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1. INTRODUCTION

Seismic design requirements for commercial structures
and industrial plants have been invoked in Canada for
many years through the National Building Code of
Canada (NBCC), Reference 1, which is mandatory
throughout Canada. The seismic design of nuclear
power plants requires special consideration as a result
of concern for the nuclear safety of the public. The
seismic design philosophy for CANDU nuclear power
plants is based on principles established by the Atomic
Energy Control Board (AECB) of Canada. These have
resulted in the formulation of requirements and criteria
to ensure the integrity and operability of structures and
components in the event of an earthquake. These re-
quirements and criteria are being formulated in Cana-
dian Standards Association Standard N289 (Reference
2). Pending this codification, approval by the AECB is
required on a case-by-case basis.

This report describes the philosophy, requirements,
criteria and acceptable design methods for the seismic
design of systems, structures, and components for
CANDU nuclear power plants to protect them from the
consequences of earthquakes. It is written in the style
of a Standard or, Design Guide because its contents are
directly applicable to the scope of such documents.

Structures, systems, equipment and components to
be seismically qualified shall be qualified to the re-
quirements and criteria stated or referenced in this
report, and in accordance with the methods and pro-
cedures described or referenced in this document.
Equipment not specifically required to be seismically
qualified, but whose failure, deformation or dislocation
could impair the performance of nearby safety-related
systems is also covered.



2. DEFINITIONS

The following definitions, listed in alphabetical order,
apply in the content of this document:

Assembly means a piece of electrical equipment com-
prising electrical modules mounted in or on a common
enclosure, e.g., console, panel, frame, rack, etc..

Bracing means a structural element which provides ad-
ditional stiffening or stability to the equipment or its
support.

Component means the hardware located in a nuclear
power plant, (e.g. pumps, vessels, valves, machinery,
piping, etc.).

Damping is a measure of the energy dissipation in a
vibrating body due to hysteresis, friction, impact, joint
slippage, etc., and is defined by the damping ratio.

Damping Ratio Ifi) is the ratio of the damping coefficient
to the critical damping coefficient for a single-degree-
of-freedom oscillator or a normal mode.

Degrees-of-Freedom (DOF) means the minimum num-
ber of independent coordinates required to define com-
pletely the position of all parts of a system at any in-
stant of time.

Note: A single-degree-of-freedom (SDOF) system is one
where the position of the system can be defined in
terms of a single coordinate. It is characterized by a
single mass, structural stiffness and mode shape.

Design Basis Earthquake (DBE) means an artificial
representation of the combined effects in the free-field
at the location of the site, of a set of possible earth-
quakes having a sufficiently low probability of ex-
ceedence during the life of the plant, and expressed in
the form of response spectra or a time-history.

Note: The DBE represents the maximum ground motion
for the site which has a sufficiently low probability of
being exceeded during the operating life of the nuclear
power plant that unacceptable radioactivity releases
can be avoided.

Dynamically Decoupled Systems means that the mass
and structural properties of the supported system do
not significantly change the dynamic response charac-
teristics of the supporting structure.

Dynamic Analysis means a modal or direct integration
analysis of the structure or components to determine
its response to a dynamic forcing function.

Earthquake Level means the design earthquake, ex-
pressed as a Design Basis Earthquake or a Site Design
Earthquake, to which selected critical systems, struc-
tures and equipment in a nuclear power plant must be
designed, in order to provide additional assurance of
performance of their safety function in the event of an
earthquake. \

Equipment is a non-specific term referring to com-
ponents, assemblies modules, devices, etc..

Flexibility is the inverse of stiffness (see stiffness).

Floor Acceleration is the acceleration of a particular
building floor or elevation or mounting location of in-
terest, resulting from a specified seismic motion ap-
plied to the building structure.
Note: Normally, the limiting spectral acceleration value
corresponding to the rigid frequency (see definition)
represents the maximum floor acceleration (see Figure
2.1).

Floor Response Spectrum (FRS) means the response
spectrum* for a particular floor (elevation) in a structure
when the structure is subjected to the design seismic
motion (DBE or SDE as applicable), see Figure 2.1.
Note: The FRS defines the response of equipment
mounted on a particular floor (elevation) of a structure,
when the structure is subjected to the design seismic
motion.

Fragility Testing means vibration testing of equipment
to determine its ultimate capability, i.e., the equipment
is tested to the point where it can no longer perform its
function, whether due to electrical or mechanical
malfunction or physical deformation or destruction.

Free-field means the time-history record of the seismic
ground motion as measured at the surface of the soil or
rock, unaltered by the presence of large structures.

Ground Acceleration is the most common parameter
for defining earthquake motion and is usually express-
ed in cm/sec2 or "g" units. (Note: By international
agreement, the value of g = 32.1739 ft/sec2 = 980.665
cm/sec2 = 980.665 gal has been chosen as the stan-
dard acceleration due to gravity).

Ground Response Spectrum means the response spec-
trum* which represents the response of a structure to
the design seismic motion in the form of a time-history
or a response spectrum.

Mass means the weight of the system being analyzed
divided by the acceleration due to gravity.
Note: For the purpose of dynamic analysis, the mass of
component, structure or system is usually assumed to
act at one or a number of discrete points, (lumped-mass
modelling).

Modal Mass of a system means the equivalent mass in
a normal mode and is a measure of the mass as-
sociated with a particular mode.

Modal Participation Factor ( D is a number developed
from a mathematical expression which utilizes the
mass and mode shapes of a multi-degree-of-f;eedom
system for evaluating the modal response of a par-
ticular mode of vibration, due to a particular excitation.

The r of a given mode is a measure of the relative
strength of the response of the system in that mode.

* See definition



Mode Shape (0) means the deformed shape of a system
corresponding to its free vibration at one of the natural
frequencies of the system.

Module means an assembly of interconnected mechan-
ical and electrical parts constituting an identical device
or instrument, which is used with, or as an auxilliary to,
other equipment, and is not supported directly from a
surface having a defined seismic motion.

Natural Frequency (or Frequencies) means the frequen-
cy (or frequencies) at which a body vibrates due to its
own physical characteristics and elastic restoring
forces, brought into play when the body is distorted in a
specific direction and then released, while restrained or
supported at specific points.

Octave means the interval between any two frequen-
cies separated by a ratio of two.

Period is the inverse of natural frequency, and is usually
stated in seconds.

Predominant Frequency means the vibration frequency
at which the maximum response of the structure oc-
curs. It is generally the lowest natural frequency of the
structure or component, depending on the direction
and/or frequency content of the forcing function.

Proof Testing means vibration testing to a specified
vibratory input.

Purchaser means the ultimate customer, the purchaser,
or the agent representing him.

Response Spectrum means a graphical display of max-
imum vibratory response (acceleration, velocity,
displacement) versus frequency, for a family of single-
degree-of-freedom oscillators having a range of natural
frequencies and specified damping, corresponding to a
specified motion at the base of the support.

Restraint means a structural element which restricts
unwanted degrees of freedom of the equipment.

Rigid Frequency means the frequency at which the FRS
approaches the maximum floor acceleration or 33 Hz,
whichever is greater (see Figure 2.1).

Note: Rigid equipment for seismic design and seismic
qualification refers to equipment whose natural fre-
quency in the 'as mounted' condition is greater than the
rigid frequecy.

Seismic Qualification means the verification of seismic
adequacy, through testing or analysis (or both), of the
structure, component or system to perform its intended
function during, and/or following, the designated seis-
mic event, as defined in the user specification.

Seismic Ground Motion Parameters means the peak
ground acceleration, peak ground velocity and peak
ground displacement of a seismic time-history motion.

Site Design Earthquake (SDE) means an artificial
representation of the combined effects in the free-field

at the location of the site, of a set of possible earth-
quakes having occurence rates of 0.01 per year, based'
on historical records of actual earthquakes applicable
to the site, and expressed in the form of response spec-
tra or a time-history. However, the peak ground accel-
eration shall not be less than 0.03 g.

Note: The SDE represents a hypothetical ground motion
less severe but more probable than the DBE, and is us-
ed as the design seismic motion for some systems.

Specified Response Spectrum (SRS) means the
response spectrum* required by the purchaser as part
of his specification and constitutes a requirement to be
met (see Figure 2.1).

Stiffness (or Spring Constant) means the ratio of an ap-
plied force to the corresponding deflection. It is cal-
culated from the structural properties of the system,
and is the inverse of flexibility.

Structure means any load bearing system in a nuclear
power plant which is directly supported on the foun-
dation medium and which houses and/or supports com-
ponents and equipment.

Support means a structural element which transfers the
load from the equipment to the building structure.

System means an assemblage of equipment, com-
ponents, structures etc., in a nuclear power plant which
is interdependent or connected (or associated) together
to perform a specific function(s), and viewed as an enti-
ty for the purpose of analysis or reporting.

Table Motion Spectrum means the required seismic
test motion (acceleration/frequency plot) at the location
of a module mounted on an intermediate support (rack,
cabinet, console, etc.).

Note: The table motion spectrum is not a response
spectrum but the required test motion at the mounting
point of the module being tested.

Test Response Spectrum (TBS) means the maximum
response of a family of SDOF oscillators, with specified
damping, when subjected to the actual shaker table
motion (see Figure 2.1).

Time-history means a record of the amplitude of
vibratory motion versus time in terms of any of ac-
celeration, velocity or displacement.

Note: A time-history may be a previously recorded
ground motion or a synthetic time-history represen-
tative of the ground motion at the site, due to a possible
earthquake or a set of possible earthquakes.

* See definition
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3. SEISMIC DESIGN PHILOSOPHY

Nuclear power plants licensable in Canada must pro-
vide assurance against the release of potentially hazar-
dous quantities of radioactive materials, and assure the
integrity of structures and components of the nuclear
powsr plant in the event of an earthquake.

This goal is achieved by following a rational design
process, as discussed below.

3.1 Seismic classification

Seismic classification of sufficient structures and com-
ponents is required to ensure that the function describ-
ed below can be fulfilled in the event of a DBE at the
site:

1) The reactor must be capable of being shut down and
of being maintained in that state indefinitely.

2) It must be possible to remove decay heat from the
fuel during this shutdown period. (Note: The primary
coolant system boundary shall not fall in such a
manner as to constitute a loss-of-coolant-accident.)

3) The structures and systems outside the containment
area are designed so that any radioactivity releases
are within the limits permitted by the siting criteria of
the Atomic Energy Control Board.

The seismic classification comprises the design earth-
quake level and a seismic category. Seismic classifica-
tion lists for each project define the systems and struc-
tures requiring seismic qualification.

3.1.1 Seismic category

The extent to which each structure and system shall re-
main operational is established by means of seismic
categories for individual structures and components of
each system. The seismic category defines the follow-
ing two requirements of the component:

a) The detailed functional requirement, if any, of the
component to meet the safety function;

b) The requirement to perform during, after or during-
and-after an earthquake.

There are two basic categories:

Category A:Systems which must retain their pressure
integrity during and following an earth-
quake to ensure and maintain the safety-
related system operation.

Category B:Systems which must retain their pressure
integrity and/or function mechanically
and/or electrically, as applicable, during
and/or following an earthquake, to ensure
and maintain the safety-related system
operation.

3.1.2 Design earthquake levels

To provide additional assurance of critical systems per-
forming their safety-related functions in the event of an
earthquake, selected safety-related systems in the
nuclear power plant are designed to specified earth-
quake levels as follows:

1) Design Basis Earthquake (DBE)

The Design Basis Earthquake for a plant is defined
as an artificial representation of the combined ef-
fects in the free-field at the site, of a set of possible
earthquakes having a sufficiently low probability of
exceedence during the life of the plant, expressed in
the form of response spectra or a time-history.

2) Site Design Earthquake (SHE)

The Site Design Earthquake for a plant is defined as
the maximum predicted effect in the free-field at the
site, having an occurrence rate of 0.01 per year, bas-
ed on historical records of actual earthquakes ap-
plicable to the site, expressed in the form of
response spectra or a time-history. The SDE shall
have a peak ground motion acceleration not less
than 0.03 g.

The DBE and SDE for the plant are specified by at least
a peak horizontal ground acceleration value, as well as
the design ground response spectrum or time-history.
The peak ground acceleration values for the DBE and
SDE are determined from a study of site seismicity bas-
ed on an examination of historical and instrumented
earthquake records for the area, as well as the seismo-
tectonics of the surrounding geological structure.

3) National Building Code of Canada (NBCC) earth-
quake (or equivalent). The NBCC earthquake is defin-
ed by the ground acceleration at the site for an earth-
quake return period of 100 years based only on
historical records applicable to the site. The NBCC
earthquake criteria are the minimum to be applied to
any structure or component where the DBE or SDE
are not already specified (see 6.2.2).

3.2 Loss-Of-Coolant Accident consideration

The safety requirements for common-mode incidents in
CANDU stations rule out a loss-of-coolant (LOC) acci-
dent caused by a DBE because of the small probability
of this event. Accordingly, the seismic design does not
consider the effects of a LOC accident combined with
the effects of a design basis earthquake (DBE). To pro-
vide additional assurance of plant safety during and fol-
lowing a DBE, the Emergency Water System is used to
provide the make-up for any loss due to small leaks
which may occur in the primary heat transport system
or in systems not required to be seismically qualified.
The containment building is designed for the combined
effect of the DBE plus a containment building pressure
equal to the dousing-water pressure set point.



3.3 Seismic qualification

Seismic qualification of a system refers to the
demonstration of structural integrity and/or the ability
of the system to perform its required function during
and/or after the applicable design earthquake (DBE or
SDE).

Seismic qualification of systems may be achieved by
any of the following approaches (see Figure 3.1):

1) Seismic analysis
2) Testing
3) Combination of analysis and testing

The choice of approach for seismic qualification of a
particular component or structure depends on the type,
size, shape and complexity of the item, as well as
availability and scheduling considerations. Documenta-
tion showing proof of seismic qualifications must
justify the choice of method (see 4.18).

Generally, a seismic analysis approach is adopted
when the dynamic behaviour of a system can be ade-
quately modelled. Testing is resorted to when the be-
haviour of a system cannot be reliably predicted by
analysis. Complex components required to maintain
their function (e.g. relays, valves, instrumentation, etc.)
fall into the latter category. A combination of analysis
and testing is recommended where analysis or testing
alone does not provide adequate proof of seismic quali-
fication due to the nature of the item, or due to limita-
tions of the facilities, or if added assurance of seismic
qualification is required, or where low-level testing is
used to establish the dynamic characteristics of the
system to aid in the analysis (see 5.3.3).

Seismic qualification may be for a particular applica-
tion, or it may be intended to cover more than one site
condition. In the latter case, the design motion should
have sufficient amplitude and frequency content to en-
velop the various site conditions.

The requirements for seismic qualification by
analysis and testing are discussed in Sections 4 and 5,
respectively. The design criteria are given in Section 6.

3.4 Seismic loading

The following considerations apply for the purpose of
seismic loading, when performing seismic qualification
by analytical methods:

1) The applicable design earthquake is treated as an ex-
treme environmental load having a low probability of
exceedence.

2) Only one design earthquake as applicable (see 3.1),
is assumed to occur during the life of the plant.

3) For components being seismically qualified by
analytical methods, seismic loads are combined with
other non self-limiting loads (e.g. pressure, gravity,
mechanical loads, etc.) as discussed in Section 6,
together with a fatigue analysis where indicated.

4) Fatigue analysis of supports and structures is not

normally required, as stress levels and cycles are
generally sufficiently low.

5) Transient loads which persist for a sufficiently long
period or occur frequently, as stated below, are
treated as upset loads for the purpose of seismic
design of components:
a) Transient loads lasting 15 minutes or longer and

expected to occur on a daily basis.
b) Transient loads lasting 8 hours or longer and ex-

pected to occur once per month.
c) Transient loads lasting 4 days or longer and ex-

pected to occur once per year.

8
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4. REQUIREMENTS FOR SEISMIC QUALI-
FICATION BY ANALYTICAL METHODS

4.1 general
Seisijnic analysis Is used to predict the dynamic
response of a system to a design seismic excitation
represented by the applicable design earthquake. The
responses commonly sought are: accelerations, dis-
placements, forces, moments, and number of loading
cycles.

In performing a seismic analysis, the system is
represented by a suitable mathematical model and
analyzed using acceptable methods based on rational
assumptions and criteria. The results of the response
analysis are used to compute seismic stresses. These
are combined with stresses resulting from normal or
sustained loads, and checked against the allowable
stresses* (see Section 6). Figure 4.1 is a logic chart for
seismic qualification by analysis.

This report does not exclude or specify any of the
available valid methods of earthquake analysis, but pro-
vides minimum requirements to be met.

4.2 Method of analysis

4.2.1 General
If analytical methods of seismic qualification are used
to ensure that the required functions of safety-related
systems and structures are maintained, a dynamic
analysis procedure shall be used, except where it can
be demonstrated that the use of an equivalent static
load method (see 4.2.4) provides adequate conser-
vatism. The commonly accepted methods of dynamic
analysis for computing seismic responses of structures
or components are the modal superposition method
and direct integration method.

If alternative methods are used, these shall be docu-
mented and justified with the design analysis.

4.2.2 Modal superposition method
The modal superposition method generally uses the
following approaches:

a) Time-history method
b) Response spectrum method

If modal superposition methods are used, all significant
modes shall be included in the analysis (see 4.12).

a) Time-history method

In the time-history method, the equations of motion
are solved for a large number of time steps, which re-
quires a spectrum-compatible time-history motion as
the seismic input. Alternatively, a number of time-
histories are applied, one at a time, to determine the
worst effects of each. The response of the system is
calculated as a function of time after transformation

* Sometimes deflections rather than stresses govern the design,
due to function, clearance or other reasons.

to modal coordinates. The time-history method re-
quires a much larger computational effort than other
methods. This method is more flexible than the
response spectrum method or the equivalent static
load method. In addition to solving linear elastic pro-
blems, this method can handle non-linear problems.

b) Response spectrum method

In the response spectrum method, the seismic
response (maximum relative displacement, maximum
velocity and maximum absolute acceleration) of the
system is obtained separately for each independent
spatial component of a tri-axial seismic motion. The
seismic input is in the form of design ground response
spectra (for structures) or floor response spectra (for
components). The equations of motion are solved to
determine natural (modal) frequencies, modal dis-
placements and modai participation factors of the
system for a selected value of modal damping (see
Table 4.2), for each seismic input direction.

This method is more general and Jess conservative
than the equivalent static load method, and is used to
obtain the dynamic response by damped linear-elastic
analyses of complex systems. The most probable
maximum value of the system response R of a given
element to a given earthquake motion, is obtained as
the root-sum-square of individual modal responses as
follows:

R =
N

(4.1)

/vhere R^ is the response for the k tn mode and N is
the number of significant modes considered in the
modal response combination.

For closely spaced modes, refer to 4.13.

4.2.3 Direct integration method
This is a time-history method where the response of the
system is calculated for a large number of time-steps by
transforming the differential equation of motion into a
set of algebraic equations involving mass, stiffness and
damping matrices.

4.2.4 Equivalent static load method

The equivalent static load method is a quasi-static ap-
proach which may be used to evaluate the seismic
loads for relatively simple systems. This method of
analysis may be used under the following conditions:

a) If the function of the system being analysed is limited
to structural integrity, including maintaining a
pressure boundary.

b) If the system can be realistically represented by a sim-
ple model (maximum 3 degrees of freedom) and the
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method produces conservative results in terms of
response.

c) If the system does not support another component,
unless the supported component is rigid.

d) If the design and analysis for seismic loading ac-
counts for relative motions between all the support
points.

e) If results are conservative compared to dynamic
analysis methods (from experience).

The equivalent static load, (Vp) representing the effect of
seismic loading, is obtained as a lateral load for the ap-
propriate level of component damping, and is distributed
according to the mass distribution of the system or is ap-
plied at the centre-of-gravity of the system as ap-
propriate, as follows:

a) Where response spectra are available for the support
point, the equivalent static load for a supported sys-
tem or component may be taken as given below for
the appropriate damping of the system or component:

Vp = 1.5WpAp

where Vp = equivalent static force to be applied at
center ofmass of the system or component,

Wp = weight of system or component in-
cluding liquid contents,

Ap = peak acceleration from support point
response spectrum for the appropriate system or com-
ponent damping value, in g's.

b) Where response spectra are not available for the sup-
port point,

= 10.0WpAf (4.3)

where Af = maximum floor acceleration correspon-
ding to applicable design earthquake (DBE, or SDE) in
g's.

c) Where floor accelerations are not available,

V p = 4 0 . 0 W p A g

where Ag = peak value of ground motion correspon-
ding to the applicable design earthquake (OBE or SDE)
in g's.

The seismic force distribution on different types of
equipment is shown in figure 4.2.

4.3 Mathematical modellling

The mathematical model of a system for dynamic
analysis shall adequately represent the dynamic char-
acteristics of the physical system, e.g., mass, stiffness

and damping. The commonly used models are the
lumped-mass model and the finite-element model:

a) Lumped-mass model

In most instances, the system can be adequately
modelled by the use of beam elements, with the
masses of the system lumped at node points and the
node points joined together by beam elements. Beam
theory, accounting for the flexural and shear deforma-
tions is used to define the properties of the elements.

b) Finite-element model

In those instances where the complexity of the
system is such that it cannot be adequately repre-
sented by a lumped-mass model, a finite-element
model may be used. The selection of the element type
and grid size must be consistent with the assump-
tions used in the derivation of the elements.

The general criteria for selecting an adequate model are
discussed below.

(4.2) 4.3.1 Significant degrees-of-freedom

A sufficient number of node points of degrees-of-
freedom shall be considered in the analytical model to
adequately determine the response of the system. The
number shall be considered adequate when additional
degrees-of-freedom do not result in more than a 10 per-
cent change in predominant frequency or a 10 percent in-
crease in response. The nodes should be selected such
that they coincide with the concentration of the system
mass (i.e. at floor levels or at locations at which there is a
continuity in the system stiffness). The distance between
the lumped-masses or node points should be selected
such that reasonably accurate results relative to an exact
solution can be achieved with minimum computational
effort. An acceptable upper limit for the distance bet-
ween node points may be based on the span length of a
fixed beam whose fundamental frequency lies between
20 and 30 Hz. For piping systems, the simply supported
span length between nodes should have a fundamental
frequency above 30 Hz. (See also 4.12, Significant
modes.)

(4-4) 4.3.2 Axial, flexural and shear stiffness

The axial and flexural stiffness of the member is
accounted for in the lumped-mass model by including
the cross sectional area and moment of inertia of the
actual system. For flexible, slender systems, the shear
deformation is small and its effects on the transverse
stiffness can be neglected. In systems where the shear
deformation is significant, the shear displacement
must be accounted for in the analysis, since it has the
effect of reducing the transverse flexural stiffness and
the fundamental frequency of the system. Shear stiff-
ness may be neglected if it is equal to or less than 10%
of the flexural stiffness. The shear stiffness may be
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represented in the model by the inclusion of the effec-
tive shear area, which is generally less than the cross-
sectional area.

4.3.3. Rotational degrees-of-freedom

The rotational degrees-of-freedom may be neglected in
the lumped-mass model, where the rotational inertia
forces generated in the dynamic analysis are small.
Where rotation alters the natural frequencies of the
structure or component by more than five percent, the
effect of rotational degrees-of-freedom shall be includ-
ed. This is particularly important fo<- tail components,
such as the primary heat transpo-: system boilers,
pumps and pressurizers which arer ,;ndulum mounted
and are free to rotate about their .dntre of percussion.

4.3.4 Torsional degrees-of-freedom

Torsional degrees-of-freedom may be significant where
the centre-of-mass is eccentric to the centreof-rigidity.
Non-symmetrical features of geometric mass and stiff-
ness shall be modelled to include their effect in the
analyses. Torsional effects can be neglected for sym-
metrical systems, and the analysis based on a two-
dimensional model. For non-symmetric systems, tor-
sion can be neglected, if the effect of torsion on the
natural frequencies of the structure or component con-
sidered can be shown to be less than five percent.

4.4 Seismic inputs

Floor response spectra shall be used as seismic inputs
for seismic qualifications of equipment. Floor response
spectra shall be generated by any of the following ac-
cepted methods:

a) Direct generation method using ground response
spectra

b) Time-history method

In a), a modal analysis of the building structure is per-
formed to determine its frequencies and mode shapes.
Floor response spectra are generated by the use of
suitable amplification factors. These amplification fac-
tors are determined by a study of the responses of ac-
tual earthquake records or by a simulation of earth-
quake motions by means of an appropriate wave-form
which possesses the amplifying characteristics of a
real earthquake. Acceptable methods are described in
References 3 and 4.

Method b) requires the use of a spectrum-compatible
motion. The spectra generated from a time-history
should envelop the response spectra at a sufficient
number of frequency points. In this method, time-
histories of floor motions are generated from a seismic
analysis of the building structure (see Reference 5).
Floor response spectra are obtained by computing the

response spectra of the respective floor motion time-
histories.

Other methods can be used, provided they are ra-
tional and can be shown to be equivalent to the
methods described above.

For the purpose of design, the computed floor
response spectra need to be smoothed and broadened
to take into account uncertainties in estimating those
parameters which affect the frequency of the structure.
The peaks shall be broadened by ± 15 percent, and the
valleys shall be bridged similarly.

Alternatively, sensitivity studies shall be undertaken
for ranges of various parameters, in which case less
than + 15 percent broadening may be acceptable.

4.5 Decoupling criteria

In most instances, interaction effects between the
primary structure and the supported equipment are
negligible. Where the equipment had a relatively small
mass and high frequency it is sufficient to include the
equipment mass with the mass distribution of the pri-
mary structure in the mathematical model. If the com-
ponent is connected to the structure by flexible connec-
tions, e.g., piping supported by hangers, the mass of the
component need not be considered with the structural
model. There are, however, major items of equipment
whose stiffness, mass and resulting frequency range
should be represented in the building (structure) model
to account for possible dynamic interaction effects.
Decoupling criteria are important to decide if the sup-
ported system (component) should be included in the
model of the supporting system (structure).

Decoupling is acceptable if equations 4.5 and 4.6
below are satisfied (Reference 6):

/*s for 0>1.O

\ioe

(4.5)

(4.6)

where:

fi = the ratio of a modal mass of the secondary
system to a modal mass of the primary

system

f-| = a modal frequency of the primary system

f2 = a modal frequency of the secondary system

Modal mass 'mj' for mode j = Mf
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where:
M

j

= lumped (Modal) mass
= mode shape
= mass number (from 1 to N)
= mode number

The decoupling criteria represented by equations 4.5 and
4.6 are plotted in Figure 4.3.
If the above criteria are not satisfied, a coupled model of
the primary and secondary systems should be analyzed.

4.6 Soil • structure interaction

'Soil-structure interaction' refers to the effects of the soil-
supporting medium on the motion of the structure. The
soil-structure system can be modelled using either a
discreet parameter representation (springs and dash-
pots) or a finite-element model of the soil. The basic con-
siderations described in 4.3 regarding modelling, also ap-
ply to soil-structure interaction.

For the discreet parameter representation, analytical
methods based on exact or approximate closed-form
solutions for an elastic or viscoelastic half-space (uni
form or layered) shall be used to derive impedance func-
tions. Equivalent springs and dashpots are deduced from
these impedance functions and incorporated in the
model of the structure. The response of the system is ob-
tained from standard methods. Embedment effects are
accounted for by modifying the impedance functions.
Non-linearities in the soil are accounted for by using
equivalent linear properties and by iterating the solution
until strain-compatible properties are obtained.

Alternately, the impedance functions may be derived
using a finite-element representation for the soil. Using
finite-elements for the soil and finite-elements or lumped-
masses for the structure, the response of the soil-
structure system may be calculated in one step.

4.7 Structure stability

The factor of stability of a structure against either over-
turning or sliding, during a design basis earthquake, shall
not be less than 1.25 using a static method applying the
maximum horizontal and vertical forces determined from
the dynamic seismic analysis of the structure. For such
analyses, the maximum vertical seismic force shall be
considered to act upwards and its overturning effect may
be combined with that of the maximum horizontal over-
turning effect, using the square root of the sum of the
squares of the two overturning moments.

When the static factor of stability against either over-
turning or sliding is less than 1.25, a dynamic time-
dependent stability analysis shall be undertaken to
establish the actual stability at each instant of time.
Where such a dynamic analysis shows that liftoff (i.e.
separation from the foundation medium) due to an over-
turning moment exceeds 50% of the base area, a non-
linear dynamic analysis shall be applied. Such dynamic-
stability analyses shall show that overturning or sliding

is avoided. Under such conditions, dynamic failure of the
foundation medium shall also be avoided.

Where ground water is a design criterion (buoyancy off-
setting the restoring moment due to gravity) the buoyancy
effect (uplift) on the structure shall be applied to the
above stability analysis.

4.8 Damping

4.8.1 General

Under seismic loading conditions, the damping effect
resulting partly from internal energy dissipation within
the structural material and partly from interface shear
(friction) at structural joints and connections, is con-
veniently represented as equivalent viscous damping.
Damping is a function of amplitude of motion and of in-
duced stress levels, and is expressed in terms of percen-
tage of critical damping.

Recommended values of damping are tabulated in
Table 4.2. Where response analysis using these damping
values indicates that higher damping values are justified,
increased damping may be applied. When higher damp-
ing values are used, they shall be verified by actual test
results taken from similar structural systems, using
similar methods and materials of construction and com-
parable excitation and final response levels.

Damping ratios for soils shall take into account the
stress-strain properties corresponding to the level of
seismic ground motion and the effect of radiation damp-
ing. Appropriate laboratory tests shall be used to deter-
mine damping ratios for soils. In the absence of ap-
propriate test or analysis results, acceptable damping
values for two types of soil are presented in Table 4.2.

4.8.2 Composite damping evaluation

A nuclear power plant is a complex combination of struc-
tures and components with different damping character-
istics, with considerable variation in damping throughout
the system. Thus, an equivalent damping value must be
determined for each mode of vibration. Either the com-
posite modal damping approach or the modal-synthesis
technique may be used to account for element-asso-
ciated damping.

In the composite modal damping approach, damping
associated with each mode is determined by means of a
weighting function which can be based on either the
strain energy or the kinetic energy of the system. (The
strain energy method is preferred).

Using the strain energy approach, the composite
modal damping ration of the jth mode (Bj) can be ex-
pressed as:

Bj =

N
.2

(4.7)
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From the kinetic energy approach, this expression is
given by:

N
S

Bj =
[M]

(4.8)

where:

[K],[M] =

(•) =
(+)T =
bi =

N =

assembled stiffness matrix and mass
matrix, respectively

stiffness matrix and mass matrix,
respectively, associated with the ith ele-
ment

jth normalized modal vector

jth transposed normalized vector

damping ratio associated with element i

total number of degrees-of-freedom

For models which take into account the effects of soil-
structure interaction by the lumped mass/soil-spring
approach, the method defined by equation (4.7) is ac-
ceptable. For fixed base models, either equations (4.7)
or (4.8) may be used.

Other techniques based on modal analysis, describ-
ed below, have been developed and are particularly
useful when more detailed data on damping character-
istics of structural elements is available. The modal-
synthesis approach is based on achieving displace-
ment compatibility and force equilibrium at the system
interfaces, and utilizes element eigen-vectors as inter-
nal generalized coordinates. It consists of the following:

1) Extract sufficient modes from the structural model.

2) Extract sufficient modes from the finite-element
model of the soil.

3) Perform a coupled analysis using the modal-syn-
thesis technique, and using the data obtained in
steps (1) and (2), with appropriate damping ratios
selected for structures and soil elements.

4.9 Earthquake occurrence and duration

The analysis of structures and components for seismic
fatigue effects shall be based on the dynamic response
resulting from the occurrence of only one SDE or DBE,
as applicable, during the operating lifetime of the
nuclear power plant as described in 4.15.

The duration of earthquake for time-history analyses
shall be the most severe 10 seconds of the design basis
time-history, applied to the base of the primary system,
for seismic response analysis and 15 seconds for
seismic fatigue analysis.

4.10 Hydrodynamic effects

When a vessel containing fluid is accelerated, a certain
portion of the fluid acts as if it were a solid mass in rigid
contact with the walls. The acceleration also induces
oscillations of the fluid, which contributes to further
dynamic pressures on the walls. If a vessel is submerg-
ed in a fluid, the 'attached mass' or 'virtual mass' effect
applies. For a circular component, e.g., a cylinder or
pipe, vibrating in the transverse direction, the 'attached
mass' is equal to the mass of the volume of fluid
displaced.

The dynamic effects of fluids contained in, and sur-
rounding a component shall be taken into account, in-
cluding their effect on the supporting structures.
Methods of computing these effects are described in
References 7 and 8.

4.11 Combination of triaxial seismic motion

Depending on the method of dynamic analysis adopted,
i.e., response spectra or time-history, the following two
approaches are acceptable for combining three-
dimensional earthquake effects:

a) Response spectrum method

In the response spectrum method of dynamic
analysis, the maximum system response due to each
of the three components of earthquake motion shall
be combined by taking the RSS of the maximum co-
directional response caused by each of the three
components of input motion at a particular point of
the system or of the mathematical model.

b) Time-history method

In the time-history approach, the following methods
for combining responses shall be adopted:

i) When maximum responses due to each of the three
components of input motion are calculated sep-
arately, the method for combining three-dimen-
sional effects is identical to that described in (a), ex-
cept that the maximum responses are calculated
using the time-history method instead of the spec-
trum method.

ii) When time-history responses from each of the
three components of input motion are calculated
by the time-step method and combined algebrai-
cally at each time-step, the maximum response is
obtained from the combined time solution.

4.12 Significant modes

The effect of all significant modes shall be considered by
including a sufficient number of modes in the analysis.
In general, there will be as many modes as there are
degreesof-freedom. To avoid an excessive number of
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modes, it is not necessary to consider modes having fre-
quencies above 33 Hz.

A satisfactory check for sufficiency is to add the
'residual' modes* to the number of modes being con-
sidered. If this addition does not result in more than a
10% increase in response, then the inclusion of addi-
tional modes Is unnecessary.

4.13 Closely spaced modes **

In a response spectrum modal dynamic analysis, if the
modes are closely spaced, the methods given below are
recommended for obtaining the maximum represen-
tative value of response of a given element of the system
which is subjected to a single independent spatial com-
ponent of a three-component earthquake.

a) Closely spaced modes should be divided into groups
that include all modes whose frequencies are within
10 percent of each other. The responses of these
groups are combined by the absolute sum method,
and combined with the remaining modal responses
using the square root of the sum of the squares rule.

b) The most probable maximum value of a particular
response of a given element to a given component of
an earthquake, R, is given by:

N

(4.9)
k =1

where t \ and N are as defined in 4.2.2, and the se-
cond summation is to be done on all i and j modes
whose frequencies are closely spaced to each other. If
COJ and coj are the frequencies of the i t n and j t n modes,
respectively, the following equation applies:

"j-^ai (4.10)

and 1 < i < j < N

4.14 Multiple-support excitation

Often components are supported at several points on the
same structure or on different structures, and the sup-
port points have different seismic motions characterized
by different floor response spectra. In addition, the sup-
ports may undergo differential movements, leading to
additional stresses on the component being supported.
Seismic analysis of such components must consider i)
the inertial effect, and ii) the differential support move-
ment effect.

* The 'residual modes' can be represented by a single rigid-body
mode.

**Two consecutive, codirectional modes are defined as closely
spaced if their frequencies differ from each other by 10 percent
or less of the lower frequency.

a) Response spectrum method

In the response spectrum method of analysis, the iner-
tial effect shall be taken into account by either the
single or the multiple response spectrum method, as
follows:

In the single response spectrum method, an enve-
lope of the floor response spectra of all the supports is
used as the common seismic input at all supports. If
the spectra for one support differ greatly from the
others, this method gives very conservative results for
locations close to the support(s) with the lower
input(s). In such cases, the multiple response spec-
trum method gives more realistic results.

In the multiple response spectrum method,
dynamic alanysis is performed by applying the ap-
propriate response spectra at one support at a time,
with no motion applied to the other aspects. By
repeating the process at each support, the total
response of the system can be determined as detailed
below. This method Is based on the concept of in-
fluence coefficients used in structural mechanics.
Refer to Appendix A for an explanation of this method.

Combination of individual responses at each sup-
port shall be based on the ABS method where the
seismic inputs are known to be in phase. Otherwise,
combination of responses shall be by the RSS
method.

In the response-spectrum method, the differential
support movements are introduced as static displace-
ments, and their effects are combined with the inertial
effects by the absolute sum method. The differential
support movement is conservatively estimated from
the floor response spectrum as follows; The max-
imum displacement of each support is predicted by
s d = Sa/a>2, where Sa is the acceleration at the rigid
frequency, and co is the fundamental frequency of the
support structure in radians per second. The support
displacements should be imposed on the component
in the most unfavourable manner. This method gives
very conservative results where a large part of the
movement results from in-phase motion (e.g. when the
structure has predominantly soil-interaction modes
causing rigid-body motions). In such situations, a
more realistic design is obtained by separating the jn-
phase movements from the total movements, and
combining only the out-of-phase movements in the
most unfavourable way. The methods of combining in-
phase and out-of-phase movements are given in Ap-
pendix A.

b) Time-history method

In the time-history method, the seismic inputs at each
of the support points are the appropriate time-history
accelerations and displacements. The phase relation-
ships of input motions are taken into account at each
step, so that the results are less severe and more
realistic than the response spectrum method. This
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method, however, requires a higher computational ef-
fort than other methods.

4.15 Seismic fatigue analysis

Where a seismic fatigue analysis of components and
supports is required as indicated in Tables 6.2, 6.3, 6.5,
and 6.6, it shall be performed in accordance with the
following:

With the application of Level 'C Service Stress limits
for seismic analyses, there is no specific ASME Code
(Reference 5) provision for shakedown, ratchetting or
fatigue. However, in order to ensure no failures due to an
earthquake of an intensity as high as the DBE, seismic
fatigue effects shall be evaluated as follows:

a) If the conditions of Paragraph NB-3222.4(d) (Refer-
ence 5) or equivalent are met with seismic loads ac-
ting together with all other applicable loads, a fatigue
analysib is not required.

b) If the conditions of Paragraph NB-3222.4(d) (Refer-
ence 5) or equivalent, cannot be met, then Paragraph
NB-3228.1(b), or equivalent, shali be applied for perfor-
ming an elastic seismic fatigue analysis.

c) If the conditions of both Paragraphs NB-3222.4(d) and
NB-3228.1(b) or equivalent, cannot be met, then
Paragraph NB-3228.3 or equivalent may be applied for
performing a simplified elastic-plastic seismic fatigue
analysis. In this case, the strain-range under seismic
conditions is converted into an equivalent elastic
stress for determining the earthquake fatigue effect.
Alternatively, the provisions of ASME Code Case
N-196 (Reference 9) may be applied. (See Reference 10
for background information).

The duration and occurence of earthquakes for fatigue
analysis shall be based on 4.9.

The maximum range of peak stress for fatigue analy-
sis purposes shall be that due to the maximum combin-
ed modal response from seismic effects alone, consider-
ing the effects of both inertial response and earthquake-
induced anchor point movements (where applicable),
with the cycles determined as follows:

The minimum number of cycles for a fatigue analysis
shall be based on either of the values in rows 1 and 2 of
Table 4.1 for the respective primary (ground supported) or
secondary (floor supported) system.

Alternatively, a rigorous time-history analysis shall be
performed to obtain the response of the system. The in-
tegrated fatigue effect on the system shall be based on
the appropriate earthquake duration given in 4.9.

The fatigue "usage factor" (i.e. ratio of fatigue cycles
applied to cycles permitted at a given alternating stress
amplitude) for the appropriate level of design earthquake
(DBE or SDE), must be combined with the usage factors
derived for all other design conditions involving alter-

nating stresses. Normally, this combination should not
exceed unity.

However, as discussed in Reference 11 it is possible
to justify a combined usage factor exceeding unity under
special circumstances when earthquake fatigue effects
are included, provided that the sum of the usage factors
does not exceed unity without the earthquake.

4.16 Non-linear analysis

When stresses in the structures are higher than the
elastic limit of the material, or for other reasons (fretting,
gaps, etc.), the stiffness matrix may be dependent on the
amplitude of response. In such cases, the behaviour
becomes non-linear.

For sufficiently weak non-linearities, the main effect is
an increase in energy losses, which can be accounted
for by using larger damping coefficients. Equivalent
linear analysis with adjusted parameters can be used in
such cases.

For higher non-linearities it will be necessary to
modify the stiffness and perform non-linear analysis.

4.17 Computer programs

Standard computer programs used to perform a dynamic
analysis should be judged for suitability and capability.
The following should be considered in selecting a com-
puter program:

• Simplicity of application

• Suitability of Input/Output format
• Ease of using applicable code formulae
• Ease of introducing system modifications
• Modelling capabilities and restrictions

• Separation of data for two horizontal and vertical re-
sponses in the different modes

• Reorganizing operations to be performed by the de-
signer subsequent to a computer run

• Modal combinations
• Application of multiple inputs

Programs other than standard programs may be used,
provided they are checked for accuracy by comparing
results against a standard program. All computer pro-
grams which are used in the analysis, must be
documented.

4.18 Seismic qualification report

Seismic qualification reports are required for all com-
ponents and structures requiring seismic qualification.
This report shall demonstrate that the item to be
qualified meets its pressure integrity and/or structural in-
tegrity and/or performance requirements as stated in the
user specification, when subjected to the appropriate
design seismic motion.

All qualification reports shall include the following:
seismic requirements for the item (per the user specif ica-
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tion); justification for the qualifications method adopted
(analysis, testing, or a combination of analysis and
testing), the seismic loading considered in the qualifica-
tion and how it was obtained and applied; results and
conclusion; approving signature; and date. Qualification
reports shall be submitted to the appropriate authority
for review and acceptability, as called for in the user
specification.

For those safety-related components and structures
where a stress report is required, a detailed seismic
qualification report must be submitted.This report shall
include the following in addition to the content stated
above:

• Statement of objective(s)
• Method of analysis and reason for choice
• Full description and justification for the mathematical

model selected
• Analysis presented in a form which is readily

auditable, by a person qualified in the field of work
• Description of computer programs used and docu-

mentation establishing their validity and applicability
to the analysis

• Listing of potential failure modes considered in the
analysis

• Reference to applicable codes, standards, technical
papers, etc.

TABLE 4.1 RECOMMENDED CYCLES FOR FATIGUE ANALYSIS*

Cycles of response

Duration of response

Ground-supported
(Primary) Systems

15 cycles

5 seconds

Floor-supported
(Secondary) Systems

25 cycles**

8 seconds***

Remarks

Cycles to be applied at the max. combined modal
response level, without regard to frequency

Response to be determined, based on the frequency of
the dominant mode, using the maximum combined modal
response level.

* Recommendations based on investigations reported in Reference 11.
** For anchor-point movements, use 15 cycles.

*** For anchor-point movements use 5 seconds.
Inertial and anchor-point movement fatigue effects may be taken together by combining the maximum responses due to each
effect, using the higher of the primary or secondary dominant modal frequency for 8 seconds duration, or 25 cycles of combined
response, whichever is more favourable.

TABLE 4.2 RECOMMENDED DAMPING VALUES (/?)*

No. DESCRIPTION DAMPING ffl)'
See Note (c)

1 Large diameter, welded-steel pressure vessels or piping 20 inches (50 cm) in diameter or greater

2 Piping greater than 12 inches (30 cm) and less than 20 inches (50 cm) in diameter

3 Piping between 6 inches (15 cm) and 12 inches (30 cm) in diameter

4 Small diameter piping, tubing and conduit under 6 inches (15 cm)
• Clamped supports

• Free supports at close intervals allowing rattling

5 Welded steel structures

6 Rigid components (welded or cast steel), e.g. pumps and valves, motors, etc.

7 Bolted steel structures, e.g. motor control centres, cable pans, switchgear, etc.

8 Prestressed concrete structures, e.g. containment

9 Reinforced concrete structures

10 Soft soil (sediment) — see notes a) and b)

11 Competent rock (Granite)

4

3

2

1

2

3

2

5

3

5

10

4

* (p = percent of critical damping)

NOTES: a) For relatively rigid structures located on soft soils or on poor quality rock, higher damping values may be used to
take into account radiation damping.

b) Total soil damping values including both material and radiation damping shall not exceed the following (see also
Note a):

Horizontal or vertical motions: 30 percent
Rocking motion: 20 percent

c) High damping values may be used, provided they can be fully justified by experiment, or if they are based on actual
measurements taken from comparable structures or components subjected to equivalent vibratory conditions, or if
response-dependent damping values are determined analytically.
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5. REQUIREMENTS FOR SEISMIC
QUALIFICATION BY TESTING

5.1 General

When an analysis of the functional capability of equip-
ment cannot be performed with a reasonable degree of
confidence, dynamic testing is required to supply such
proof. These tests are to be performed on the equip-
ment to be supplied or on a prototype. Full-scale
models or reduced-scale models may be used, if nec-
essary. The test shall demonstrate the structural integ-
rity of the component, as well as the ability of the com-
ponent to perform its intended function during and/or
after the design earthquake for which it is qualified, as
required. Testing may also be used to check or validate
calculations or analytical models.

A meaningful seismic qualification test requires:

a) The equipment under test is subjected to a vibratory
motion that conservatively simulates the effect of the
design earthquake at the mounting point.

b) The operating environment is simulated correctly as
called for in the applicable technical specification.
The operating environment implies mechanical
loading, pressure, temperature, voltage, current etc.,
as applicable.

Testing may be performed for a specific application to a
specified requirement (proof testing), or it may be to
cover many applications (fragility testing). A proof test
is a "go, no-go" type of test in which the specimen is
subjected to a simulation of the one environment to
which it must be qualified. In a fragility test, the
specimen is subjected to gradually increasing levels of
shaking until it ceases to maintain its structural integri-
ty or its desired critical parameters, i.e., there is a
malfunction or an out-of-tolerance operation. The
method of testing required to qualify components for
any application is dependent on the nature and dy-
namic characteristics of the equipment and the seismic
environment to be simulated.

Full-scale testing may be performed in a test
laboratory with a shake table or other suitable device, or
may be performed in-situ during construction or prior to
start-up. Usually, in-situ tests permit low levels of ex-
citation with only natural frequencies and possible
mode shapes to be checked for systems showing linear
behaviour.

Equipment similar to that which has been qualified
to the same or higher seismic environment need not be
re-tested. However, the effects of modifications or varia-
tions should be considered. This does not cover modi-
fications following failure of a proof test, which must be
confirmed by re-testing. A logic chart for seismic
qualification by testing is shown in Figure 5.1.

5.2 Simulation of seismic motion

5.2.1 Mounting*

The flexibility of the support system may s/grtiftoantly
modify the dynamic behaviour of the equipment. The
following points should be considered for dynamic
testing:

a) The component to be tested is to be mounted on the
shake table in a manner that duplicates or simulates
the intended service mounting. It is acceptable to
mount the equipment in other than the in-service
mounting condition, if the effect of this difference on
the motion is accounted for in the shake table mo-
tion.

b) The effect of attachments, electrical connections,
pipes, fuel and sensing lines, etc., shall be con-
sidered.

c) The orientation of the component during the test
shall be the only orientation for which the compo-
nent is considered qualified, unless justification ex-
ists for extending the qualification to an untested
orientation. The test shall be repeated for other orien-
tations if the seismic motion is relevant to more than
one direction.

d) The orientation and method of mounting the com-
ponents to the shake table shall be documented in
the test report. The effects of fixture or connections
used for mounting on the shake table must be eval-
uated if different from the actual in-service moun-
tings.

e) To obtain increased component motion, particularly
at low frequencies where the shake table may have
inadequate stroke, the component may be mounted
on resilient mounts (motion amplifiers). Such mounts
can be selected to have a range of spring rates and
damping values to cover the required range of fre-
quencies and component responses where the shake
table is deficient. The response should equal or ex-
ceed the FRS for which the component is being qual-
ified.

5.2.2 Monitoring

Sufficient monitoring equipment should be used to
evaluate the performance of the component before, dur-
ing, and after the test, as specified. Also, sufficient
vibration monitoring equipment should be used to
determine the vibration level of the shake table, the
response at ihe mounting location and the response of
the component at all critical locations, where specified.

Mounting refers to all substructures, supports, anchors, etc.,
between the point of mounting on the floor (elevation) at which
the seismic motion is defined, and the actual equipment.
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5.2.3 Exploratory testing

Exploratory tests should be run on the equipment to
assess the dynamic characteristics of the equipment at
a safe test level in order to select an appropriate full-
level test without risk of over or underiesting. The ex-
ploratory test may be run as a low-level, continuous,
sinusoidal sweep at a rate no greater than 2 oc-
taves/minute over the designated frequency range. Ail
resonances are to be recorded.

Resonant responses at high acceleration levels may
differ in frequency and damping from that at low levels
because of nonlinearities. Also, full resonant response
may not be excited at low levels, particulary in the
higher modes. Therefore, a low-level exploratory test
may not be conclusive as an indication of either equip-
ment dynamic response or lack of resonances.

In the case of equipment with internal moving parts
(e.g., engines, motors, compressors, pumps etc.), a low-
level exploratory test may not necessarily excite all
resonances or provide information about internal
resonances, if these are not monitored. For such com-
ponents, testing at intermediate frequencies by one of
the test methods given in 5.3 is required.

5.2.4 Loading

Where specified in the technical specification, seismic
qualification tests are to be performed with the com-
ponents subjected to real or simulated normal opera-
tional loads (electrical loads, mechanical loads, thermal
loads, pressure, etc.). If the loads are simulated, they
must be shown to be equal to or greater than the
specified loading.

5.2.5 Module (or device) testing

Modules and devices intended to be mounted on in-
termediate supports, e.g., panels, rack, console, cabinet
etc., should be tested with its intermediate support (see
5.2.1). Alternatively, the response at the module location
should be obtained either by direct measurement (at the
device location in testing the support), or by a time-
history analysis, or by determining the transfer function
from the mounting point of the support to the mounting
point of the module, and a test response spectrum is
generated to qualify the modules separately.

When the mounting is not known, the seismic en-
vironment for the modules or devices may be specified
by means of a table motion spectrum (see 5.2.7) and the
devices qualified by a sine sweep test.

5.2.6 Assembly testing

Large, complex equipment such as control panels com-
prised of a panel (or frame) may be tested to simulate
operating conditions and monitored for proper func-
tional performance. Where it is not practical to simulate
all systems simultaneously (e.g., where control panels

contain parts of many systems), it is acceptable to test
such equipment in an inoperative mode with the actual
or simulated devices installed. The test should deter-
mine vibration response at the device location (or loca-
tions) by either direct measurement at full excitation, or
by determining the transfer function from the assembly
mounting points to the device mounting points.

5.2.7 Test input motion

The seismic environment to be simulated may be speci-
fied as a response spectrum, a time-history or a power
spectral density function.

The test input motion shall comply with the following:

a) If the system has one or more mechanical reso-
nances in the frequency range of interest, the shake
table motion must produce a test response spectrum
(TRS) which matches or exceeds all, or the applicable
portion of the SRS, using single or multiple frequen-
cy input, as applicable (see 5.3).

b) The TRS must be produced using justifiable analyt-
ical techniques or spectrum analysis equipment.

c) The peak shake table amplitude must be equal to or
greater than the applicable floor acceleration obtain-
ed from the SRS, except at frequencies where the
response spectral amplitude decreases below this
value.

d) Possible multi-mode and multi-axis seismic effects
shall be considered in obtaining the specified
response spectrum by modifying the given spectrum
with suitable factors (see Table 5.1). Lower factors
may be used if justified.

e) Overtesting shall be limited as per 5.2.9.

For small equipment mounted on intermediate sup-
ports the test motion may be specified as a table mo-
tion spectrum (see definition).

5.2.8 Duration of testing

A meaningful seismic qualification proof test requires
that peak equipment response is produced reliably and
for a sufficient number of cycles, and that the duration
of the test at least equals the effect of the strong-
motion portion of the design basis earthquake for the
station.

In multi-frequency testing, the test motion shall have
a minimum duration of 15 seconds. In single-frequency
testing, the requirement is to test for a minimum of 15
cycles or 25 cycles at each test frequency, as ap-
plicable (see Table 4.1). See also 5.2.9.

5.2.9 Overtesting

Overtesting of customer equipment slated for field in-
stallation is a genuine concern from the point of view of

24



fatigue as well as hidden damage, e.g., galling, scuffing,
fretting, impaction, damage to bearings, cracks in areas
of high stress concentration, insulation damage, etc..

Prevention of overtesting shall be a factor in selec-
ting the upper limits of the test response spectrum.
Whereas, a high TRS is desirable from the point of view
of finding the safety margins in the equipment, it is not
desirable if the tested equipment is going to be put into
service, because of the possibility of damage of a
reduction in cyclic life due to fatigue. Thus, the TRS
should not exceed 2 x SRS unless approved prior to the
test. The test must therefore, be closely monitored to
prevent overtesting.

To prevent overtesting of equipment to be field-
installed, the duration of testing shall be limited as
follows:
In single-frequency testing the test motion shall not be
greater than 5 or 8 seconds at each frequency, provided
that a minimum of 15 cycles or 25 cycles have been ap-
plied at each selected frequency, as applicable (see
Table 4.1). In multi-frequency testing, the test motion
shall not be greater than 30 seconds in each direction,
nor less than 15 seconds.

5.2.10 Multi-axis and multi-frequency coupling
effects

Seismic ground motion is random in nature and is
characterized by statistically independent horizontal
and vertical components. An acceptable seismic
qualification requires that the postulated seismic en-
vironment be reproduced in a conservative manner.
This requires that the seismic test motion simulate or
account for any coupling effects which could result
from the multi-frequency, multi-directional nature of the
postulated seismic environment. Table 5.1 gives correc-
tion factors to account for these effects, depending on
the frequency content and the directional nature of the
test motion. The given seismic environment (response
spectrum or table motion spectrum) shall be multiplied
by the factor selected from Table 5.1, unless it can be
justified that coupling effects are insignificant.

5.3 Methods of testing

The following methods of testing can be used for
seismic qualification of components:

a) Single frequency testing
b) Multiple frequency testing
c) Verification testing

Each of these methods is based on using different
waveforms and durations. The selected waveform and
duration for any test must simulate the seismic environ-
ment at the mounting location.

The choice of test methods depends on a number of
factors such as size, nature, complexity, and functional
requirements under test, the nature and level of the

postulated seismic motion at the mounting, the capa-
bility of available test facilities, scheduling; etc.

5.3.1 Single frequency testing

When seismic ground motion has been filtered due to a
predominant structural mode, the resulting floor motion
may consist of one predominant frequency. In this
case, a short-duration, steady-state vibration can be a
conservative input excitation to the shake table. Single
frequency tests may also be used to determine the
resonant modes and damping of the component, pro-
vided the excitation level is sufficiently low to avoid
over-response due to an excessive amplification factor
(see Figuro 5.2).

Single frequency tests may be used to fully test com-
ponents, if it can be shown that the component has no
resonances, or only one resonance, or the resonances
are widely spaced and non-interacting, or if it can be
otherwise justified. Otherwise, the appropriate factors
of Table 5.1 shall be used to account for possible multi-
modal response deficiencies.

In single frequency testing, test frequencies must be
spaced no more than 1/2 octave intervals apart in the re-
quired frequency range, unless otherwise justified.
Where all resonances to 33 Hz have been positively
identified by testing, the single frequency TRS need
envelope the SRS only at the equipment resonances
with single-frequency input at each resonant frequency.

The commonly used single-frequency methods are
shown in Figure 5.1 and described here briefly.

5.3.1.1 Continuous sine testing

In a continuous sine test, the input waveform com-
prises a number of continuous sinusoidal oscillations
on one frequency and the required peak accelerations,
applied for a certain duration. Where no resonances ex-
ist up to the rigid frequency, the full table acceleration
may be applied at any frequency in the test range.

5.3.1.2 Sine beat testing

The sine-beat input test motion consists of a series of
amplitude-modulated sinusoids complying with the re-
quirements of 5.2. As used here, the amplitude of the
sinusoids represent acceleration and the modulated
frequency represents the frequency of seismic excita-
tion.

The series of beats can represent low-cycle effects,
with sufficient pause between beats to ensure that no
significant superposition of response occurs. A sine-
beat vibration input of 5 cycles/beat at each measured
equipment natural frequency is considered conser-
vative (see Figure 5.2).

The degree of conservatism in the test increases as
the number of cycles per beat increases. Peak beat
amplitudes shall be at least equal to the maximum floor
acceleration of the specified response spectrum except
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at very low frequencies, i.e., below the frequency of
peak acceleration of the SRS, where values of the SRS
shall be met.

5.3.1.3 Decaying sine test

In this test, input to the shake table is in the form of
decaying sinusoids with peak amplitude and decay rate
of the shake table motion producing a TRS to meet the
requirements of 5.2. Figure 5.3 shows amplification fac-
tors for various equipment damping levels (here pe)
against damping rate of the applied sinusoid (here /?$).

A series of decaying sinusoids can be used to repre-
sent low-cycle effects such that no significant superpo-
sition of equipment motion results. The degree of con-
servatism increases as the decay rate decreases.

5.3.1.4 Sine sweep test

In this test, the input motion is a sinusoidal input with
continuously varying frequencies within the frequency
range of interest. This test closely approaches the con-
servatism of the continuous sine test in terms of pro-
ducing maximum response. The percentage of steady-
state resonant response obtained depends on the
sweep rate and damping of the equipment. For sweep
rates of 2 octaves per minutes or less, and for typical
equipment damping, the response exceeds 90 percent.
Maximum response is obtained separately at every fre-
quency in the test range. This test is commonly used as
a low-level exploratory test. By applying a reduced table
acceleration level, a slow sine-sweep can be used for
proof testing equipment.

A sweep rate sufficient to excite the responses ade-
quately shall be applied. The recommended sweep rate
is as follows:

1 Hz to 4 Hz:
4 Hz to 33 Hz:

1 Hz/minute
f2/1000 Hz/second

5.3.2 Multi-frequency testing

Multi-frequency test methods provide a broadband test
motion that can made to closely simulate seismic
ground motion. Multi-frequency testing is particularly
suited to seismic qualification testing because it results
in simultaneous response from all modes of a multi
degree-of-freedom system. It is recommended for use in
those cases where the seismic motion has not been
strongly filtered (e.g. ground-level floors) so that the
floor response retains the broadband characteristics.
Some of the commonly used multi-frequency wave-
forms are shown in Figure 5.1 and described here brief-
ly. Input waveforms not specifically referenced here
may be used, provided they meet the requirements
stated above.

Multi-frequency test input motion must satisfy the re-
quirements of 5.2

5.3.2.1 Time-history testing

A time-history test uses a time-history as the input ex-
citation. Seismic testing may be performed either to a
given time-history or to one or more time-histories that
simulate the probable input to the equipment. A time-
history record can be synthesized to match the RRS us-
ing simulation techniques or the specified time-history
may be used in the test (Reference 16).

5.3.2.2 Random motion test

A random motion test uses a vibratory input derived
from a random signal source. Filters, amplifiers and
other instruments are used to shape the input. A ran-
dom excitation with amplitude controlled by 1/3 octave
(or narrower) frequency bandwidth filters is commonly
used. The resulting table motion is analyzed by a spec-
trum analyzer for the desired damping value and plotted
at 1/3 octave (or narrower) frequency intervals over the
frequency range of interest.

5.3.2.3 Random motion with sine beat test

To meet a SRS displaying a moderately high peak may
require an unreasonably high amplitude from the ran-
dom excitation. It is acceptable to adjust the random in-
put to produce responses to equal or exceed as much
of the SRS as possible without using peak input ac-
celeration substantially greater than the design floor
acceleration to achieve this. A sine beat (or beats) is
usually superimposed on the random input motion to
provide a composite excitation, so that the TRS equals
or exceeds the SRS over the desired frequency range.
The optimum number of oscillations per beat should be
determined.

When more than one frequency of sine beats is required
to meet the bandwidth of a spectrum, the beats should
be initiated simultaneously. If the bandwidth of the
peak value of the FRS has been widened to account for
uncertainties in building frequency analysis, the beats
may be applied in sequence.

5.3.2.4 Complex wave test

When the TRS from random motion cannot be made to
fit the SRS within a reasonable tolerance or without ex-
cessive conservatism, a complex wave test may be used.
The equipment is subjected to a motion generated by
summing a group of decaying sinusoids (see 5.3.1.1)
where the frequencies of the component signals should
be spaced at 1/3 octave or narrower frequency intervals
to cover the range required by the SRS. The decay rate
and amplitude should be varied at each frequency to
optimize the spectral fit of the TRS to the SRS.

5.3.3 Verification testing

Verification testing is used to determine or confirm one
or more of the following: natural frequencies, damping,
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dynamic response, or stiffness of the system or compo-
nent. Some of the commonly used test methods used in
verification testing are shown in Figure 5.1 as 'Other
test methods'. The data obtained from these tests can
be used with a suitable method of analysis as per Sec-
tion 4 to achieve seismic qualification of the equipment.

5.4 Seismic qualification testing
documentation

For seismic qualification by testing, the test report shall
include the following:

• Name and address of test facility.

• Statement of test objective.

• Equipment specifications and pertinent drawings.

• Qualification requirements and specified response
spectrum.

• Description of test method and reasons for choice.

• Description fo test equipment, test mounting,
calibration etc..

• Test data.

• Results and conclusions.

• Other pertinent information, e.g. method of mounting
used in testing, selection of damping, derivation of
test input waveform etc..

• Approving signature and date.

If proof of performance is obtained by extrapolation
from a similar previously-qualified item, this must be
well justified. A qualification report would comprise
presentation of a test report of the original equipment
with justification of extrapolation, supplemented by ad-
ditional test and/or analytical data if relevant.

TABLE 5.1 FACTORS TO ACCOUNT FOR MULTI-
FREQUENCY AND MULTIDIRECTIONAL
EFFECTS

Nature of dynamic lasting Factor

Bi-directional Multi-frequency
Uni-directional Multi-frequency
Bl-directlonal Single frequency
Uni-directional Single frequency

1.0
1.4
1.3
1.5
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6. SEISMIC DESIGN CRITERIA

6.1 General

This section defines either directly or by reference to
appropriate codes and standards, the design criteria,
load combinations and allowable stresses governing
the seismic design of structures and components in
CANDU nuclear power plants.

6.2 Structures

6.2.1 Containment structures

The design criteria, allowable stresses and load com-
binations for the seismic design of concrete contain-
ment structures shall comply with the requirements of
CSA Standard N287.3 (Design Requirements for Con-
crete Containment Structures for CANDU Nuclear
Power Plants, Reference 12). See Note in Table 6.1.

6.2.2 Other structures

1) For seismic design of structures other than contain-
ment structures, e.g., reactor building and vacuum
building internal structures, service building, secon-
dary control area, fuel and waste management
building, auxiliary buildings, etc., load combinations
and allowable stresses shall be as given in accor-
dance with the National Building Code of Canada
(Reference 1) except as stated in Table 6.1.

2) Structures, parts of structures, and support struc-
tures which do not come under the above shall be
designed to the requirements of sub-section 4.1.9 of
the National Building Code of Canada or by the ap-

plicable building code, as a minimum, except that
the seismic load shall be obtained from 4.2.4.

6.3 Components

6.3.1 General

Seismic load combinations for components shall be
determined by the seismic classification of the compo-
nent as determined by safety or economic considera-
tions.

Load combinations for seismic design of com-
ponents shall comprise the appropriate earthquake
loading (DBE or SDE) combined together with non self-
limiting loads leading to primary stresses, together with
fatigue analysis per 4.15. The load combinations and
allowable stresses shall be as given in this section.

For seismic analysis, transient loads of sufficiently
long duration or high frequency as defined in 3.4 shall
be considered as normal or upset loads, as applicable.

6.3.2 Components requiring seismic
qualification

The following discusses the load combinations and
allowable stresses* for components to be seismically
qualified:

1) Components, component supports and parts of com-
ponents of a structural nature which can be con-
sidered to be part of the building structure shall be
designed as per 6.2.2.

* In some cases, deformation of the component may govern in-
stead of stress, e.g., where only a limited movement is accep-
table because of clearance, functional or other reasons con-
nected with safe, reliable service.

TABLE 6.1 FACTORED RESISTANCE LOAD COMBINATION TABLE

Factored resistance

Load combination Structural steel Concrete

1) Normal + SDE In accordance with NBCC 1977, except
that the load factor (a) shall be in
accordance with CSA-S16.1 (1974), and
the importance factor (y) and load
combination factor M shall each = 1

In accordance with NBCC 1977, except
that the load factor (a) shall be in
accordance with CAN-A2.3 M77; the
importance factor (y) and the load
combination factor M shall each = 1

2) Abnormal/Environmental* + DBE
(see note)

In accordance with CSA-S16.1 (1974)
except that the load factor (a),
importance factor (y) and load
combination factor (y>) shall each = 1.

In accordance with NBCC 1977, except
that the load factor (a), importance
factor (y) and the load combination
factor (ifj) shall each = 1.

Note: For dynamic analysis purposes, live loads shall be determined on the basis
of the combined mass of rigidly-mounted equipment at each level or node.

• For Abnormal/Environmental Load Combination refer to CSA Standard N287.3 (Reference 12).
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TABLE 6.2 STRESS LIMITS FOR SEISMIC DESIGN OF CLASS 1 * AND CLASS MC* COMPONENTS AND PLATE-
AND-SHELL TYPE COMPONENT SUPPORTS DESIGNED TO SUB-SECTION NF*

Seismic

Service limits

Level A

LevelB

Earthquake
loading

No

NO

fatigue
analysis

No

No

Stress type

Pm
pm + pb

Pm
pm = Pb

Stress limit

Sm
1.5 S m

1.1 Sn,

1.65 S m

Remarks

Design condition limits"

Only for pressure exceeding

design pressure

Level C Yes

Yes

Fatigue
analysis per

section 4.15

(See Note 2)

1.2 S m or Sy

1.8Smor

1.5 Sy or

0.8 C,

the greater value applies to
components.

The lesser value applies to

plate-and-shell type component
supports (see Note 1).

S m = Design stress intensity

Sy = Minimum yield strength at design temperature

Pm = Primary membrane stress

Po = Primary bending stress

1) A maximum of 0.8 Sy or 1.2 Sy respectively, recommended where distortion controls design.

2) For seismic fat'gue analysis, peak stresses shall be derived from the combined effects of inertial and anchor-point displacement
responses.

The total fatigue usage factor shall also include all other usage factors due to specified normal and abnormal plant operating
conditions, as called for in the appropriate sub-section of the ASME Code*. The combined fatigue usage factor may be greater
than 1 (See Reference 11).

* ASME Boiler and Pressure Vessel Code, Section III, Division I (Reference 13).

2) Pressurized components, and parts or supports of
such components, designed to the applicable sub-
sections of Section III of the ASME Boiler and
Pressure Vessel Code, shall be designed to Level 'C
(Emergency Condition, Reference 13) stress limits, as
defined in Tables 6.2, 6.3 and 6.4, as applicable.

3) The load combinations, allowable stress limits and
fatigue analysis requirements for piping designed to
Section III of the ASME Code shall be in accordance
with Table 6.5 (Class 1) and Table 6.6 (Class 2, Class
3, and ANSI B31.1, References 13 and 14), respective-
ly-

4) The design criteria for components fabricated from
structural steel and not designed to Section ill of the
ASME Boiler and Pressure Vessel Code shall be
selected to comply with the requirements of Table
6.1.

5) Refer to 6.4 for seismic design criteria for the design
of anchors, supports, restraints, snubbers etc., for
components requiring seismic qualification.

6.3.3 Other components

1) Components which are not specifically required to
be seismically qualified, but whose failure, deforma-
tion of dislocation during an earthquake could impair
the performance of nearby safety-related compo-
nents shall be designed by means of (i) separation, (ii)
protective barriers or (iii) supports, anchors,
restraints, bracing, hangers, etc., for these com-
ponents, which are capable of resisting the SDE or
DBE, as applicable. Load combinations and
allowable stresses for such supports, anchors,
restraints, bracing, hangers, etc., and in the attach-
ment points of such equipment, shall be as given
under 6.3.2.

2) The supports, restraints, anchors, hangers, etc., for
all other components which do not fall under the
above.shall be designed to comply with sub-section
4.1.9 of the National Building Code of Canada
(Reference 1) or the relevant local building code, as a
minimum, except that the seismic load shall be deriv-
ed from 4.2.4.
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6.4 Supports, restraints, bracing, anchors,
sn jbbers and dampers

6.4.1 Component supports

1) Unless otherwise permitted in the design specifica-
tion, components shall be anchored to their struc-
tural supports. If components must be suspended,
lateral bracing shall be designed and installed to pre-

vent uncontrolled displacements or instability.
Where such a component must be allowed to move
(e.g. thermal expansion) its supports shall contain
elements for damping or restricting the magnitude of
dynamic movement within bounds.

2) Where vibration isolation of components is
necessary, suitable constraints shall be added to
restrict movement within design limits. Where com-

TABLE 6.3 STRESS LIMITS FOR SEISMIC DESIGN OF CLASS 2* AND CLASS 3* COMPONENTS

Service limits

Level A

Level B

Level C

Earthquake
loading

No

No

Yes

Selstrit;
fat)'
am i

No

No

No seismic
fatigue analysis
required for Class
3 components.
For Class 2 com-
ponents refer to
4.15

Stress type

pm + pb

Pm
pm + Pb

Pm

Pm + Pb

Stress limit

S
1.5 S

1.1 S
1.65 S

1.5 S

1.8 S

Remarks

See Table 6.2 Nole 2

Class 2 components

S = Allowable stress
Pm = Primary membrane stress
Pb = Primary bending stress

' Sub-section NC (Class 2) and sub-section ND (Class 3) of the ASME Boiler and Pressure Vessel Code, Section III, Division I
(Reference 13).

TABLE 6.4 STRESS LIMITS FOR SEISMIC DESIGN OF LINEAR COMPONENT SUPPORTS*
(INCLUDING SUB-SECTION NF)**, RESTRAINTS AND BRACING

Service limits

Level A & B"

Level C "

Earthquake
loading

No

Yes

Seismic
tatigue
analysis

No

No

Stress type

Ft
Fy
F b

F t

Fv
F b

Stress limit

0.6 SY

0.4 SY

0.60 Sy (min)

0.80 SY

0.53 SY

0.80 SY (min)

Remarks

0.60 SY for high-strength bolts
0.25 SY for high-strength boits
0.75 Sy for solid sections
0.66 Sy for flanges of compact
sections
(See Note 1 re combinations)

0.60 Sy for high-strength bolts
0.25 Sy for high-strength bolts
1.0 Sy for solid sections
0.88 Sy for flanges of compact
sections
(See Note 1 recombinations)

SY = Minimum yield strength at design temperature
Ff = Tensile stress averaged over full cross-sectional area of member
Fv = Shear stress averaged over full cross-sectional area of member
Fb = Maximum bending stress at extreme fibre of member cross-section

* See Table 6.2 for plate-and-shell type component supports designed to Sub-section NF
** ASME Boiler and Pressure Vessel Code, Section III, Division I (Reference 13)

Notes: 1) For tension plus bending, apply linear interaction formula, using individual stress components and their
respective limits.

For tension plus shear, apply elliptical (square-law) interaction formula, using individual stress components
and their respective limits.
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ponents are allowed to sway, connections require
special design considerations which shall be incor-
porated into the mathematical model.

3) The different damping properties and amplification
factors shall be included in the analyses.

6.4.2 Piping supports

Piping attachments to the supporting system shall be
designed to accomodate seismic loads. Piping com-
ponents shall be supported from a single structural unit
where possible. In cases where pipe supports are at-
tached to more than one structural unit, the relative
deflections of these attachment points shall be includ-
ed in the design analysis. Similarily, the combined ef-
fect of the dynamic movement of the supports on the in-
ertial response of the piping system shall be taken into
account.

Piping components required to operate at higher
temperatures are of special concern because the flex-
ibility requirements for thermal expansion may be in-
compatible with the stiffness required to accomodate
seismic loadings. Some components may require the
use of damping devices, which permit the required slow
thermal movement but resist the rapid movement re-
sulting from seismic and other dynamic loadings (see
6.4.4). Where such displacement-limiting and damping
devices are used, they shall be represented in the
seismic analyses, and the restraint forces imposed on
the system by these devices shall be included in the
thermal expansion analyses.

6.4.3 Supports, bracing, hangers, restraints
and anchors

a) Redundancy shall be used in the design of compo-
nent supports, bracing, seismic restraints and an-
chors. At least two anchors shall be used per loca-
tions, each capable of carrying the full design load.
Cast-in anchors shall be used wherever possible.

b) Expansion anchors are to be avoided if possible.
Where unavoidable, expansion anchors shall be of a
type proven to be resistant to slippage or loosening
under severe vibration or impact loading.

c) Embedded anchors shall be used with a minimum
factor of safety of 4 against pull out and other possi-
ble modes of failure. Anchor bolts should be pre-
stressed to loads equalling or exceeding their max-
imum operating load, including seismic loads.

d) Supports, bracing and restraints shall be checked for
stability against buckling or collapse under seismic
loading, when combined with all other applicable
loads.
Sub-section NF (Component Supports) of the ASME
Boiler and Pressure Vessel Code, Section III (Re-
ference 13) shall be used for designing such sup-
ports; with reference to Appendix XVII of the same

code for analyzing linear-type supports. When seis-
mic conditions apply, the total allowable loading or
stress for such linear-type supports may be increas-
ed by 33% (Level 'C Service).
The minimum factors of safety against buckling or
collapse of linear-type supports under seismic plus
other applicable loads shall be as follows:

For direct axial compressive stress 1.25
(where allowable stress is based on yield
strength)

For combined axial compression and bending 1.44
moment
(based on Euler load, as defined in Paragraph
4221 of Appendix XVII)

In the case of axial compressive loads combined
with bending moments, appropriate beam-column
type formulae are recommended for determining
combined stresses; deflections and critical buckling
loads. Combined stresses shall also be checked us-
ing the appropriate stress-interaction formula given
in Paragraph 2215 of Appendix XVII (Reference 13).
The higher stresses computed by the two methods
shall be used for design.
The maximum 'effective slenderness ratios', K /r,
as defined in Appendix XVII (Reference 13) for
various structural members, shall be as follows:

For main compression members or columns 120
For bracing, restraints; secondary compression
members 200
For main tension members 240
For bracing, restraints; secondary tension 300
members

For static stability analysis during an earthquake
see 4.7.

e) For equipment on sliding supports or where motion-
limiting stops are provided with a clearance, an
analysis completely neglecting the effect of the
restraints may be considered to be conservative.

6.4.4 Dampers and snubbers

a) Hydraulic type dampers or snubbers containing fluid
and requiring dynamic seals shall be avoided
wherever possible.

b) Inertia-friction devices, not requiring regular
maintenance, and capable of operating indefinitely
in the heat and radiation environment surrounding
the pipes or other components to which the devices
are attached, may be employed, provided they are
thoroughly tested and proven before use, and can be
removed for periodic in-service inspection as re-
quired by CSA Standard N285.4 'Periodic Inspection
of CANDU Nuclear Power Plant Components'
(Reference 15).
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c) Passive devices such as motion-limiting stops are
preferred wherever possible. Impact loads shall be
taken into account in the design of such devices and
their anchors. Non-linear dynamic analyses, using
time-history method, shall be employed where high
impact forces are likely to be experienced during the
design earthquake and where such non-linear effects
can significantly alter the dynamic behaviour of the

vibrating system or component. Otherwise, a linear
dynamic analysis may be undertaken, provided that
suitable adjustments are made for the expected
spring properties and coefficients of restitution of
the stops (this will usually require an iterative or
bounded approach, where the most unfavourable
values are used for design purposes).

TABLE 6.5 STRESS LIMITS FOR SEISMIC DESIGN OF CLASS 1* PIPING

Loading

Sustained**

Expansion

Sustained"
+

Occasional

Fatigue

Equation
ASME*

9

10

9

11
14

Earthquake
loading

NO

No

Yes

Yes
Yes

Stress
limits

1.50Sm

3.0Sm

2.25Sm

Remarks

Limits mechanical and thermal
expansion stresses per NB-3653.1

See section 4.15
Use equation 14 only if equation
10 is not satisfied

Alternative analysis
Elastic-plastic analysis 12

Discontinuity analysis 13

No

Yes

3.0Sn

3.0Sm

Alternative analysis method, to be
used only if equation 10 is not
satisfied.
See note below t ie equation 13.

* Reference NBN-3650 of ASME Boiler and Pressure Vessel Code Section III, Division 1, (Reference 13).
** Sustained loads refers to non self-limiting loads, e.g. weight, pressure, mechanical loads, etc..
t Equation 13 conservatively checks for ratchetting due to primary bending moments. If equation 13 cannot be met, a more

rigorous bending-ratchetting analysis may be performed.

TABLE 6.6 STRESS LIMITS FOR SEISMIC DESIGN OF PIPING (CLASS 2*, CLASS 3*, AND ANSI B31.1**)

No.

1

2

3

Loading
NC-3650

Sustained

Sustained
+

Occasional

Expansion

Equation numbers

ASME ASME
ND-3650 B31.1

8

9

10

8

9

10

ANSI
loading

11

12

13

Earthquake
limits

No

Yes

No

Stress

sh

1.2Sn (ANSI B31.1)

1.8Sn Class 2
Class 3

sA

Remarks

If equation 10 (eq. 13 in B31.1)
is not satisfied, check equa-
tion 11 (eq. 14 in B31.1).

4 Sustained
+

Expansion

11 11 14 Yes (Sn + Sp) Seismic anchor movements
shall be considered in equa-
tions 10 and 11 (equations 13
& 14 - B31.1), if they are ex-
cluded from equation 9 (eq. 12
- B31.1)

Sn = Basic material allowable stress at max. temperature
SA = Allowable stress range for expansion stresses

* NC-3650 (Class 2), ND-3650 (Class 3) of ASME Boiler *nd Pressure Vessel Code, Section III, Division 1 (Reference 13)
" American National Standard Code for Power Piping, ANSI B31.1 (Reference 14).
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APPENDIX

MULTIPLE-SUPPORT EXCITATION

1. JNERTJAL EFFECT (n lumped masses)

Figure A1.1(a) shows a simply-supported, lumped-mass
system represented by lumped masses Mv M2> M3 ,
M| , Mn. A and B are the supports receiving different
seismic excitations.

For any node M j , the modal accelerations due to mo-
tions at A and B (receiving different seismic excitations)
given by (Yjn) and (Yjn) respectively, are as follows:

1.1 tnerttal effect (One lumped mass)

If the mass of the system is represented by a lumped
mass Mo at the centre C (Fig. A1.A(b)), and YA and YB

are the seismic excitations at A and B, respectively, the
net acceleration of the mass Mo at C is given by:

a) YA and YB are in-phase:

IYAMYBIYnet = , if YA and Vg are in-phase.

where ( r n ) A =

= Y, if YA = YB = Y

b) XA and XB are out-of-phase:

<rn>R =

<)> = shape factor
i = number of mass or mode point
n = number of mode
A = subscript referring to end A or response due to

motion at end A only
B = subscript referring to end B or motion

therefrom
t} = influence coefficient
rn = participation factor of mode n
S = spectral acceleration
Y in = modal acceleration of mass Mj in mode n

a) Motions at A and B are out-of-phase:
The modal acceleration at M: is given by:

1.2 Anchor point movements

The maximum movements (Ynet) of a component due to
anchor point movements YA and YB at ends A and B,
respectively, are given by:

a) YA and YB are randomly phased:

Ynet = Y | =

if the ends are connected to points having different mo-
tions, e.g., if connected to two floors or to two different
seismic inputs.

b) YA and YB are 180° out-of-phase, then the combined
movement Ynet is given by:

b) Motions at A and B are in-phase: Ynet = l Y A l + lYBl

|Yin| = 2Y, if YA = Y B = Y
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r)A AND r)B ACT AS INFLUENCE COEFFICIENTS FOR UNIT MOTION AT A AND B, RESPECTIVELY

FIGURE A1.1(a)
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FIGURE A1.1(b)

FIGURE A1 COMBINATION OF RESPONSES DUE TO MULTIPLE-SUPPORT EXCITATION
(INERTIAL EFFECT)

(a) GENERAL LUMPED MASS SYSTEM
(b) LUMPED MASS CONCENTRATED AT CENTRE OF ELEMENT
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