Theme Report on Topic 12
EARTHQUAKE RESISTANT DESIGN OF EQUIPMENT ANMD SERVICE FACILITIES

by

Erik H. VamnarckeI

INTRODUCTION

This theme report deals with a very wide spectrum of engineerea sys-—
tems which have not, until recently, received much attention within the
earthquake engineering community. In fact, the attention of most contri-
butors to this Session is directed to systems which lie at opposite ends
of this spectrum. At one end are so-called secondary systems supported by
or appended to primary structures. Nonstrgftural components of buildinzs
{ceiling assemblies, non-bearing walls (3)), elevators (2), mechanical and
electrical systems (4-7) fall into this category. Other specific sscon-
dary systems dealt with are: sensitive equipment located in nuclear faci-
lities (5,14), computers (12) and telecommunication equipment (10,21) with-
in buildings, porcelain insulators attached to power transmission Facilities
(6), and circuit breakers in a pumping plant switchyard (9). At the other
end of the spectrum of systems of concern in this Session are large "life-
1line" systems providing for the needs in energy, communication, and trans-
portation. The fellowing specific lifelines are considered: pipelines,
both buried and above-ground (1,8,11,15,23), railway tracks (17), and
high-voltage transmission limes (22). 1In addition, the following cocmpo-
nents of lifeline networks are examined: liquid storage tanks (20), tele-
phone communication centers (10,21) and transmission towers (22).

In view of the great diversity of topics covered, this theme report
is primarily an attempt to serve an integrating function, that is, to
identify common threads in individual contributions and to relate these
contributions to the state-of-the-art (exemplified by Ref. 28) in seismic
design of equipment and service facilities.

SECONDARY SYSTEMS

Importance of Secondary Systems

By definition, a secondary system is sppended to, attached to, eor
supported by, a primary structure. The latter has received far more
attention than the former in the earthquake engineering community. Secon-
dary systems may be components of utility systems (water, transportatiom,
communication and energy), industrial systems (e.g., oil refineries, com-
puter data processing facilities) or building systems (residential, com-
mercial, hospitals). Past major earthquakes have amply demonstrated the
vulnerability of secondary systems to earthquake damage. Continued func-
tion of these gystems during and after earthquakes is often critically
important. Moreover, they must withstand seismic effects which may be
adversely affected by the dynamic characteristics of the primary system
or by the interaction between the primary and the secondary systems.

Dynamic Properties: Testing

Guha et al. (4), Sugimoto and Sato (21), Liu (10) and Muto et al.
(12) consider methods and requirements for testing of important pieces
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of (electro-mechanical) equipment. The goal of the testing‘is to verify
functional capability during strong shaking and to establish damage and
failure thresholds. Several authors (&,9) emphasize the Importance of
considering the nonlinear character of the dynamic response. Many of )
these papers (4,6,9,21) provide new information on the dvaamic propertles
(periods, damping values) of specific secondary systems.

Active Devices for Seismic Protection

Two papers (2,14) deal with active devices which utilize a seismic
triggzer to initiate controlled shutdown in the event of an earthquake.
Benuska et al. (2) provide information on an active system for elevators
in buildings, while Peyrot and Plautz (14) report on the cost-effectiveness
of such a device for nuclear particle accelerators. Active devices have
seldom been used for earthquake protection because they require mainten-—

ance (to insure reliable operation) and they are often too costly.

Seismic Analysis of Secondary Systems

Several papers at this conference (5,16,28) focus on the methodology
to predict the seismic response of secondary systems. Analysts of nuclear
facilities have pioneered the practice o¢f predicting floor response spectra
(i.e., response spectra at the point of support within the primary system),
and then using the response spectrum method to predict the secondary sys-
tem peak response. Hadjian (5) examines in detail the implications of and
the errors inherent in modeling the ccmbined primary-—secondary system as a
"decoupled" system. The "decoupled system" model has obvious practical
advantages in that it permits one to evaluate the support acceleration
prior to having information about the precise configuration or the dynamic
properties of the equipment. Hadjian (5) concludes that presently used
criteria for decoupling are both arbitrary and conservative.

If the equipment can be modeled as an uncoupled linear one-degree
system, then floor response spectra sufiice for the purpose of seismic
design of the equipment. Iwan (7) presents an approximate method to use
the (floor) response spectrum to predict the response of an isolation
system with nonlinear motion limiting comstraints. Muto et al. (12} also
propose a calculation method based on floor response spectra to be used
in the design of a new installation device for computers in buildings.

At present, time integration analysis is the most common method
for obtaining the floor response spectra corresponding to a set of speci-
fied design ground response spectra. The procedure calls for selecting
(and in many cases computer-generating) one or more earthquake accelero—
grams which are compatible with the prescribed ground response spectra.
Time-integration analysis is then used to evaluate the (primary system)
acceleration response at the poimt of equipment support. Finally, the
"floor response spectrum" is calculated and suitably smoothed or en-
veloped for use in equipment selection. ' The support point acceleration
response may also be used as input loading in tests of the equipment.
The frequency content of the acceleration response will be concentrated
at the important eigenfrequencies of the primary structure. (For this
reason, the test loading used to check equipment capability is often
Just a sequence of sinusoidal pulses at the different natural frequencies
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of the dominant primary system modes.) Proposals have recintly been
made to eliminate the need for time-integration analysis t) predict
floor response spectra when the ground response spectra ard the normal
modes (frequencies, dampings, shapes) of the primary stru:ture are known.
Semi-empirical procedures are proposed by Bizgs (24) and 5y Sato et al.
(16). Other recent proposals (25,26,29,30,31) are based directly on
random vibration theory. In this analysis, the earthquake ground motion
is modeled as a limited duration segment of a stationary random process
with a spectral density function, usually of the Kanai-Tajimi type (see,
for example, Ref. 31).

Codes

Code provisions' for non-structural building components and systems
are discussed by Goldberg and Sharpe (3). These provisions are being
developed in the United States by the Applied Technology Council under
contract with the U.S. National Bureau of Standards. The primary objec-
tive in developing the criteria is to assure life safety in the event of
an earthquake. For mechanical and electrical systems, the criteria in-
clude provisions for fixed and resiliently mounted equipment. For archi-
tectural components, the requirements involve force resistance and pro-
visions for inter-story drift and out-of-plane deflections. Shibata (19)
discusses the requirements of an aseismic design code for components of
o0il refineries and petro-chemical industrial facilities. He proposes
an "open form'" of code which leaves considerable freedom to the designer.
The specifications should be related to the concepts of 'factor of impor-
tance"” and "mode or.mechanism of failure" which evolved during the early
stage of development of aseismic design procedures for nuclear facilities.
Specific failure modes and mechanisms relevant to equipment are: brittle
fracture in vessels and pipings, failure due to acceleration response
(including pipe whip), failure attributable to sloshing of liquids. Finally,
several authors (4,10,11,12,21) make recommendations with regard to methods
and standards for testing of equipment, on shaking tables or in situ, and at
low or high levels of excitation.

"LIFELINE" SERVICE SYSTEMS

Importance of Lifelines

Many papers in this session are cecncerned with the seismic design of
large utility networks and with "'links' and 'ncdes' thereof, whose function
is to fulfill society's needs for energy, communication and transpertationm.
The systems include, for example, pipelines (1,8,11,15,23), railway tracks
(17) and telephone communication systems (10,21). These long, linear
facilities, whose continued operation during and after darthquakes is oiten
vital, have heretofore received relatively little attention. Yet, they
pose many new problems to engineers concernzd with seismic safety. Failure
of a component or a segment of a "lifeline" implics costs which go much be-
yond those associated with repair or replacement of the failed component or
segment., Katayama et al. (8) summarize in quantitative terms the seismic
damage to buried utility pipelines caused by past earthquakes and they
attempt to relate the seismic damage to ground conditions. Sato and Miura
(17) survey the damage to trains and railway tracks resulting from ten re-—
cent strong earthquakes in Japan.
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Seismic Risk; Performance Evaluation

Seismic risk of extended facilities must be approached much differ-
ently than for "point" targets. A larger number of potential sources of
earthquakes must be considered. A major earthquake close to a lifeline
will generate a range of potentially damaging ltevels of ground motion
within a large section of the lifeline. Damage or failure will occur
where the local induced response exceeeds the available resistance. It
follows that weak compoments (i.e., with low seismic resistance) of the
lifeline as well as points closest to active seismic sources will be of
most concern.

Schiff et al. (18) propose a computer simulation approach to evaluate
the seismic response 6f lifelines, in particular electric power netwocrks.
The computer simulates seismic event times, sizes and locations; ground
motion parameters at each support point of the system; seismic resis-
tance levels for each system component; post—earthquake power demand; and
so on. System performance is thus evaluated by extensive Monte Carlo simu-
lation. Information gained from the simulation enables the designer, in
principle, to evaluate the siting and seismic specification of individual
system components in the context of overall system safety.

Seismic Response Analysis

The degree of spatial correlation between earthquake ground motion
parameters and the phasing and the velocity of propagation of different
frequency components of the ground motion are matters of great concern
in lifeline seismic analysis. They also greatly complicate the analysis
of soil-structure interaction of "spatially extended" systems (such as
pipelines) which rest on multiple supports or which are buried underground.
Powell (15) presents a procedure for computing the seismic response of zross-
country pipelines. The procedure accounts for the effects of initial static
loads, support nonlinearity, and out-of-phase ground motions at different
points along the pipe. Takada (23) observes that underground pipelines ara
usually connected to structures such as manholes, buildings, etc., which
have large masses and act in the same way as the surrounding ground duricg
earthquakes. The occurrence of relative displacement between the pipe and
the ground. would therefore induce concencration of stress or strain at the
points of connection. Takada (23) concludes that flexible joints which
absorb the .relative displacement are necessary to harmonize the motion of
the pipeline with that of thé surrounding ground.

System Design and Optimization

In his effort to mitigate the seismic hazard to 1 feline systems,
the designer must consider, in addition te more conventional protective
measures through component design, opportunities for providing redundant
linkst, for "optimal' siting of weaker or more critical components of the
system, and for allocating protective measures (i.e., added seismic resis-
tance) to optimize overall system seismic safety. Formal optimization is

+Aggour and Miller (1) develop a comstraint on the distance between redun-
dant underground pipelines at a nuclear facility. The requirement is that,
if a rupture occurs in one pipeline, the resulting large volume of pres-
surized fluid discharged into the surrounding soil should not destroy the

bearing capacity and hence, the functional capability, of the second (re-
dundant) system.
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practically very difficult, however (27). The seismic loading is only one
of several potentially hazardous external loads and envirommental conditions
which the designer must consider, in addition to operating loads and func-
tional requirements. Moreover, a clear "objective function" guiding the
designer's effort to optimize the system can never be fully agreed on.
Human suffering, environmental damage, and other intangibles as loss of
professional reputation, are all components of a vector of losses assoc-
iated with strong earthquake occurrence. These loss components cannot
easil if at all, be expressed in monetary terms (39). Nair and Kulkarni
(13)% ropose a formal multi-attribute decision analysis approach to the
problem of siting of facilities.

:In some situations, economic considerations largely dominate the
total expected loss picture, and formal expected cost minimization be-
comes possible. S.C. Liu (10) proposes such an approach to the seismic
design of communication facilities. -An alternate interpretation is to
say that the system designer "sub-optimizes' the system based on the mone-
tary component of the seismic losses alone. It may then be argued that
the resulting level of protection is a minimum justifiable on the basis of
monetary considerations alomne.
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DISCUSSION ON THEME REPORT

R, Chandrasekaran (India

The specifications for testing equipment to withstand
earthquakes as drawn out by some authorities specialising in
Electrical Engineering are rather unrealistic. For example,
in one case, they had specified that the equipments should
withstand an acceleration of 0.5 'g' from.l cps to 40 cps. I
feel it is unrealistic to demand a constant acceleration amp-
litude over such a wide frequency range as strong grounds mo-
tions do not have predominant peaks over this frequency range.
Would the theme reporter like to comment on amplitudes and
associated frequency ranges in cagse steady state sinuscidal
tests are carried out on equipments for the purpose of deter-
mining their performance due to earthquakes ?

Author's Closure

Not received.
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