degrees of freedom was repeated based on the data
acquired in the same identification tests used earlier to establish the natural frequencies (tests without any
contact in restraint component of the I/R systems). The mode shapes were calculated by averaging the
results obtained from different system-identification tests. Table 6-2 presents the resulting six mode
shapes of vibration for the test specimen supported by the isolation component of the I/R systems. The
presented results indicate that the first three modes of vibration correspond to the pure translation of the
chiller in the transverse, longitudinal, and vertical directions, respectively.
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6.2 Seismic Tests Results
6.2.1 Estimation of Modal Equivalent Viscous Damping Ratios

Figure 6-8 shows a schematic representation of the free vibration response of a damped system. The
decay of the response can be modeled by an equivalent viscous damping ratio. The equivalent damping
ratio is usually quantified by measuring the decrement of the peak response amplitudes (Filiatrault, 1998).
However, if the response is not symmetric with respect to the horizontal axis (time axis) double peak
amplitudes can be used to eliminate the offset effect. As annotated in figure 6-8, the double amplitude
response is defined as the difference between the maximum and minimum response within one response
cycle.

Response

Time

Figure 6-8 Decay of Response Attributed to Viscous Damping

In Section 6.1, it was shown that the amplitude of the modal free vibration response is characterized by an
exponential decay. Therefore, R: and R+, the double amplitudes of two consecutive cycles (each cycle is
a time interval equal to the damped natural period of vibration), are related to each other as:

&_ EnenTn _
Rn ¢ (6-15)
where:
Riand Rii = double response amplitude of two consecutive cycles
&» = equivalent viscous damping ratio of the n™ mode

Tn» = damped natural period of the n™ mode
@» = natural frequency of the n™ mode

according to equation 6-6 :

_27[_ Zﬂgn (6-16)

Substituting equation 6-16 into equation 6-15 and taking the natural logarithm of both sides of the
equation yields:

l}’l(&): 27Z'§n

Rini /1_&2

(6-17)
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For small values of {’» (less than 0.1), equation 6-17 is simplified to:
() ~2n¢, (6-18)
Rivi
Equation 6-18 is solved for ¢» as:
~ LR -
Gn=5_In(p=) (6-19)

¢ varies with the amplitude of the response. The average of the peak amplitudes within two consecutive
cycles used to calculate{» can be considered as the response amplitude R corresponding to the
calculated ¢ :

R:% (6-20)

Equations 6-19 and 6-20 are used to estimate the variation of the modal equivalent viscous damping ratio
with the free vibration response amplitude.

Either of the system-identification tests or tale of the seismic tests provided free vibration response data
sets, which could be processed to estimate the variation of modal equivalent viscous damping ratios with
the free vibration response amplitudes. However, it was decided to calculate the modal damping ratios by
processing the free vibration responses through the tale of the seismic tests so that variation of the
equivalent viscous damping ratios over a larger response amplitude range could be considered.

By implementation of band-pass filters, the response quantities measured through the tale of the seismic
tests were decomposed into six individual modal responses. The width of the band-pass filters were
decided based on the natural frequencies established in Section 6.1. Figure 6-9 exhibits samples of band-
pass filtered modal acceleration responses at the center of mass obtained from the tale of seismic test
TS6-S1. In figure 6-9, the regions of the signals used to establish the equivalent viscous damping ratios
are indicated by dotted lines on each response history.

After decomposing the responses into the six modal responses, it appeared clear that the contributions of
the fourth, fifth and sixth modes to the measured responses were insignificant. Therefore, the modal
equivalent viscous damping ratios were established only for the first three modes of vibration.

The variations of the modal equivalent viscous damping ratios with the amplitude of the acceleration
response at the center of mass of the chiller for the first three modes of vibration are shown in figure 6-10.
The results presented in this figure were obtained by processing the acceleration responses at the center of
mass of the chiller in the tale of the seismic tests of Test Series TS6. Figure 6-11 presents similar results
for the first two modes of vibration based on the displacement response at the top of the south-west edge
of the chiller measured by the Krypton camera through channel # 70 (see figure 4-7).

The results show that in most cases, the equivalent viscous damping ratio increases with the response
amplitude. The first three modes of vibration of the chiller in wet condition supported by the isolation
component of the I/R systems are lightly damped with the equivalent viscous damping ratios less than
three percents of the critical damping.

Since the first three modes of vibration could be associated with pure translations in the transverse,
longitudinal and vertical directions, respectively, it can be concluded that the modal equivalent viscous
damping ratios of the first three modes represent the damping ratios provided by the isolation components
of the I/R systems in the transverse, longitudinal, and vertical directions, respectively. In other words, the
results show that the isolation components of the I/R systems provided around three percents and one
percent equivalent damping ratio in the horizontal and vertical directions, respectively.
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Figure 6-9 Band-Pass Filtered Modal Acceleration Responses at Center of Mass,
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Tale of Seismic Test TS6-S1 Used to Establish Modal Damping Ratios
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Amplitude at Center of Mass for the First Three Modes of Vibration
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6.2.2 Damage Observations

During the 72 seismic tests conducted, the I/R systems were damaged only once in seismic test TS2-S8a.
Inspection of the I/R systems after this seismic test, which corresponded to the roof level input motion
scaled to 150% amplitude level, showed that all the bottom steel washers interfacing the grommets and
bottom nuts were damaged and deformed into a conical shape. Figure 6-12 shows the photographs of one
of the four I/R systems taken at the end of seismic test TS2-S8a. The only damaged component of the I/R
systems were the steel washers, which could be easily replaced by new ones. However, because the
displacement capacity of the earthquake simulator was almost reached during seismic test TS2-S8a, it was
decided to end Test Series TS2 at that 150% amplitude level and start the next test series (TS4) with the
3.0 g design I/R systems.

{ / = 1.8

Figure 6-12 Damage in Vertical Restraint Component of 1.0 g Design I/R Systems
at the End of Seismic Test TS2-S8a

6.2.3 Response Envelopes

The peak acceleration responses at the center of mass of the chiller, the peak dynamic shear and normal
forces induced in the I/R systems, and the peak relative displacement response of the four points on the
south face of the chiller in all of the 72 seismic tests, are listed in tables 6-3, 6-4, 6-5, and 6-6,
respectively. For brevity, the test setup characteristics are presented only in table 6-3. In few tests with
strong input motion, because of the severe shaking some of the LEDs were detached from the chiller.
Therefore, for those tests the peak relative displacement response was not available for all of the four
points. In table 6-6, the corresponding cells are filled with N/A (Not Available). Analyses of the seismic
test results will be presented in Section 7 of this report.
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SECTION 7
SEISMIC TEST RESULTS ANALYSES

The seismic test results presented in Section 6 are analyzed in this section. Sensitivity analyses for various
variables are conducted in order to identify specific trends in the seismic performance of the I/R systems
supporting the chiller.

7.1 Seismic Response at Test Specimen Center of Mass

The peak acceleration response at the center of mass of a rigidly mounted chiller in each direction is
almost equal to the peak input acceleration in the corresponding direction. In other words, for a rigidly
mounted chiller, there is little-to-no acceleration amplification. For a chiller mounted on I/R systems, on
the other hand, compared to the peak input acceleration, the peak acceleration responses at the center of
mass of the chiller can be amplified up to several times. There are several reasons for the amplification of
acceleration response at the center of mass of the chiller including the vertical distance between the center
of mass and the supports plane and the impacts in the restraint component of I/R systems. An acceleration
amplification factor at the center of mass of the chiller can be defined as:

Amax,cm

AAF.=

(7-1)

amax,mp
where:

A.A.F. = the acceleration amplification factor
amaxcy = the peak acceleration response at the center of mass of the chiller
amaxmy = the corresponding input peak acceleration

The A.A.F. can be defined for acceleration response in any directions (longitudinal, transverse, and
vertical) of the response, as well as for the horizontal and resultant acceleration response. The
acceleration response histories at the center of mass of the chiller in the transverse, longitudinal, and
vertical directions (measured directly by the accelerometers) were used in equations 7-2 and 7-3 to
calculate the horizontal and resultant acceleration response histories at the center of mass of the chiller:

|au(t)|=\ar(t)* +a.(t)? (7-2)
las(t)|=AJar(t P+au(t P+an(t)? (7-3)

where:

ar(t) = the transverse acceleration response
a.(t) = the longitudinal acceleration response
ar(t) = the vertical acceleration response
ax(t) = the horizontal acceleration response
ax(t) = the resultant acceleration response

The variation of the transverse, longitudinal, horizontal, vertical, and resultant acceleration response
amplification factors at the center of mass of the chiller with the corresponding peak input acceleration
during the 72 seismic tests are presented in figures 7-1(a) through 7-1(e). For any given seismic test,
according to equation 7-1, multiplying the peak input acceleration (the horizontal axis) by the
corresponding acceleration amplification factor (the vertical axis) directly gives the peak acceleration
response experienced at the center of mass of the chiller.
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In most of the tests with peak input accelerations larger than 0.15g, the acceleration amplification factor
reduces with an increase of the peak input acceleration. The maximum and minimum amplification
factors for each of the transverse, longitudinal, vertical, horizontal, and resultant acceleration responses
are listed in tables 7-1 through 7-4. During all the 72 seismic tests conducted, the acceleration
amplification factor varies between 1.8 and 4.5 for the horizontal acceleration response, between 2.2 and
4.5 for the vertical acceleration response, and between 2.2 and 4.3 for the resultant acceleration response.
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Figure 7-1 (cont’d) Variations of Acceleration Amplification Factors at Center of Mass of
Chiller with Peak Input Acceleration

From the two different 1.0 g design I/R systems tested, the system tested in Test Series TS10 (with the
larger gap size and thicker rubber pad) induced the larger acceleration amplification factors at the center
of mass of the chiller and therefore exhibited the poorer seismic performance. Among the 3.0 g design I/R
systems, those tested in Test Series TS4 induced the smallest acceleration amplification factors and those
tested in Test Series TS5, TS6, and TS9 induced the largest. Therefore, the 3.0 g design I/R systems
tested in Test Series TS4 exhibited the best seismic performance, and the 3.0 g design I/R systems tested
in Test Series TS5, TS6, and TS9 exhibited the poorest. However, considering the fact that the seismic
performance of the I/R systems tested in Test Series TS5 and TS9 were significantly affected by the
malfunctioning of their vertical restraint component (see Section 5.6), leaves the I/R systems tested in
Test Series TS6 as the sole nominee for the poorest seismic performance.

The maximum acceleration responses at the center of mass of the chiller during all of the 72 seismic tests
conducted are listed in tables 7-5 and 7-6. As predicted, the maximum acceleration responses have
occurred in the tests with the maximum input motion amplitudes. The center of mass of the chiller
mounted on the 1.0 g and 3.0 g design I/R systems experienced resultant peak accelerations up to 4.14g
and 2.47g, respectively.
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Table 7-1 Maximum Acceleration Amplification Factors at Center of Mass of Chiller
Mounted on 1.0 g Design I/R Systems

Acceleration | Maximum Test ID . Input Motion Peak Response at
Component AAF. Amplitude / Peak Center of Mass (g)
Level Acceleration (g)
Transverse 4.5 TS10-S3 25% / Roof 0.20 0.89
Longitudinal 33 TS10-S2 25% / Base 0.11 0.36
Horizontal 4.5 TS10-S3 25% / Roof 0.20 0.90
Vertical 4.5 TS2-S7 100% / Roof 0.53 2.39
Resultant 4.3 TS10-S3 25% / Roof 0.21 0.91

Table 7-2 Maximum Acceleration Amplification Factors at Center of Mass of Chiller
Mounted on 3.0 g Design I/R Systems

Acceleration | Maximum Test ID . Input Motion Peak Response at
Component A.AF. Amplitude / Peak Center of Mass (g)
Level Acceleration (g)
Transverse 4.8 TS5-Sla 10% / Roof 0.08 0.38
Longitudinal 4.2 TS12-S1 10% / Base 0.05 0.19
Horizontal 4.5 TS9-S1a 10% / Roof 0.20 0.90
Vertical 6.9 TS5-S4 50% / Base 0.16 1.11
Resultant 4.3 TS9-S1a 10% / Roof 0.21 0.91

Table 7-3 Minimum Acceleration Amplification Factors at Center of Mass of Chiller
Mounted on 1.0 g Design I/R Systems

Acceleration | Minimum Test ID . Input Motion Peak Response at
Component AAF. Amplitude / Peak Center of Mass (g)
Level Acceleration (g)
Transverse 1.6 TS10-S1 10% / Base 0.05 0.07
Longitudinal 1.5 TS2-S7 100% / Roof 0.79 1.16
Horizontal 1.8 TS2-S8 150% / Roof 1.22 2.24
Vertical 2.3 TS2-S1 10% / Base 0.03 0.07
Resultant 2.2 TS2-Sla 10% / Roof 0.08 0.19

Table 7-4 Minimum Acceleration Amplification Factors at Center of Mass of Chiller
Mounted on 3.0 g Design I/R Systems

Acceleration | Minimum Test ID . Input Motion Peak Response at
Component AAF. Amplitude / Peak Center of Mass (g)
Level Acceleration (g)
Transverse 1.7 TS4-S8 100% / Roof 0.80 1.33
Longitudinal 1.6 TS4-S5 50% / Roof 0.40 0.62
Horizontal 2.0 TS4-S8 100% / Roof 0.81 1.66
Vertical 2.6 TS4-S8 100% / Roof 0.53 1.38
Resultant 2.2 TS4-S8 100% / Roof 0.83 1.80
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Table 7-5 Maximum Acceleration Responses at Center of Mass of Chiller Mounted on

1.0 g Design I/R Systems
. Maximum Response Input Motion
Acceleration t Cent M Test ID AAF
Component at Center of Mass es Amplitude/ Peak ALF.
(2 Level Acceleration (g)

Transverse 2.98 TS2-S8a 150% / Roof 1.19 2.5

Longitudinal 2.36 TS2-S8a 150% / Roof 1.19 2.0

Horizontal 3.25 TS2-S8a 150% / Roof 1.22 2.7

Vertical 3.29 TS2-S8a 150% / Roof 0.79 4.2

Resultant 4.14 TS2-S8a 150% / Roof 1.25 33

Table 7-6 Maximum Acceleration Responses at Center of Mass of Chiller Mounted on

3.0 g Design I/R Systems
Acceleration Maximum Response Input Motion
Component at Center of Mass | Test ID Amplitude/ Peak A.AF.
(® Level Acceleration (g)
Transverse 2.03 TS5-S7 100% / Roof 0.80 2.6
Longitudinal 2.10 TS8-S7 100% / Roof 0.80 2.7
Horizontal 2.26 TS8-S7 100% / Roof 0.81 2.8
Vertical 1.96 TS6-S7 75% / Roof 0.40 5.0
Resultant 2.47 TS9-S7 100% / Roof 0.83 3.0

7.2 Seismic Response at Support Locations

The response quantities measured at the support locations during the seismic tests included the peak
acceleration responses at the four corners of the chiller (top level of the I/R systems), and the peak
dynamic forces introduced into the I/R systems. These response quantities are analyzed in this section.

Similar to the peak acceleration responses at the center of mass, the acceleration amplification factors is
an expedient representation of the results for the peak acceleration responses at the four corners of the
chiller. Figures 7-2 through 7-4 show the amplification factors of the peak transverse, longitudinal, and
vertical acceleration responses at the four corners of the chiller during the 72 seismic tests conducted. For
peak input accelerations larger than 0.15g (when severe impacts occurred in the restraint component of
the I/R systems), the acceleration amplification factors quickly decrease with an increase of the peak input
acceleration.

Tables 7-7 through 7-10 summarize the maximum and minimum amplification of the acceleration
responses at the corners of the chiller mounted on the 1.0 g and 3.0 g design I/R systems. The
amplification of the acceleration response for the 1.0 g design I/R systems varies between 1.9 and 10.5 in
the transverse direction, between 1.5 and 21 in the longitudinal direction, and between 2.9 and 10.5 in the
vertical direction. The amplification of the acceleration response for the 3.0 g design I/R systems varies
between 2.2 and 10.3 in the transverse direction, between 2.0 and 27.7 in the longitudinal direction, and
between 3.0 and 13.8 in the vertical direction.
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Table 7-7 Maximum Acceleration Amplification Factors in 1.0 g Design I/R Systems

Input Motion
Acceleration | Maximum Peak Peak Response
Corner #| TestID | Amplitude / €a at Corners of
Component | A.A.F. mplitude i .
P Level Accel(eg;atlon Chiller (g)
Transverse 10.5 2 TS2-S2 | 25%/Base 0.12 1.18
Longitudinal 21.0 1 TS2-S2 | 25% / Base 0.11 2.36
Horizontal 11.5 1 TS2-S4 | 50% / Base 0.16 1.85

Table 7-8 Maximum Acceleration Amplification Factors in 3.0 g Design I/R Systems

Input Motion
Acceleration | Maximum Peak Response
Corner #| TestID . Peak at Corners of
Component A.A.F. Amplitude / . .
p Level Acceleration | Chiller (g)
(g

Transverse 10.3 1 TS7-S1 10% / Roof 0.08 0.82

Longitudinal 27.7 1 TS6-Sla | 10% / Roof 0.08 2.19

Vertical 13.8 3 TS5-S2 | 25% / Base 0.08 1.11

Table 7-9 Minimum Acceleration Amplification Factors in 1.0 g Design I/R Systems

Input Motion
Acceleration | Minimum Peak Response
Corner #| TestID . Peak at Corners of
Component A.A.F. Amplitude / . .
p Level Accel((;atlon Chiller (g)
Transverse 1.9 3.0 TS2-S8 | 150% / Roof 1.14 1.94
Longitudinal 1.5 2.0 TS2-Sla | 10% / Roof 0.08 0.12
Vertical 2.9 1.0 TS2-Sla | 10% / Roof 0.05 0.15

Table 7-10 Minimum Acceleration Amplification Factors in 3.0 g Design I/R Systems

Input Motion
Acceleration | Minimum Peak Response
Corner #| Test ID : Peak at Corners of
Component A.A.F. Amplitude / . .
p Level Accel((;;atlon Chiller (g)
Transverse 2.2 2 TS4-S8 | 100% / Roof 0.80 1.76
Longitudinal 2.0 2 TS4-S8 | 100% / Roof 0.79 1.62
Vertical 3.0 1 TS4-S7 | 100% / Roof 0.53 1.58
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The acceleration amplification factors at the corners of the chiller are larger than those at the center of
mass of the chiller. The differences between the acceleration amplification factors at the center of mass
and corners of the chiller are attributed to the distance between the center of mass and the corners of the
chiller, at which the impacts occur. While propagating towards the center of mass, the impact shocks
generated at the corners of the chiller are damped and absorbed by the body of the chiller and the liquid
inside it. The slighter the impacts in the restraint components of the I/R systems are, the larger portion of
them is absorbed by the body of the chiller. In other words, as the results confirm, the differences between
the amplification of the acceleration responses at the corners and the center of mass of the chiller are more
significant for the tests with the lower amplitude input motions.

Tables 7-11 and 7-12 summarize the maximum acceleration responses at the four corners of the chiller
mounted on the 1.0 g and 3.0 g design I/R systems, respectively. In Test TS2-S8a, the 1.0 g design I/R
systems experienced maximum transverse, longitudinal, and vertical acceleration responses of 4.39g,
9.44¢g, and 5.66g, respectively. In Test TS6-S7, the 3.0 g design I/R systems experienced maximum
transverse and longitudinal acceleration responses of 5.15g and 7.39g, respectively. In Test TS7-S7, the
3.0 g design I/R systems experienced maximum vertical acceleration response of 4.12g.

Table 7-11 Maximum Acceleration Responses at Corners of Chiller Mounted on
1.0 g Design I/R Systems

Maximum Input Motion
Acceleration | Response at . Peak
Component | Corners of Corner # | TestID | Amplitude / Acceleration A.AF.
Chiller (g) Level (@
Transverse 4.39 1 TS2-S8a | 150% / Roof 1.19 3.7
Longitudinal 9.44 4 TS2-S8a | 150% / Roof 1.19 7.9
Vertical 5.66 1 TS2-S8a | 150% / Roof 0.79 7.2

Table 7-12 Maximum Acceleration Responses at Corners of Chiller Mounted on

3.0 g Design I/R Systems
Maximum Input Motion
Acceleration | Response at . Peak
Component | Corners of Corner # | TestID | Amplitude / Acceleration A.AF.
Chiller(g) Level (@
Transverse 5.15 3 TS6-S7 | 75% / Roof 0.60 8.6
Longitudinal 7.39 4 TS6-S7 | 75% / Roof 0.59 12.4
Vertical 4.12 3 TS7-S7 | 100% / Roof 0.53 7.8

The maximum dynamic forces (including the longitudinal, transverse, and horizontal shear forces and the
normal force) experienced by the 1.0 g and 3.0 g design I/R systems are listed in tables 7-13 and 7-14,
respectively. Based on the results obtained from all the 72 seismic tests, the 1.0 g design I/R systems were
able to withstand dynamic shear and normal forces of 205 and 474 kN, respectively. The 3.0 g design I/R
systems were able to withstand dynamic shear and normal forces of 121 and 443 kN, respectively.

The dynamic forces introduced into the I/R systems are carried by both of the isolation and restraint
component of the I/R systems. Based on the stiffness of the coil springs (see Section 3.5), the isolation
component of an I/R system with the largest gap size considered (13 mm), carries a dynamic shear force
of only 2.6 kN and a dynamic normal force of only 7.8 kN:
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206 (%) x 0.013 (m)=2.6 (kN) (7-4)
613 (%) x 0.013 (m)=7.8 (kN) (7-5)

Compared to the maximum dynamic forces introduced into the I/R systems (listed in tables 7-13 and 7-
14), the maximum dynamic forces carried by the isolation component of the I/R systems are quite
insignificant. Therefore, it can be assumed that all the maximum dynamic forces introduced to the I/R
systems are carried by their restraint component. In Section 3, it was shown that the static design
capacities of the restraint component of the 1.0 g and 3.0 g design I/R systems were 29 and 88 kN,
respectively. Therefore, the I/R systems were able to withstand dynamic forces much stronger than their
static design capacities without any major damage.

Table 7-13 Maximum Dynamic Forces Introduced into 1.0 g Design I/R Systems
(Static Design Capacity = 29 kN)

Input Motion
Dvnamic Maximum :
y Direction | Response I/R System # Test ID | Amplitude / Corresponding

Force (kN) Level Peak Acceleration

(@

Transverse 158 3 TS2-S8a | 150% / Roof 1.19

Shear |Longitudinal 152 3 TS2-S8a | 150% / Roof 1.19

Horizontal 205 3 TS2-S8a | 150% / Roof 1.22

Normal Vertical 474 3 TS2-S8a | 150% / Roof 0.79

Table 7-14 Maximum Dynamic Forces Introduced into 3.0 g Design I/R Systems
(Static Design Capacity = 88 kN)

Input Motion
Dynamic | py,.-oeti Dl/iaXimum /RS #| Test ID Corresponding
Force irection e(slgg;lse ystem est AmLplitulde / Peak Acceleration
eve @
Transverse 83 3 TS9-S7 | 100% / Roof 0.80
Shear |Longitudinal 111 2 TS5-S7 | 100% / Roof 0.79
Horizontal 121 2 TS5-S7 | 100% / Roof 0.81
Normal Vertical 443 2 TS5-S7 | 100% / Roof 0.53

The peak dynamic forces and the corresponding peak acceleration responses at the I/R systems were used
to perform serenity checks on the test results. As an example, the peak dynamic longitudinal shear force
of 111 kN (table 7-14) and the corresponding peak longitudinal acceleration response of 4.02g at I/R
system #2 in Test TS5-S7 meant that the I/R system #2 had been carrying an equivalent seismic weight of
27.6 kN (around 25% of weight of the chiller), which is quite reasonable.

Figures 7-5 through 7-8 show the variations of the peak dynamic forces introduced into the I/R systems
with the corresponding peak input acceleration during the 72 seismic tests conducted. The results suggest
as a general trend that the dynamic forces (both shear and normal forces) introduced into the I/R systems
increase almost linearly with the corresponding peak input acceleration.
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7.3 Relative Displacement Response of Test Specimen

As indicated earlier in Section 4.2, throughout the tests the absolute displacement response of four points
on the south face of the chiller and one point on the shake table extension were measured by the
KRYPTON coordinate measurement machine. Subtracting the absolute displacement of the table
extension from the absolute displacement response of a point on the chiller would yeild the relative
displacement response of that point. Figures 7-9 and 7-10 show the relative displacement response
histories of the top-west point on the south face of the chiller (channel#70, as shown in Figure 4-7 and
listed in Table 4-3) in seismic tests TS6-S1 and TS4-S8, respectively. In these figures the dashed lines
represent the displacement associated with the gap size of the restraint component of the I/R systems. It is
noteworthy that the displacement histories in figure 7-9 were obtained in a test with very low-intensity
input motion (10% of the base level input motion), whereas the displacement histories in figure 7-10 were
obtained in a test with the strongest input motion (full scale of the roof level input motion).

If the chiller experienced only pure translation and the snubber elements were uncompressible, the
relative displacement histories of Figures 7-9 and 7-10 would have been limited to the dashed lines.
However, in the seismic tests and particularly in those with strong input motion and large gap size, the
chiller experienced combination of translation and rotation. In addition, as a result of the impacts that
occurred in the restraint components of the I/R systems the rubber snubbers were compressed. Therefore,
the relative displacement response of the four points on the south face of the chiller in most of the seismic
tests exceeded the gap size.

In order to compare the peak relative displacement response of the test specimen to the gap size, a
dimensionless Relative Displacement Response Ratio (R.D.R.R.) can be defined as:

Peak Relative Displacement

RDRR.= (7-4)

Gap Size

For each seismic test, the R.D.R.R. was calculated in the transverse, longitudinal, and vertical direction.
Figures 7-11 through 7-13 exhibit the variation of the R.D.R.R. at the west-top and west-bottom points
located on the south face of the chiller with the peak input acceleration obtained in the 72 seismic tests.
As shown in these figures, the peak relative displacement response at the south face of the chiller in some
tests has been as large as ten times of the gap size. The comparison of the R.D.R.R of the top and bottom
point on the south face of the chiller confirms that the peak relative displacement response is
proportionate to the distance from the support locations.

Tables 7-15 through 7-18 list the maximum and minimum relative displacement response of the south
face of the chiller mounted on the 1.0 g and 3.0 g design I/R systems obtained in all the 72 seismic tests.
In the seismic test series TS2 with the chiller mounted on the 1.0 g design I/R systems and the gap size of
6 mm (1/4 in), the south face of the chiller has experienced peak relative displacement response of 66.5,
40.3, and 50.1 mm in the transverse, longitudinal, and vertical direction respectively. In the seismic test
series TS6 with 3.0 g design I/R systems and 13 mm (1/2 in) gap size, the peak relative displacement
response at south face of the chiller has been 45.0, 39.4, and 33.1 mm in the transverse, longitudinal, and
vertical direction, respectively.
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Table 7-15 Minimum Relative Displacement Response at Top Level of South
Face of Chiller Mounted on 1.0 g Design I/R Systems

Peak Relative Input Motion
Direction Dlls{placement Test ID Corresponding
esponse Amplitude/ Level | Peak Acceleration
(mum) &)
Transverse 12.7 TS10-S1 10%-Base 0.05
Longitudinal 5.8 TS2-S1 10%-Base 0.05
Vertical 6.7 TS2-S1 10%-Base 0.03

Table 7-16 Maximum Relative Displacement Response at Top Level of South
Face of Chiller Mounted on 1.0 g Design I/R Systems

Peak Relative Input Motion
Direction Dlls{placement Test ID Corresponding
esponse Amplitude/ Level | Peak Acceleration
(mm)
8
Transverse 66.5 TS2-S8a 150%-Roof 1.19
Longitudinal 40.3 TS2-S6 100%-Base 0.45
Vertical 50.1 TS2-S8a 150%-Roof 0.80

Table 7-17 Minimum Relative Displacement Response at Top Level of South
Face of Chiller Mounted on 3.0 g Design I/R Systems

Peak Relative Input Motion
Direction Dlls{placement Test ID Corresponding
esponse Amplitude/ Level | Peak Acceleration
(mm) (@
g
Transverse 8.4 TS4-S1 10%-Roof 0.08
Longitudinal 4.8 TS4-S1 10%-Roof 0.08
Vertical 4.4 TS4-S1 10%-Roof 0.05

Table 7-18 Maximum Relative Displacement Response at Top Level of South
Face of Chiller Mounted on 3.0 g Design I/R Systems

Peak Relative Input Motion
Direction Dlls{placement Test ID Corresponding
esponse Amplitude/ Level | Peak Acceleration
(mm) &)
Transverse 45.0 TS6-S7 75%-Roof 0.60
Longitudinal 39.4 TS6-S7 75%-Roof 0.59
Vertical 33.1 TS6-S7 75%-Roof 0.40
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7.4 Experimental Sensitivity Analysis

Conducting several test series with different design specifications for the 3.0 g design I/R systems
provided the required data to investigate experimentally the sensitivity in the seismic performance of the
I/R systems to the changes in their design specifications. The lower amplifications of the horizontal,
vertical, and resultant acceleration responses at the center of mass of the chiller were selected as the

indicators for the better seismic performance of the I/R systems.

The rubber pad thickness and hardness, gap size, and modification in the base plate of the I/R systems
(see Section 5.6) were the four variables considered in the design specifications of the I/R systems. Tables
7-15 through 7-20 provide a list of the test series grouped together based on common and variable
specifications. Figures 7-9 through 7-13 show the comparisons of the peak horizontal, vertical, and
resultant acceleration response amplifications at the center of mass of the chiller for each of the groups of

test series listed in the tables 7-15 through 7-20.

Table 7-19 Test Series Involving Variation of Rubber Pad Thickness in Presence of

Identical Gap Size
Variation Test Series
3 mm (1/8 in) TS7
Variable Specification rubber pad thickness 6 mm (1/4 in) TS5
6 mm (1/4 in) TS11
13 mm (1/2 in) TS8

Common Specification(s)

gap size: 6 mm (1/4 in)

Table 7-20 Test Series Involving Variation of Gap Size in Presence of
Identical Rubber Pad Thickness

Variable Specification

gap size

Variation Test Series
3 mm (1/8 in) TS4
6 mm (1/4 in) TS5
6 mm (1/4 in) TS11
13 mm (1/2 in) TS6

Common Specification(s)

rubber pad thickness: 6 mm (1/4 in)

Table 7-21 Test Series Involving Variation of Rubber Pad Hardness in Presence of
Identical Rubber Pad Thickness and Gap Size for Original 3.0 g Design I/R Systems

Variable Specification

rubber pad hardness

Variation Test Series
60 Duro TS5
50 Duro TS9

Common Specification(s)

rubber pad thickness and gap size: 6 mm (1/4 in)
(original 3.0 g design I/R systems)
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Table 7-22 Test Series Involving Variation of Rubber Pad Hardness in Presence of
Identical Rubber Pad Thickness and Gap Size for Modified 3.0 g Design I/R Systems

Variation Test Series
Variable Specification rubber pad hardness 60 Duro TS11
50 Duro TS12

rubber pad thickness and gap size: 6 mm (1/4 in)

Common Specification(s) (modified 3.0 g design I/R systems)

Table 7-23 Test Series Involving Modification of 3.0 g Design I/R Systems in Presence of
Identical Gap Size, Rubber Pad Thickness, and 60 Duro Hardness

dification in 3.0 Variation Test Series
Variable Specification moditication in 5.9 & original 3.0 g design TS5
design I/R systems - £
modified 3.0 g design TS11

rubber pad thickness and gap size: 6 mm (1/4 in),

Common Specification(s) rubber pad hardness: 60 Duro

Table 7-24 Test Series Involving Modification of 3.0 g Design I/R Systems in Presence of
Identical Gap Size, Rubber Pad Thickness, and 50 Duro Hardness

dification in 3.0 Variation Test Series
Variable Specification Ircllzs;gﬁ?ll({)r;;slteﬁlsg original 3.0 g design TS9
modified 3.0 g design TS12

rubber pad thickness and gap size: 6 mm (1/4 in),

Common Specification(s) rubber pad hardness: 50 Duro

In figure 7-9, which is used to investigate the effect of the rubber pad thickness on the seismic
performance of the I/R systems, the results of Test Series TS5 should be directly compared to the results
of Test Series TS7 (both test series were conducted with the original I/R systems). Similarly, the results of
Test Series TS11 should be directly compared to the results of Test Series TS8 (both test series were
conducted with the modified I/R systems). Despite the significant scatter in the results shown in figure 7-
9, the test series with the thinner rubber pad generally exhibit lower amplification of the peak acceleration
response at the center of mass of the chiller. Based on the results obtained, it can be stated that although
the thicker rubber pads might reduce the peak dynamic forces introduced into the I/R systems, in terms of
the amplification of the peak acceleration response at the center of mass of the chiller, the thicker rubber
pad does not necessarily mean the better seismic performance. In an over all comparison among the four
3.0 g design I/R systems tested with gap size of 6 mm (1/4 in), the modified I/R systems with the rubber
pad thickness of 6 mm (1/4 in) exhibited the best seismic performance.

Although the rubber pad thickness is a property of the horizontal restraint component of the I/R systems,
variations of the rubber pad thickness caused different seismic responses in the vertical direction, as
shown in figure 7-9(b). In fact, these results confirm that there is an interaction between the horizontal
and vertical seismic responses of the I/R systems.
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Figure 7-14 (cont’d) Effect of Rubber Pad Thickness on Peak Acceleration Responses at
Center of Mass of Chiller, 3.0 g Design I/R Systems

The effect of the gap size on the seismic performance of four 3.0 g design I/R systems with identical
rubber pad thickness of 6 mm (1/4 in) is presented in figure 7-10. The results of Test Series TS5 should
be directly compared to the result of Test Series TS4 (both test series were conducted with the original I/R
systems). Similarly, the results of Test Series TS11 should be directly compared to the results of Test
Series TS6 (both test series were conducted with the modified I/R systems).

The results shown in figure 7-10 indicate that for input motions with peak acceleration larger than 0.15 g,
the I/R systems with smaller gap sizes show significantly better seismic performance. Incidentally, the
large gap size of the I/R systems in the tests with low amplitude input motion could preclude the impacts
in the restraint components and could lower the amplification of the acceleration responses at the center
of mass of the chiller. For the tests with intense input motions, the I/R systems with the large gap size
clearly exhibited unsatisfactorily performance. Furthermore, the large gap size of the I/R systems has
resulted in introduction of significant peak dynamic forces into the I/R systems. Note that throughout Test
Series TS6, because the capacity of the load cells was reached, testing of the I/R systems with largest gap
size (13 mm [0.5 in]) was halted at only 75% amplitude of the input motions.

Overall, among all the I/R systems with rubber pad thickness of 6 mm (1/4 in), the original I/R systems
with a gap size of 3 mm (1/8 in) exhibited the best seismic performance. Compared to the rubber pad
thickness, the gap size seems to have a more direct influence on the seismic performance of the I/R
systems. For severe input motions, the results confirm that the smaller gap size always corresponds to a
better seismic performance.
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Figure 7-15 (cont’d) Effect of Gap Size on Peak Acceleration Responses at Center of Mass
of Chiller, 3.0 g Design I/R Systems

The effect of the rubber pad hardness on the seismic performance of two different I/R systems with
identical rubber pad thickness and gap size of 6 mm (1/4 inch) is shown in figures 7-11 and 7-12 for the
original and modified 3.0 g design I/R systems, respectively. The results shown in figures 7-11 and 7-12
are too scattered to conclude any general trend from them. In presence of other effects like
malfunctioning of the vertical restraint component of the I/R systems in Test Series TS5 and TS9, it can
only be stated that the seismic performance of the I/R systems does not seem to be highly sensitive to the

change in rubber pad hardness from 50 to 60 Duro.

123



Acceleration Amplification Factor

Acceleration Amplification Factor

5.25

5.00

4.75

4.50

4.25

4.00

3.75

3.50

3.25

3.00

2.75

2.50

7.0

6.5

6.0

55

5.0

4.5

4.0

35

3.0

2.5

Peak Vertical Input Acceleration (g)
(b) Vertical Acceleration Response at the Center of Mass

Figure 7-16 Effect of Rubber Pad Hardness on Peak Acceleration Responses at
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Figure 7-17 (cont’d) Effect of Rubber Pad Hardness on Peak Acceleration Responses at
Center of Mass of Chiller, Modified 3.0 g Design I/R Systems

The effect of the malfunctioning of the vertical restraint component on the seismic performance of the
original I/R systems in Tests Series TS5 and TS9 were shown earlier in figures 7-9 and 7-10. This issue is
investigated more specifically in figure 7-13. In this figure, the results of Test Series TS5 are directly
compared to the results of Test Series TS11 (gap size and rubber pad thickness of 6 mm, rubber hardness
of 60 Duro). Similarly, the results of Test Series TS9 are compared directly to the results of Test Series
TS12 (gap size and rubber pad thickness of 6 mm, rubber hardness of 50 Duro). The results confirm that
in Test Series TS5 and TS9 (before modification if the I/R systems), the impacts between the steel rod
and base plate (see figure 5-9(a)) have dramatically degraded the seismic performance of the I/R systems.
It was expected that the malfunctioning of the vertical restraint component affect mainly the vertical
response at the center of mass of the chiller. However, because of the interaction between the horizontal
and vertical seismic responses of the I/R systems, the horizontal and resultant acceleration responses at
the center of mass of the chiller were also affected by the malfunctioning of the vertical restraint
components.
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SECTION 8
CONCLUSIONS

The experimental research presented in this report evaluated the seismic performance of an
isolation/restraint (I/R) system supporting a heavy mechanical equipment item. The studied I/R system
was typical of the systems designed by the members of the American Society of Heating, Refrigerating,
and Air-Conditioning Engineers. The heavy HVAC-type test specimen was a centrifugal liquid chiller
weighing 11997 kg (26450 Ib). The chiller was supported by four of the I/R systems. The main
conclusions obtained from the 73 system-identification and 72 seismic tests are described in this section.

The results of the system-identification tests showed that the first three natural frequencies of the chiller
(filled with water and refrigerant), supported by the isolation component of the I/R system at its four
corners, were 1.17, 1.54, and 2.24 Hz. These natural frequencies were significantly smaller than even the
first natural frequency of the rigidly mounted chiller (8.33 Hz). The first three mode shapes of the chiller
supported by the isolation component of the I/R systems were almost pure translation in the transverse,
longitudinal, and vertical direction, respectively.

Analyses of the decay of response 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 around one
and three percents of the critical equivalent viscous damping ratio in the vertical and horizontal direction,
respectively. Therefore, the isolation component of the I/R system can hardly reduce the response by
energy dissipation.

The acceleration response measured at the center of mass and corners of the chiller during the seismic
tests verified that the restraint component of the I/R systems limited the displacement response at the
expanse of amplification of the acceleration response. During the 72 seismic tests conducted with
different designs and specifications of the I/R systems, 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.

In most of the tests with peak input accelerations high enough (higher than nearly 0.15g) to engage the
restraint components, 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 design and
specifications, for the high amplitude input motions (full-scale input motions), the acceleration
amplification factor at the center of mass of the chiller varied only between 2.0 and 3.0.

Despite the reduction in the amplification of the peak acceleration response with an increase of the peak
input acceleration, the maximum acceleration responses yet occurred in the tests with the maximum input
motion amplitude. The center of mass of the chiller mounted on the 1.0 g and 3.0 g design I/R systems
experienced peak resultant acceleration response as large as 4.14g and 2.47g, respectively.

The energy generated by the impacts occurring in the restraint component of the I/R systems was partially
absorbed by the body of the chiller and the liquid inside it. Therefore, the amplification of the peak
acceleration response at the corners was larger than that at the center of mass of the chiller. The
amplification of the peak acceleration response at the corners of the chiller varied between 1.9 and 10.5 in
the transverse direction, between 1.5 and 27.7 in the longitudinal direction, and between 2.9 and 13.8 in
the vertical direction. Throughout the 72 seismic tests conducted, the corners of the chiller experienced
maximum acceleration responses of 5.15g, 9.44g, and 5.66g in the transverse, longitudinal, and vertical
direction, respectively.

The restraint component of the 1.0 g design I/R systems, designed for a static force of 29 kN, could

withstand dynamic shear and normal forces larger than 200 and 450 kN, respectively. The bottom steel
washers of the vertical restraint components were the only damaged elements of the 1.0 g design I/R
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systems during the seismic tests. After the seismic test with the input motion corresponding to the roof
level and scaled to 150% amplitude, all the bottom steel washers were deformed into a conical shape. The
3.0 g design restraint component of the I/R systems, designed for a static load of only 88 kN, without any
damage experienced dynamic shear and normal forces larger than 120 and 440 kN, respectively.

Withstanding the forces induced by acceleration responses as large as 10.0 g by the 1.0 g design restraint
component of the I/R systems showed that the static design capacity is an extremely conservative
estimation for the actual dynamic capacity of the restraint component of the I/R systems.

The maximum relative displacement response of mechanical equipment is very important for designing
the ducts and pipes connected to the equipment. The results showed that because of the rotational
response of the equipment and deformation of the snubber elements, the peak relative displacement
response of the mounted equipment can be much larger than the gap size of the I/R systems. The effect of
the rotational response in increasing the peak relative displacement response depends on the geometry of
the test specimen. However, this effect is certainly higher for the response at the locations elevated from
the I/R systems level. While the largest gap size in the seismic tests was 12 mm (0.5 in), the top level of
the south face of the chiller experienced relative displacement response as large as 45 mm (1.77 in). The
relative displacement response at top level of the south face of the chiller in some of the tests was as large
as ten times of the gap size of the I/R systems.

The comparison of the seismic performance of four 3.0 g design I/R systems with the identical gap size
and different rubber pad thickness showed that the application of the thicker rubber snubber had not
always resulted in a reduction in the amplified acceleration response at the center of mass of the chiller
and dynamic forces induced into the I/R systems. The rubber pad thickness is a property of the horizontal
restraint component of the I/R systems. Therefore, the sensitivity of the seismic performance of the I/R
systems in the vertical direction to the change in the rubber pad thickness confirmed that there is a
considerable interaction between the horizontal and vertical seismic performance of the I/R systems.

The comparison of the seismic performance of four 3.0 g design I/R systems with the identical rubber pad
thickness and different gap size showed that for the low amplitude input motions (with peak acceleration
less than nearly 0.15g), the large gap size of the I/R systems could preclude the engagement of the
restraint components and result in better seismic performance. However, for the input motions with peak
acceleration high enough to engage the restraint components, the large gap size resulted in inducing
significant peak dynamic forces into the I/R systems and amplifying the acceleration response at the
center of mass of the chiller. For instance, increasing the gap size from 3mm (1/8 in) to 13mm (1/2 in)
resulted in almost doubling of the acceleration response at the center of mass and the forces induced into
the I/R systems. For high amplitude input motions, the smaller gap size always corresponded to a
substantially better seismic performance.

In presence of the influential specifications such as the gap size and rubber pad thickness, the seismic
performance of the I/R system showed little sensitivity to the change of the rubber pad hardness from 60
to 50 Duro.

The inadequate space left between the tip of the steel rods and the base plate of the original 3.0 g design
I/R systems with large gap size resulted in malfunctioning of the vertical restraint components and
consequently resulted in the poor seismic performance. The modification of the 3.0 g design I/R systems
by creating holes in their base plates completely removed this issue and improved the seismic
performance of the I/R systems.

Among all the specifications, the gap size had the most influence on the seismic performance of the I/R
systems. Based on the results obtained in this study, in areas of high seismicity, it is strongly
recommended to limit the gap size of the I/R systems to the gap size necessary for noise and operational
vibration control.
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