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FOREWORD 

by the Director General

The demand for energy is continually growing, both in the developed and 
the developing countries. Traditional sources of energy such as oil and gas will 
probably be exhausted within a few decades, and present world-wide energy 
demands are already overstraining present capacity. Of the new sources nuclear 
energy, with its proven technology, is the most significant single reliable source 
available for closing the energy gap that is likely, according to the experts, to be 
upon us by the turn of the century.

During the past 25 years, 19 countries have constructed nuclear power plants. 
More than 200 power reactors are now in operation, a further 150 are planned, 
and, in the longer term, nuclear energy is expected to play an increasingly 
important role in the development of energy programmes throughout the world.

Since its inception the nuclear energy industry has maintained a safety 
record second to none. Recognizing the importance of this aspect of nuclear 
power and wishing to ensure the continuation of this record, the International 
Atomic Energy Agency established a wide-ranging programme to provide the 
Member States with guidance on the many aspects of safety associated with 
thermal neutron nuclear power reactors. The programme, at present involving the 
preparation and publication of about 50 books in the form of Codes of Practice 
and Safety Guides, has become known as the NUSS programme (the letters being 
an acronym for Nuclear Safety Standards). The publications are being produced 
in the Agency’s Safety Series and each one will be made available in separate 
English, French, Russian and Spanish versions. They will be revised as necessary in 
the light of experience to keep their contents up to date.

The task envisaged in this programme is a considerable and taxing one, 
entailing numerous meetings for drafting, reviewing, amending, consolidating and 
approving the documents. The Agency wishes to thank all those Member States 
that have so generously provided experts and material, and those many individuals, 
named in the published Lists of Participants, who have given their time and efforts 
to help in implementing the programme. Sincere gratitude is also expressed to the 
international organizations that have participated in the work.

The Codes of Practice and Safety Guides are recommendations issued by the 
Agency for use by Member States in the context of their own nuclear safety 
requirements. A Member State wishing to enter into an agreement with the 
Agency for the Agency’s assistance in connection with the siting, construction,
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commissioning, operation or decommissioning of a nuclear power plant will be 
required to follow those parts of the Codes of Practice and Safety Guides that 
pertain to the activities covered by the agreement. However, it is recognized that 
the final decisions and legal responsibilities in any licensing procedures always rest 
with the Member State.

The NUSS publications presuppose a single national framework within which 
the various parties, such as the regulatory body, the applicant/licensee and the 
supplier or manufacturer, perform their tasks. Where more than one Member 
State is involved, however, it is understood that certain modifications to the 
procedures described may be necessary in accordance with national practice and 
with the relevant agreements concluded between the States and between the 
various organizations concerned.

The Codes and Guides are written in such a form as would enable a Member 
State, should it so decide, to make the contents of such documents directly 
applicable to activities under its jurisdiction. Therefore, consistent with accepted 
practice for codes and guides, and in accordance with a proposal of the Senior 
Advisory Group, “shall” and “should” are used to distinguish for the potential 
user between a firm requirement and a desirable option.

The task of ensuring an adequate and safe supply of energy for coming 
generations, and thereby contributing to their well-being and standard of life, is a 
matter of concern to us all. It is hoped that the publication presented here, 
together with the others being produced under the aegis of the NUSS programme, 
will be of use in this task.

STATEMENT 

by the Senior Advisory Group
f

The Agency’s plans for establishing Codes of Practice and Safety Guides for 
nuclear power plants have been set out in IAEA document GC(XVIII)/526/Mod.l. 
The programme, referred to as the NUSS programme, deals with radiological safety 
and is at present limited to land-based stationary plants with thermal neutron 
reactors designed for the production of power. The present publication is brought 
out within this framework.

A Senior Advisory Group (SAG), set up by the Director General in September 
1974 to implement the programme, selected five topics to be covered by Codes of 
Practice and drew up a provisional list of subjects for Safety Guides supporting the 
five Codes. The SAG was entrusted with the task of supervising, reviewing and 
advising on the project at all stages and approving draft documents for onward 
transmission to the Director General. One Technical Review Committee (TRC), 
composed of experts from Member States, was created for each of the topics 
covered by the Codes of Practice.
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In accordance with the procedure outlined in the above-mentioned IAEA 
document, the Codes of Practice and Safety Guides, which are based on docu
mentation and experience from various national systems and practices, are first 
drafted by expert worjdng groups consisting of two or three experts from Member 
States together with Agency staff members. They are then reviewed and revised 
by the appropriate TRC. In this undertaking use is made of both published and 
unpublished material, such as answers to questionnaires, submitted by Member 
States.

The draft documents, as revised by the TRCs, are placed before the SAG. 
After acceptance by the SAG, English, French, Russian and Spanish versions are 
sent to Member States for comments. When changes and additions have been 
made by the TRCs in the light of these comments, and after further review by the 
SAG, the drafts are transmitted to the Director General, who submits them, as 
and when appropriate, to the Board of Governors for approval before final 
publication.

The five Codes of Practice cover the following topics:

Governmental organization for the regulation of nuclear power plants
Safety in nuclear power plant siting
Design for safety of nuclear power plants
Safety in nuclear power plant operation
Quality assurance for safety in nuclear power plants.

These five Codes establish the objectives and minimum requirements that should 
be fulfilled to provide adequate safety in the operation of nuclear power plants.

The Safety Guides are issued to describe and make available to Member 
States acceptable methods of implementing specific parts of the relevant Codes 
of Practice. Methods and solutions varying from those set out in these Guides 
may be acceptable, if they provide at least comparable assurance that nuclear 
power plants can be operated without undue risk to the health and safety of the 
general public and site personnel. Although these Codes of Practice and Safety 
Guides establish an essential basis for safety, they may not be sufficient or 
entirely applicable. Other safety documents published by the Agency should be 
consulted as necessary.

In some cases, in response to particular circumstances, additional require
ments may need to be met. Moreover, there will be special aspects which have 
to be assessed by experts on a case-by-case basis.

Physical security of fissile and radioactive materials and of a nuclear power 
plant as a whole is mentioned where appropriate but is not treated in detail. 
Non-radiological aspects of industrial safety and environmental protection are not 
explicitly considered.
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When an appendix is included it is considered to be an integral part of the 
document and to have the same status as that assigned to the main text of the 
document.

On the other hand annexes, footnotes, lists o f  participants and bibliographies 
are only included to provide information or practical examples that might be help
ful to the user. Lists of additional bibliographical material may in some cases be 
available at the Agency.

A list of relevant definitions appears in each book.
These publications are intended for use, as appropriate, by regulatory bodies 

and others concerned in Member States. To fully comprehend their contents, it is 
essential that the other relevant Codes of Practice and Safety Guides be taken into 
account.
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1. INTRODUCTION
This Safety Guide, which supplements the IAEA Code of Practice on 

Safety in Nuclear Power Plant Siting (IAEA Safety Series No. 50-C-S), forms 
part of the Agency’s programme, referred to as the NUSS programme, for 
establishing Codes of Practice and Safety Guides relating to land-based stationary 
thermal neutron power plants. The Provisional List of NUSS Programme Titles 
is printed at the end of this publication.

The Guide describes the procedure for performing seismic analyses and 
qualification tests for the structures, systems and components of nuclear power 
plants. It also includes consideration of a possible seismic classification of plant 
items, possible load combinations and allowable limits which represent a 
working basis for a seismic analysis. Experience gained from past earthquakes, 
insofar as it pertains to seismic analysis and design, is reflected in various 
sections and summarized in section 4. Consideration is also given to the 
fact that after-shocks may follow a major earthquake. Finally, there is a short 
section (section 6) on the seismic instrumentation that should be used to obtain 
the necessary information for assessing the safety of a plant after an earthquake 
or other ground-shaking phenomenon. The Guide has been developed in 
conjunction with another one, “Earthquakes and Associated Topics for Nuclear 
Power Plant Siting: A Safety Guide” (IAEA Safety Series No. 50-SG-S1), since
the two subjects are closely related.

In the present Guide it is recognized that there is more than one possible 
engineering solution to problems and the approach adopted for one nuclear 
power plant may result in significant differences in that plant’s design when 
compared to another for which a different approach has been adopted. The 
recognition that different approaches are possible is consistent with the Code 
of Practice, which states, in the Introduction (section 1):

The acceptability o f  a site is closely related to the design o f  the 
proposed nuclear power plant. From the safety point o f  view a site is 
acceptable if there are technical solutions to site-related problems, which 
give assurance that the proposed plant can be built and operated with an 
acceptably low risk to the population o f  the region.

It is important to add that the approach adopted to solving earthquake- 
related problems should be complete and self-consistent.

This Guide is not necessarily applicable to sites of low seismicity as outlined 
in the scope of Safety Series No. 50-SG-S 1. It is also understood that all nuclear 
power plants would comply with applicable national codes and requirements.

1
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2. GENERAL RECOMMENDATIONS FOR SEISMIC 
CLASSIFICATION, LOADING COMBINATIONS 

AND ALLOWABLE LIMITS

2.1. Seismically safe nuclear power plant
The methods and procedures described in this Guide should be taken as the 

basis for the design of a seismically safe nuclear power plant; in some cases, 
however, they may need to be supplemented by other methods.

2.2. Seismic classification of systems, structures and components
2.2.1. General considerations

A seismic classification of the items of a nuclear power plant is required to 
provide a rational basis for design. In this Guide the classification is based on:

(1) the need to ensure safety in the event of earthquakes, and
(2) the need to inspect certain items after an earthquake that exceeds a 

specified severity.
Items are either classified into seismic category 1 or seismic category 2, or are 
uncategorized.

2.2.2. Seismic category 1

Seismic category 1 should be established for each plant.1 Items in category 1 
should be designed for both the SI and the S2 earthquake ground motions (see 
sub-section 2.3.1 of the present Guide and Safety Series No. 50-SG-S1) in 
accordance with the provisions of this Guide and the other relevant IAEA Codes 
of Practice and Safety Guides. If the methods and margins adopted in designing 
for the S2 ground motion meet or exceed the SI ground motion design require
ments there is no need to perform explicit calculations for the S I .

Category 1 should include:
(1) Items of the nuclear power plant whose failure could directly or 

indirectly cause accident conditions
(2) Items of the nuclear power plant that are required for shutting down 

the reactor safely, for maintaining it in a shut-down condition and 
for removing residual heat

(3) Items of the nuclear power plant that would be needed during or after 
the earthquake to mitigate the consequences of failures that may be

1 In some Member States category 1 is divided into additional sub-categories.

2
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assumed to occur in spite of precautions taken in the design of items 
in (1).

2.2.3. Seismic category 2

Seismic category 2 may be established for each plant. Items in category 2 
should be designed for a specific level of earthquake ground motion up to the 
SI level. The criteria used in defining allowable limits and load combinations 
for category 2 items may be established in accordance with the concepts, 
methods and techniques outlined in sub-sections 2.3 and 2.4 for category 1 
items. Seismic category 2 would include all items of the nuclear power plant 
needed for safety that are not included in category 1.

In some Member States another concept is used: after an accident that has 
been allowed for in the design, but is not related to the occurrence of an earth
quake, certain structures, systems and equipment in the nuclear power plant 
should remain functional for a long enough period to keep the plant in a safe 
shut-down state and to cope with the consequences of the accident. It is con
sidered that there is a fairly high probability of an SI level earthquake occurring 
during this period; therefore certain items important to safety (structures, 
systems and equipment), not designed for the S2 ground motion, should be 
included in category 2.

2.2.4. Uncategorized items

Items of the nuclear power plant not included in categories 1 and 2 may 
be designed for earthquake resistance according to the national practice for 
non-nuclear applications.

2.2.5. Functions to be assured by the seismic design

The inclusion of an item in seismic category 1 or 2 should be based on a 
clear understanding of the functions which should be assured during or after an 
earthquake or after an accident not caused by an earthquake. Structural integrity, 
degree of leak tightness, mechanical or electrical function capability, and preser
vation of geometrical dimensions are examples of aspects which should be 
considered.

2.2.6. Interaction between items belonging to different categories

When the collapse or loss of function of a nuclear power plant item, which 
would otherwise be in category 2 or uncategorized, could jeopardize the functioning 
of items in a higher category, i.e. category 1 or category 2 respectively,

3
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either (1) such items should be classified in the same category as the endangered 
items,

or (2) the absence of collapse or no loss of function under the reference
ground motion for the lower category items should be demonstrated.

2.3. Loading conditions and combinations for category 1 and 2 items

2.3.1. Earthquake input

Two design basis vibratory ground motion levels should be considered for 
loading combinations (see section 3 of Safety Series No. 50-SG-S1):

(1) Ground motion level 1 (SI), which is the maximum that reasonably can be 
expected to be experienced at the site area once during the operating 
life of the nuclear power plant

(2) Ground motion level 2 (S2), which is considered to be the maximum 
earthquake potential at the site area.

2.3.2. Criteria for combination o f  earthquake loads with other plant process 
loading conditions

The plant process load conditions of nuclear power plant items can be 
grouped as follows:

LI for loads during normal operation
L2 for loads during anticipated operational occurrences
L3 for loads during accident conditions.

The following combinations should be considered:

(1) LI load conditions should be combined with the SI and S2 ground 
motions for category 1 items, and with SI alone for category 2 items.

(2) L2 load conditions initiated by failure or by loss of function of items 
not designed to withstand the SI ground motion should be combined 
with S I ; and L2 load conditions initiated by failure or by loss of 
function of items not designed to withstand the S2 ground motion 
should be combined with S2.

(3) Consideration should also be given to the need of taking into account 
appropriate combinations of the S1 and S2 ground motions with L2 
and L3 conditions initiated by the failure or loss of function of items 
made to withstand these ground motions (see in particular item (3) of 
sub-section 2.2.2). In this connection the following factors should be 
taken into account:

4
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(a) The probability of failure or loss of function of the items, which 
may depend on:

The relative magnitude of SI or S2 ground motion load in 
comparison with other loads
The degree of conservatism and quality assurance applied to 
design, construction, testing and operation.

(b) The consequences resulting from the failure or loss of function of 
the items.

Considerations of this type have been incorporated in various national 
codes and practices [1—3].

(4) Environmental conditions and other natural phenomena assumed tq 
exist for the purpose of carrying out each evaluation in this section 
should be chosen on the basis of a risk evaluation.

2.4. Allowable limits for stress and deformation for category 1 items

2.4.1. General considerations

Allowable limits for those load combinations which include vibratory ground 
motion loads should be defined according to the normal practice used for the 
design of different types of plant items, taking into account:

(1) The probability of occurrence of the set of events which is based on 
the probability of each event in the set

(2) The nature of structural response which includes the type of response, 
e.g. whether ductile or non-ductile

(3) The seismic portion of the total load on the item
(4) The potential consequences of the failure of the item.

2.4.2. Allowable limits for loading combinations including the SI ground motion 
loads

For load combinations involving the SI ground motion with LI or L2 the 
usual margins of safety should be considered: typically for general primary 
membrane stresses these margins of safety are about 1.5 on the limiting behaviour 
conditions such as yielding in ferritic steel; in some Member States, however, 
where the SI ground motion is very conservatively defined, these margins are 
reduced with the approval of the regulatory body.

5
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2.4.3. Allowable limits for loading combinations including the S2 ground motion 
loads

Allowable limits of load combinations for sets of events including the S2 
ground motion loads, and therefore having an extremely low probability of 
occurrence, should be the same as those adopted in related practices. Allowable 
limits between near-yield and near-ultimate capacity are specified according to 
the usual national design practice [1—3].

2.4.4. No-loss-of-function limits

For the set of events including the SI and/or the S2 ground motions the 
seismic design should be consistent with the maintenance of the safety functions 
specified in sub-section 2.2.5. As far as the maintenance of function depends on 
limiting stress and limiting deformation, limits for stress and deformation derived 
in sub-sections 2.4.2 and 2.4.3 may need to be suitably reduced [1 ].

2.4.5. Low-cycle fatigue effects

Earthquake loads are cyclical in nature and therefore fatigue analyses should 
be required as far as they are technically justified by being a sufficient fraction 
of the usage factor.

Fatigue effects have, in particular, to be considered for sets of events 
including the SI ground motion. For design purposes a number of equivalent 
cycles and amplitudes corresponding to several SI events may be assumed, 
consistent with the duration of the strong phase of the vibratory ground motion 
for each event and with the dynamic behaviour of the item in question. This 
assumption is intended to take into account the possibility of after-shocks and 
of a number of events of up to the SI ground motion level.

3. SEISMIC ANALYSIS METHODS

3.1. Introduction
Methods of analysis used for the seismic evaluation and design of nuclear 

power plant items are outlined in this section. More details of some of these 
methods together with other pertinent comments and data are presented in 
the Appendices.

6
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3.2. Civil engineering structures

3.2.1. Buildings important to safety

3.2.1.1. Seismic input

The two horizontal and the vertical components of the ground motion 
should be considered individually or in combination as inputs for the dynamic 
analysis. When the components are used individually, then the corresponding 
structural response should be suitably combined (see Appendix A). In some 
countries an equivalent static input is used in the vertical direction.

3.2.1.2. Modelling of structures

In the model of the structure, soil structure interaction should be suitably 
taken into account (see Appendix B).

Consideration should be given to translational, rocking and torsional modes, 
individually or coupled, as appropriate.

If a lumped mass and stiffness model is used, consideration should be given 
to the adequacy of the number and distribution of masses chosen to represent 
the main structures (see Appendix B). A sensitivity analysis can provide the 
basis for this decision; it can also permit the choice of the size and number of 
finite elements if this modelling technique is used.

Sub-systems (which may include inertia effect of a contained liquid) located 
in the building should be taken into account in the model of the building 
structures. Depending on the nature of the sub-systems, the following procedures 
may be used:

(a) For stiff items rigidly connected to the structure, or sub-systems that 
meet the decoupling criteria presented in Appendix B, the mass of the 
sub-system should be included in the mass of the supporting part of 
the structure.

(b) For parts connected to the structure by very flexible connection the 
sub-system may be neglected.

(c) For other sub-systems, the sub-system should be included in the analysis 
of the main structural model.

Two-dimensional models may be used where it can be reasonably demonstrated 
that they are appropriate, e.g. where uncoupled degrees of freedom exist; other
wise three-dimensional models are appropriate.

Adjacent buildings on the same foundation structure should be included in 
the same model. However, adjacent structures on separate foundations may also

7

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



mutually interact, in which case this effect should then be investigated and if 
necessary at least approximately evaluated.

Typically, normal nuclear power plant buildings can be modelled in one of 
the following ways, according to their structural characteristics:

(a) Shell-type buildings with internal structures (e.g. typical containment 
buildings): lumped mass or finite element models.

(b) Box-like buildings (e.g. typical auxiliary buildings): these can usually 
be modelled as rigid structures on elastic foundation; if this is not the 
case, finite element or lumped mass models may be considered but 
some difficulties may be encountered if the complexity and size of 
the structure are great.

(c) Frame-like buildings: lumped mass model.
(d) Slender chimney-like structures: any reasonable model.

3.2.1.3. Analysis methods

A dynamic analysis should be performed to determine seismic motions or 
loads. Both the time history method and the response spectra method are in 
principle acceptable. An equivalent static load method without a parallel dynamic 
analysis can be used only if its conservatism is satisfactorily demonstrated.

Linear dynamic analyses are generally adequate for structures (see Appendix C). 
Alternatively, non-linear dynamic analysis may be used but special care should 
be given to:

(a) the suitability of the methods applied
(b) appropriate stress/strain relationships selected for use.

3.2.1.4. Damping

Damping for various types of structures and soils is discussed in Appendix C. 
For a dynamic analysis, modal damping factors for composite structures can be 
obtained by the energy weighting technique [4]. The most important contribution 
to foundation-structure damping is energy dissipation within the ground. The 
actual radiation damping for nuclear power plants may be as great as 20% to 
40% of critical damping. It is recognized that the value of damping that is used 
in seismic analysis of structures will require conservatively applied engineering 
judgment; conservative practices should be followed in all cases. If the structure 
is rigid, the radiation damping value depends on the mode of motion of the 
structure and the coupling of the operative modes of motion. If the structure is 
not rigid, a discrete representation of the structural contact with the half-space 
may be necessary [5, 6]. Variation of damping factors with frequency could be 
taken into account if warranted by experimental data.

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



3.2 .1 .5 . Lateral earth pressures

Lateral earth pressure induced on underground portions of structures by 
ground motion should be evaluated. This evaluation may be made by using 
procedures such as those outlined in Appendices D and E. Usually these proce
dures provide values of the dynamic pressure increment induced by the earthquake; 
this increment is then added to the applicable static lateral earth pressure. 
Simplified procedures [7, 8] may also be used to calculate this dynamic pressure 
increment. These simplified procedures, however, do not take into account the 
effect of adjacent structures on this pressure increment; the effect may, in some 
cases, be significant, depending on the plant layout.

3.2.1.6. Other considerations

Adequacy of shake space in structural joints between adjacent structural 
parts (see item (4) of sub-section 4.4.2) or between adjacent buildings should 
be checked, taking into account the need for an adequate safety margin.

3.2.2. Buried long structures

The following earthquake effects on buried long structures (e.g. buried pipes 
and ducts, well casings) should be taken into account:

Deformations imposed by surrounding soil during the earthquake 
Differential displacements or loads at end connections to buildings or other 
structures.

Both effects can be evaluated by a complete simulation of the soil structure 
complex. However, simplified conservative methods can also be applied [5,9].

3.2.3. Foundation and earth structures

3.2.3.1. General recommendation

The seismic performance and stability of all soil and rock supporting the 
nuclear power plant foundations and all earth structures (such as slopes, both 
natural and man-made, embankments, dams) as they affect safety should be 
evaluated.

3.2.3.2. Liquefaction

The liquefaction potential of saturated granular soil layers during the design 
basis vibratory ground motion should be evaluated for the limiting earthquake
SI or S2 ground motion and the availability of appropriate safety margins should
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be demonstrated (see Appendix E). Appropriate measures to prevent liquefaction 
in these layers should be undertaken if the results of the evaluation indicate a 
lack of the required safety margins. These measures may include in-place treat
ment (e.g. compaction, grouting), excavation and replacement with properly 
compacted fill or permanent surcharging, or a combination of these measures.
Field verification to assure attainment of the desired improvement in soil 
characteristics should be made.

3.2.3.3. Settlements

Potential settlements (especially differential settlements) caused by shaking 
may be of significance particularly in non-uniform soil conditions, where they 
should be evaluated. An available procedure for making such evaluations includes 
the use of results of a response analysis (Appendix D) together with data relating 
volume change to induced shear strains [ 10,11 ]. This procedure calculates 
settlement in the free field only; judgement should be exercised in estimating 
settlements in the vicinity and beneath the structures based on the results of the 
free field calculations.

3.2.3.4. Soil-bearing capacity

The potential for a failure of the bearing capacity during or after an earth
quake should be investigated. Normally, the bearing capacity factor of safety 
under static loading conditions is reasonably high. Therefore, unless there is a 
significant reduction in the strength of the soil due to seismic loading (e.g. lique
faction in granular soils, or reduction in strength due to development of high shear 
strains in softer clays), the bearing capacity factor of safety under the combined 
static and seismic loads is expected to remain adequately high.

The safety factor can be calculated by using conventional procedures [12,13]. 
In such calculations, the seismic loads imposed by the structures should also be 
taken into account. These loads are normally calculated from the dynamic 
analysis of the structure (sub-section 3.2.1) and are then assumed to act as static 
loads.

Such calculations are usually needed in cases where structures important to 
safety are situated near slopes.

3.2.3.5. Slope stability

The seismic stability of slopes can be evaluated by using procedures such as 
those outlined in Appendix F.
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3.3. Mechanical and electrical components

3.3.1. Seismic input

For components not modelled together with the supporting structure the 
input for analysis is the floor response, expressed either as design floor time 
histories or as design floor response spectra. In some countries, an equivalent 
static input is used in the vertical direction.

3.3.1.1. Design floor response spectrum

The design floor response spectrum can be obtained on the basis of structure 
response to design basis ground motion.

Simplified methods have been proposed to calculate design floor response 
spectra [14], such as the decayed sinusoidal ground motion methods [15], the 
continuous beating sine wave method [16,17] and stochastic methods [18, 19].
In the case of slightly damped systems, the assumption of a stationary process 
incorporated in the stochastic methods can be accepted; the results are then 
conservative.

It is recommended that before using a simplified method it should be 
ascertained that for representative cases the conservatism of the results is 
comparable to that provided by the direct time-history solution.

3.3.1.2. Recommendations concerning use of floor response spectra methods

Once the floor response curve is obtained for a particular floor of a building, 
a critical review of the calculated floor response spectrum should be made to 
assess the reasonableness of it, on the basis of sound engineering judgement, the 
relationship between the vibration characteristics of the building and the 
supporting ground, and the shape of the floor response curve.

The calculated floor response spectrum should be adjusted, to account for 
possible uncertainties in the evaluation of vibration characteristics of the building 
components. Examples of current procedures are given in Ref. [5] and section
3.7.2 of Ref. [20]. For systems having closely spaced resonances the use of such 
adjusted response spectra may be modified in order to avoid overconservatism [21].

Consideration should be given to the modification of floor response spectrum 
input to piping and equipment attached on very flexible structural members and, 
when significant torsional motion of the building is present, to those items 
located away from the centre of shear of the building.
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3.3 .1 .3 . Design floor time histories

The design floor time histories can be obtained from the structural response 
to design basis ground motion.

In the analysis of mechanical and electrical components using design floor 
response spectra the uncertainties of such input due to material and structural 
characteristics should be taken into account by broadening the peak of the 
response spectra. A similar uncertainty effect should be considered in analysis 
in which floor motion time history rather than response spectrum are used by 
altering the time scale to define the time history motion (see section 3.7.1 of 
Ref. [20], and Ref. [22]).

3.3.1.4. Damping

Material damping is briefly discussed in Appendix C. Constant load hangers, 
spring hangers and snubbers tend to increase the damping of piping systems.

3.3.2. Piping

3.3.2.1. Modelling

Methods commonly used for modelling piping systems include:
(1) Lumped mass method
(2) Finite element method
(3) Transfer matrix method, with matrix coefficient calculated according 

to the beam theory [18, 23].

The flexibility or stiffness of bands, tees, spring hangers, and hydraulic and 
mechanical snubbers shall be evaluated. Constant spring hangers have usually no 
stiffness effect but they behave as a constant external load on the system through 
their travel range. If there is a pump or a valve on piping its contribution to the 
response should be evaluated. All additional masses such as valves, pumps, snubbers, 
liquid inside the pipe, thermal insulation, effective mass of mechanical snubbers, 
should be taken into account. The stiffness of any other support elements should 
be taken into consideration unless it can be demonstrated that their stiffness 
characteristics do not significantly alter the dynamic response characteristics of 
the piping system.
3.3.2.2. Analysis methods

Dynamic methods (Appendix A) should be used, except as specified in sub
section 3.3.2.3. However, when pipes are connected to two or more points
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having different movements, use of response spectra modal analyses requires 
some modification. A usually accepted method is to use, for all the support 
points, an envelope of the input at each support. The results of this method 
are usually rather conservative. Other methods can be used where design 
conservatism can be demonstrated [24]. Consideration should be given to the 
possible effects of differential motions between supporting joints.

3.3.2.3. Simplified analysis methods

Two simplified analysis methods are typically used to simplify evaluation 
of the seismic design adequacy of piping systems. One design adopted consists 
of over-restraining pipe-runs to increase natural frequencies and therefore 
minimize amplification effects. This solution is feasible only for those pipelines 
which are not subjected to large-amplitude thermal cycles. It may also greatly 
increase the number of seismic restraints that would be required to restrain the 
system.

In this case, a simplified assessment of earthquake loading may be obtained 
by the following steps:

(1) Calculating conservatively a lower limit for the fundamental natural 
frequency of each pipe length between two adjacent supports. This 
can be accomplished by modelling each pipe length as a separate beam 
of pertinent shape and specifying conservatively chosen end conditions; 
natural frequencies can be obtained for various beam shapes by using 
methods presented in handbooks or nomographs [18].

(2) Evaluating a first estimate of the inertia load for each pipe length on 
the basis of the previously determined natural frequency and of floor 
response spectra.

(3) Multiplying the load evaluated at step 2 by a factor of safety to be 
chosen on the basis of the fundamental frequency [2].

This procedure can be accepted if the fundamental natural frequency of 
each pipe length is fairly high (15 to 30 Hz).

A second simplified analytical method frequently used is to apply the peak 
of the applicable design floor response spectrum acceleration, multiplied by a 
suitable safety factor, to the mass distribution of the piping system in order to 
determine an inertial force to be applied to the system. A safety factor of 1.5 
has typically been used in the past (see section 3.7.2 of Ref. [20]). However, 
lower values may be used for the particular piping geometry under consideration, 
provided that such lower values can be shown to give conservative answers when 
compared to dynamic analysis results. For a system of piping modelled separately 
the justification of the dynamic model with respect to size and boundary 
conditions should be presented.
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A variation of the second method has been used in combination with the 
first method. Here the maximum acceleration of the design response spectrum 
in the frequency range between 0.5 and 2.0 ff (where ff is the fundamental 
frequency of the piping system) is taken as the design acceleration. Again a 
suitable safety factor typically 1.5 times such a maximum has been applied.

3.3.2.4. Stress analysis

The calculated stresses can be a direct output of the dynamic analysis. 
Alternatively, when the piping movements are simple, a static stress analysis can 
be used, taking into account the inertia forces obtained from the dynamic 
analysis.

3.3.3. Mechanical equipment

3.3.3.1. Modelling

Models of structures and items are typically divided into the following five 
categories. These five categories are defined as follows:

(a) Rigid body model. For this model the item itself is assumed rigid (i.e. 
the fundamental frequency is larger than the typically accepted limit of
30 Hz).2 The model is typically represented as a rigid body with attachment 
at support points represented by springs or stiffness or flexibility matrices. 
Response of the item then would be by rocking or translational modes 
of vibration at support points. Typical valves, pumps, motors, fans 
and some heat exchangers fall into this category.

(b) Single mass model. For this model the total mass is assumed to be 
lumped at a single point with the composite stiffness restraining the 
mass represented as a single element. More than one degree of freedom 
may be permitted. In general this modelling is considered as an alter
native to method (a) and is applicable to the same types of items.

(c) Beam model or one-dimensional finite element. This type of modelling 
is typically applied to beams, columns, frames, piping, ducts, cable 
trays, conduits, symmetric tanks,cabinets, storage racks, pressure 
vessels and heat exchangers and can be expressed as a continuous or 
one-dimensional finite element in a two- or three-dimensional space. 
Masses may be represented by lumped parameters which develop a 
diagonalized elemental mass matrix or by the mean of consistent mass 
matrices which have the same off-diagonal form as the elemental 
stiffness or flexibility matrices.

2 This limit may differ from 30 Hz depending on site conditions.
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(d) Plate or shell or two-dimensional finite element. This type of modelling 
is typically performed on items whose primary mode of failure is by 
biaxial bending stress, plane stress or plane strain. Typically included 
in this category are: foundation media, cabinets, slabs and tanks, 
pressure vessels and heat exchangers whose shells support significant 
eccentric loads which would tend to excite shell or lobar modes of 
vibration.

(e) Three-dimensional finite element. This type of modelling has not been 
used extensively to date but it has been applied mainly to thick-wall 
vessels.

3.3.3.2. Methods of analysis

Dynamic methods such as those outlined in Appendix A and in sub-section
3.3.2 as applicable, can be used.

Possible internal liquid sloshing effects should be taken into consideration 
(see sub-section 3.4).

3.3.4. Instrumentation, electrical equipment and similar items

The behaviour of those components included in category 1 should be 
evaluated for the SI and S2 ground motions. The seismic qualification of such 
items should be accomplished by testing, analysis or a combination of both.
The functional capability of these items should be checked by shaking tests 
(see section 5).

It should be verified by the response analysis of the supporting structures, 
or panel structure, that the acceleration or velocity at the point where the item 
is installed is lower than the input used for testing by an appropriate margin. 
Consideration should be given to adopting similar procedures for category 2 
items. More details about testing methods and procedure are contained in 
section 5. In general the simplified analysis methods of sub-section 3.3.2.3 are 
used to evaluate cable tray and conduit runs.

3.4. Hydraulic effects

3.4.1. Sloshing effects

Liquid oscillations due to an earthquake can occur in tanks, pools and basins. 
Their effects should be evaluated (see Annex I) and taken into account. Effects 
on the structure of the containing vessels and on the submerged structures should 
be considered [25, 26]. These effects may involve the reduction of functional 
capability (e.g. loss of shielding efficiency of fuel pools, disturbance of instrument 
signals).
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Input ground motion for these effects may not be supplied by the SI and
S2 ground motions because of the long vibration periods possibly involved. For 
evaluation of adequate input ground motion see Annex I.

3.4.2. Other hydraulic effects

Although sloshing is a primary effect of earthquakes on an hydraulic tank
like system, there are other potentially relevant effects to be evaluated in con
nection with structural stability and hydraulic loading problems. Attached mass, 
hydraulic coupling, pumping and damping effects should be taken into account; 
all of them can greatly alter the dynamic behaviour of submerged structures. In 
particular, the pumping effect of water oscillations inside the gaps between fuel 
channels in a reactor core can be as relevant as the well known attached mass 
effect; indeed it may cause dynamic coupling of the various fuel elements [27].

4. IMPLICATIONS FOR SEISMIC DESIGN

4.1. General approach to seismic design

In the early stages of the design of the plant a preliminary arrangement of 
the main facilities should be laid down; this should subsequently be periodically 
reviewed to achieve the most suitable solution for the seismic design. All 
procedures for seismic design must be firmly based on a clear appreciation of 
the results of past destructive earthquakes and must adopt and realistically apply 
this knowledge. In this preliminary work, the following principles should be 
taken into account.

4.1.1. Measures for mitigating forces generated by earthquakes

Fundamentally, seismic forces can be minimized by:
(1) Locating the centre of gravity of buildings as low as practicable
(2) Selecting a plan and elevation that is as simple as practicable
(3) Avoiding protruding sections as far as practicable
(4) Making the centre of rigidity at the various elevations as close to the 

centre of gravity as practical
(5) Using antiseismic systems and devices.

4.1.2. Measures for reducing relative differential movements between structures

To reduce undesirable differential movements of structures consideration 
should be given to connecting these structures to the extent practicable with
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monolithic foundations. In locating the plant, significant differences in soil 
properties below the foundation should be avoided. If spread footings are used, 
adjacent foundation elements should be connected by horizontal stiff and strong 
girders. Design loads for such connecting elements should be chosen according 
to established practice [9, 28, 29],

4.1.3. Layout o f  process equipment

The adoption of very simple layouts and connections to structures will 
improve the reliability of seismic analysis of piping and equipment appended to 
buildings.

4.2. Civil engineering structures

4.2.1. Experience from past earthquakes

Experience indicates that particular attention should be paid to the 
following points in the design and design review of structures:

(1) The adequacy of the supporting soil
(2) The suitability of types of foundation supports or of different types 

of foundations under interconnected structures (e.g. part of the 
foundation of one building being supported on piles and part being 
set directly on soil should be avoided)

(3) The correct arrangement of structural frames and shear walls and the 
achievement of a balanced weight distribution

(4) The possibility of collision between adjacent buildings as a consequence 
of their dynamic deformations (this phenomenon may also occur in 
weakly coupled structures)

(5) The adequacy of the connections of annexes and appendages to the 
main structure

(6) The need to ensure sufficient resistance of some structural elements — 
especially to shear forces

(7) The need to ensure sufficient ductility and avoid rapid failure by shear 
or compression, e.g. by ensuring that there is an adequate amount of 
reinforcement steel, in particular enough hoop ties for columns

(8) A proper arrangement and distribution of reinforcing bars. Too high 
a concentration of bars may cause the cracking of concrete along the 
lines of the bars

(9) The correct design of joints between structural elements. (For example, 
anchor lengths that are too short or an inadequate amount of trans
verse tie reinforcement must be avoided)
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(10) An evaluation of the bending moments arising from the vertical forces 
and the lateral deformation due to the effect of the earthquake on 
the structures (P -  5 effect) should be considered when large deform
ations are permitted

(11) Full consideration should be given to the effect of “non-structural” 
elements, like partition walls, on structural elements. Cracks have 
sometimes occurred at column beam connections as a result of in
plane forces in a partition wall. This may particularly occur at the 
highest floor where the beneficial effect of the vertical loads is 
reduced

(12) In the evaluation of large integrated monolithic structures designed to 
resist differential earthquake motions, consideration should be given 
to the correct and detailed design of construction joints and to 
thermally induced stresses in such structures.

4.2.2. Recommendations for design

In implementing the seismic design of structures the following recommendations 
should be taken into account:

(1) Welds in steel structures important to safety that are particularly 
stressed by seismic loads should be made to a high standard, and strict 
quality control must be enforced

(2) The stiffness of a containment vessel is sometimes greater than that of 
the surrounding concrete structures; in which case, if they are inter
connected or may interact, the earthquake loads of the concrete 
structures may be transferred to the containment vessel. The effects 
of this transfer of forces should be evaluated. Where, owing to the 
complexity of the interacting structures, it is too difficult to evaluate 
such forces, it is recommended to decouple, to the extent possible, 
such structures above the foundation level.

4.3. Earth structures

Experience gathered from past earthquakes indicates that for earth structures 
such as dams the seismic behaviour is controlled more by the type and densification 
of the soil than by the geometry. However, greater attention to the geometry of 
the soil structure is required when the static performance of the structure is 
being evaluated. Improvement of seismic behaviour in many cases can be achieved 
by a change of soil or by an increase in densification requirements or both. Some
times, however, minor adjustments in the geometry of the soil structure may 
also be warranted.
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4.4. Piping and associated equipment

Experience of past earthquakes indicates that most failures of piping and 
associated equipment in non-nuclear installations were caused by design, 
manufacture or installation deficiencies. Attention should therefore be paid to 
the following recommendations.

4.4.1. Supports

With regard to equipment and piping supports:
(1) Care should be taken in the design of these supports to assure that all

joints are designed to behave as assumed in the analysis of the support
and to transmit the full range of loads determined in the connected 
members. In particular, if integral supports are used, they should be 
designed and manufactured to minimize the danger that any unexpected 
failure or crack initiated in the supporting element propagates to the 
functional parts such as the pressurized shell and the primary piping.

(2) Care should be taken in the design of devices for anchoring equipment,
e.g. the possible use of hook-shaped or end-plate anchor bolts, to 
ensure that all potential forces and moments are fully evaluated and 
that anchoring materials are suitable for their purpose.

4.4.2. Impro vement o f  vibration resistance o f  components

The following points should be taken into account to improve the resistance 
of components to vibration:

(1) The commonly accepted way to avoid unexpected failures from earth
quake loads of equipment such as piping, instrumentation and core 
internals, is to design them to be as rigid as possible. In particular, 
equipment support legs should be cross-braced unless their dimensions 
warrant departure from this recommended practice. In most cases 
stiffness can be increased to avoid resonance; however, in some cases 
(e.g. for core internals), the vibration characteristics of the reactor 
building itself might be modified to prevent resonance effects. If 
systems are made stiffer for this purpose, particular attention should 
be paid to thermal stresses, other dynamic loads and differential 
motions of the supporting points because of the increase of stress 
caused by high rigidity.

(2) It is important to avoid, as far as is reasonably practicable, resonance 
of equipment such as piping, instrumentation and core internals with 
the frequency of the dominant modes of supporting structures. In
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some cases where the response of equipment, although significant, 
cannot practicably be reduced by other means, the damping of the 
system may be increased by suitable design modifications such as 
the use of dampers.

(3) To provide restraints for piping and components during earthquakes 
and at the same time allow freedom for thermal deformations, 
hydraulic or mechanical snubbers are extensively used in nuclear power 
plants. Experience has demonstrated that such devices should be 
analysed with particular care (e.g. for endurance of materials to 
radiation, temperature, humidity of the environment, for ageing of 
components such as seal gaskets).

(4) Particular attention should be paid to the possibility of collision between 
adjacent components, or between components and adjacent parts of a 
building, as a consequence of their dynamic displacement.

4.4.3. Possible modes o f  failure o f  new equipment

It is very important to recognize which part (or parts) of a piece of equip
ment is essential for its stability and functional capability. This means that a 
systematic analysis of the possible modes of failure related to earthquakes is 
important and has to be performed on new types of equipment for which there 
is no relevant experience concerning its earthquake resistance. Seismic qualifi
cation tests can identify the modes of failure and for this reason these tests are 
also recommended.

4.4.4. Considerations related to functional aspects for seismic design

The designer should have a thorough and practical understanding of the 
functional requirements and potential modes of failure of a mechanism when 
considering its seismic design.

4.5. Effects of vertical ground motion

Vertical motions produced by an earthquake have the effect of cyclically 
increasing and decreasing the vertical loads on structures. Critical conditions 
may also be reached during the phase in which load is decreased for those 
structures or pieces of equipment whose stability depends on frictional or 
confinement effects (e.g. non-anchored pieces of equipment, vertical reinforced 
concrete structural elements). Positive anchoring devices are to be preferred.
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5. SEISMIC TESTING AND QUALIFICATION
5.1. Introduction

When, by analysis, the integrity or functional capability of an item cannot 
be demonstrated with a reasonable degree of confidence, an experimental test 
may be needed to prove or to assist in proving the corresponding item.

Among the items for which such a procedure should be used are control 
rod mechanisms, pumps, valves, relays, electrical equipment and instrumentation.

Seismic tests may be performed on the item itself or on full-scale models or, 
where appropriate, on reduced-scale models. However, for qualification purposes, 
the equipment itself or a full-scale model should be tested; if there is no other 
practical alternative the careful use of a reduced-scale model may be permitted. 
The tests include functional tests intended to ensure the continued adequate 
functioning of the equipment during and after an earthquake and integrity tests 
aimed at proving the mechanical strength of the equipment.

5.2. General concepts

A meaningful test performed with the purpose of assessing the integrity or 
functional capability of a system requires that the conditions existing for this 
system on the plant during an earthquake are correctly simulated or that any 
departure from these will not significantly influence the result. Among these 
conditions the most important are:

Mechanical boundary conditions
Environmental conditions (e.g. pressure, temperature)
Operational conditions (if functional capability has to be assessed)
Input motion.

The philosophy of the testing procedure is based on the submission of the 
device to conservatively derived test conditions in order to give effects at least 
as severe as those of the design conditions.

The functional and integrity testing of complex structures, such as control 
panels, may require initially the functional testing of individual components 
and then the testing of the full assembly, or of a suitable model of it, to establish 
that the forces exerted on components during an earthquake do not exceed 
limits derived from the initial tests on the components.

In establishing a qualification test, account should be taken of such effects 
as ageing, or other conditions which may cause deterioration or otherwise alter 
the characteristics of the item during its in-service life. In addition consideration 
should be given to the need for and possibility of in-service inspection.
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Tests can also be used to check a calculation or to validate an analytical 
model.

5.3. Full-scale testing

Full-scale testing of equipment or piping, and of their associated components, 
and to a limited extent also of structures, may be used to check calculations, to 
validate analytical models used or more directly to verify the integrity and, where 
necessary, the functional capability of the equipment and structures during an 
earthquake.

This full-scale testing can be done directly on the plant during the construction 
or before start-up, or in a laboratory with a shaking-table or other suitable devices.

5.3.1. Laboratory testing

5.3.1.1. Preliminary testing

Natural frequencies and other vibration characteristics of the components 
may generally be assessed by a preliminary test (for which a sinusoidal-shaped 
input can be used) during which any response parameter of interest is monitored 
(e.g. displacements, electrical signals).

5.3.1.2. Qualification testing

A sinusoidal motion can be used for qualification testing of stiff systems 
at a frequency significantly lower than the first natural frequency of the system 
and having the required maximum acceleration and number of cycles. Stiff 
systems are those systems having a lowest natural frequency which is higher 
than the frequency for which the response spectrum acceleration is sufficiently 
close to the maximum corresponding ground or floor accelerations.

When, on the contrary, the system has one or more mechanical resonances 
in the frequency range of interest, the test input motion used should have a 
response spectrum not less than the required design response spectrum. This 
can be achieved by using a natural or artificial time history (see sub-section 3.3.1.3) 
and, in particular, by a suitable combination of sinusoidal waves.

When the natural frequencies are well separated, independent tests can be 
made, e.g. with suitably scaled sinusoidal movements at the given natural 
frequency enveloped by a half sine [30] or other time envelope of interest.
‘Suitably scaled’ means that the corresponding amplitude of the spectrum at the 
natural frequency is adequately higher than the amplitude of the required 
spectrum.
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However, it is recommended that tests be made with one or more natural 
or artificial time histories whose spectrum is not less than the required design 
response spectrum. Several different time histories may be used to overcome 
simulation deficiencies which could arise from the peculiarities of a single time 
history.

If random vibration input motion is used, detailed recommendations like 
those listed in section 3.10 of Ref. [20] should be followed. Input motion 
duration should be decided on the basis of anticipated earthquake duration 
(see IAEA Safety Series No. 50-SG-S 1) and number of possible after-shocks.
In practice, however, usually no problem arises from this aspect of testing 
performance, because it is feasible to run conservatively prolonged tests.

The input motion should be applied to three perpendicular axes, unless 
symmetrical conditions exist. It may be necessary to give careful consideration 
to the application of simultaneous movements in the vertical and in one or even 
two horizontal directions.

For components whose functional capability has to be demonstrated by 
test under earthquake conditions, excitation in one direction at a time can be 
considered adequate when one of the following conditions applies:

The component design review and visual inspection or exploratory tests 
clearly demonstrate that the effects of excitation in the three directions 
on the component are sufficiently independent of each other
The severity of shaking-table tests can be increased in such a way as to take 
into account the interaction effects from simultaneous excitation in the 
three directions. (For example, one can increase the amplitude excitation 
and vary the excitation directions).

5.3.2. Plant testing

The validity of some of the calculations can be checked experimentally 
during construction or during the start-up tests of nuclear power plants.

Because of the low level of excitation that can be used during these tests 
(natural excitation by wind and ground, functional excitation by pump operation 
or fluid flow, or mechanical excitation by shakers, blasts or other means), only 
the natural frequencies and possibly mode shapes of structures with a linear 
behaviour,can generally be checked.

5.4. Reduced-scale model testing

For structures or equipment that are too big to be full-scale tested, model 
tests can be made for checking the analytical models or, in those cases where 
there is no practical alternative, for directly qualifying the system.
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Great care must be taken in designing and performing model tests and in 
interpreting their results. The scale of models should not be less than a value 
dependent on the adequacy of the modelling technique to simulate correctly 
at that reduced scale the material structural and geometrical properties of the 
original. For example, ratios of 1/5 for concrete structures and 1/10 for steel 
are often used as reasonable limiting values at the present stage of development 
of the technique. The similarity law used should be clearly expressed with special 
attention given to the method used to correct the necessary discrepancy between 
the gravity and stiffness effects. The amplitude and frequency content of the 
input motion should be adequately scaled. Where possible the representativeness 
of the model should be verified by vibration testing of the component or structure, 
preferably after installation.

6. SEISMIC INSTRUMENTATION
6.1. Introduction

Currently there are three main reasons for installing seismic instrumentation 
at a nuclear power plant. One reason is for recording the response to an earth
quake and evaluating the need for post-earthquake inspection of certain items. 
Another is for collecting data on the behaviour of structures, systems and 
components of the nuclear power plant during earthquakes in order to verify 
the adequacy of the design analysis. A third reason, particularly in regions of 
high seismicity, is, by provision of strong motion sensors, for triggering alarms 
and in some countries for shutting down the reactor.

6.2. Instrumentation for evaluating the need for post-earthquake inspection
and analysis
The amount of instrumentation to be installed should be a function of the 

degree of seismic activity and severity in the area. As a guideline for areas of 
moderate to high seismicity the following instrumentation can be used [31,32]:

(1) At least one triaxial strong motion recorder installed to register the 
free field motion time history.

(2) Triaxial strong motion recorders installed so as to record (a) the motion 
of the base mat of the reactor building, (b) the motion of one other 
category 1 structure and, if necessary, (c) the motion of the base mat 
of other important structures of the same category. The aim is to 
achieve an understanding of the response to an earthquake of all the 
different types of structures important to safety with different 
foundations.
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(3) Triaxial strong motion recorders installed on the most representative 
floors of some category 1 buildings in order to gain an understanding 
of the response of the different types of buildings important to safety.
Consideration should be given to the installation of:

(4) Strong motion devices on some typical category 1 equipment and 
piping to obtain an understanding of the response of the main items 
important to safety of this type. While it is recognized that difficulties 
have been encountered in the past in finding reliable measuring devices 
that could continuously withstand the severe environmental conditions 
and permit frequent maintenance in certain parts of the plant, the 
coverage of these devices should be extended as far as practicable.

These instruments should be set to be triggered at levels of motion consistent 
with the seismicity of the area. Consideration should be given to having a 
common trigger system and a common time scanning device.

6.3. Instrumentation for collecting design check data

For nuclear power plants in areas of high seismicity it is very useful to 
verify the adequacy of the seismic design analysis. For this purpose instrumen
tation of the type described in sub-section 6.2 but possibly with a larger dynamic 
range and lower trigger setting may be installed.

6.4. Inspection after earthquake

After an earthquake all relevant data from seismic instrumentation shall be 
evaluated to determine the level of severity of that earthquake. If this exceeds 
the SI ground motion level, the plant should be adequately inspected.
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Appendix A 
METHODS OF SEISMIC ANALYSIS

To calculate the maximum relative displacements, relative velocities, 
absolute accelerations and maximum stresses during an earthquake, the following 
methods are in current use: the quasistatic method, the response spectrum 
method, and the time history method.

The quasistatic method can be used to obtain conservative results for simple 
systems, especially when they are rigid enough.

The standard dynamic methods for major structures, systems and components 
are the response spectrum and the time history methods.

In the response spectrum method, the maximum response of each mode is 
calculated by direct use of the design spectrum. Usually the maximum response 
is taken as the square root of the sum of the squares of each modal response.
For closely spaced modal frequencies, a conservative procedure is to take the 
sum of the absolute value of each closely spaced modal response [33]. When 
the modal directions are different, this procedure may be too conservative, and 
suitable modification of the procedure may be considered.

In the time history method, the response of the system is calculated as a 
function of time directly or after a transformation to modal co-ordinates. The 
input motion may be natural or artificial time histories of acceleration at ground 
level or specific floor level, suitably chosen to represent the design response 
spectrum. Alternatively, the input time history can be represented by its Fourier 
transform and the solution worked out in the frequency domain.

When required, responses due to input acceleration in the different directions 
can be combined by taking the square root of the sum of the square of individual 
responses. When the time history method is used, an alternative procedure is to 
sum algebraically the response components as a function of time and then take 
the maximum of the combined response.

Appendix B 
MODELLING TECHNIQUES

B.l. Introduction

A nuclear power plant is a very complex system and a single complete model 
of the entire plant would be too cumbersome. Thus the first step in the analysis 
of a plant is to identify the sub-structures, by defining main systems and sub
systems.
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Major structures that are considered in conjunction with foundation media 
in forming a soil-structure interaction model constitute the main systems. Other 
structures, systems and components constitute the sub-systems.

B.2. Decoupling criteria

Certain criteria have to be used to decide if a particular sub-system has to 
be taken into account in the analysis of the main system. Such decoupling 
criteria are obtained by putting some limits on the relative mass ratio between 
the sub-system and the supporting main system, limits which have to be more 
severe when there is a possibility of resonance between the sub-system and the 
main system (see section 3.7.2 of Ref. [20]).

If the decoupling criteria are not satisfied, a suitable model of the sub
system should be included in the main system model. For a sub-system having 
all its resonant frequencies (the flexibility of the support being taken into account) 
higher than the amplified frequencies (15 to 30 Hz for usual design earthquakes), 
only its mass needs to be included in the main system model.

For detailed analysis of sub-systems, if necessary, the seismic input can be 
obtained by the analysis of the main system. When there is no decoupling, it is 
essential for the model of the sub-system included in the analysis of the main 
system to have at least the same natural frequencies and modal masses as the 
detailed model of the sub-system in the frequency range of interest.

I
B.3. Modelling of systems or sub-systems

The stiffness, mass and damping characteristics of the structural systems 
should be adequately incorporated in the analytical models.

More than one model might be needed when some doubt exists on the real 
behaviour of some part of the structure. Models might also be validated by 
testing in order to resolve possible uncertainties.

For the stiffness and mass characteristics, well known and well proven 
methods starting directly from use of the equation of continuum mechanics and 
material properties can be used. The three commonly used methods are 
described in sub-sections B.3.1 toB.3.3.

B.3.1. Lumped mass method

The lumped mass method is the most commonly used for the main systems.
It consists in lumping the masses (and inertia moments, if necessary) at some 
adequately chosen points (e.g. floor levels in a building) and determining the 
stiffness (or flexibility) coefficients by a static study of all the single movements 
corresponding to the selected degrees of freedom. This method is described in 
various publications [9 ,34-36].
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Selection of an adequate number of degrees of freedom is often straight
forward for technical reasons, as for example in the calculation of a conventional 
building with floors. In other cases, for shell or beam type structures, this 
selection is not evident and depends in fact on the number of modes needed for 
the seismic analysis. The requirement that the number of degrees of freedom 
be at least twice the number of modes is sometimes given; such a rule has to 
be used with care. (See item II 1 a (4) of section 3.7.2 of Ref. [20]).

B.3.2. Finite element method

The finite element method is described in detail in many publications (e.g. 
Refs [37,38]). Various types of elements can be used: beam elements (for 
frames, pipes or long slender cylindrical structures); axisymmetrical shell 
elements, which can account for non-axisymmetrical loadings or displacements 
by a Fourier representation on the azimuthal variable (for containment buildings, 
pressure vessels, or other axisymmetrical structures); shell and plate elements 
(for complex shell structures or box-type buildings); three-dimensional elements 
(for massive structures).

The mesh size to obtain correct results depends on the type of element used. 
A general requirement is that the shape of the deformed structure can be well 
represented by the set of elements chosen to model it.

B. 3.3. Transfer matrix method

The basis of the transfer matrix method is that for some structures (pipes, 
axisymmetrical shells and more generally monodimensionally modelled simple 
structures) it is possible to calculate analytically for each frequency the transfer 
matrix between a vector state (forces, moments, displacements and rotations) at 
a point and the vector state at the next point. Then, by successive matrix 
multiplication, it is possible to obtain the frequency-dependent matrix of the 
whole system, including boundary conditions. This allows the determination 
of the natural frequencies, mode shapes or response to sinusoidal inputs, or, by 
a Fourier transform, the response to more general inputs [18, 23]. While there 
is no mesh size problem, care must be exercised in the use of this method, 
because of possible accumulation of errors in the multiplication process.

B.4. Damping

For each of the models described in this Appendix, knowledge of the 
damping characteristics of the main systems and sub-systems is required. The 
way in which damping needs to be expressed depends on the method of solution 
used to evaluate the response of the model (see Appendix A). In the response
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spectrum, or time history modal analysis methods, damping is most conveniently 
expressed in terms of modal damping coefficients. In the time history direct 
integration method, it is necessary to construct a damping matrix. The com
monly used procedure is to express the damping matrix as a combination of the 
mass and stiffness matrices of the model as follows:

[C] = a[M ]+0[K ]

where [C], [M] and [K] are the damping, mass and stiffness matrices, respectively, 
of the model. The parameters a  and |3 are determined by the requirement that 
the modal damping in the frequency range of interest is equal to, or less than, 
the prescribed modal damping. Other methods for obtaining the damping matrix 
are available [38].

B.5. Soil-structure interaction considerations

The basic procedures described in this Appendix regarding modelling are also 
used for soil-structure interaction considerations. These considerations are 
necessary to account for the interaction of the structure with the adjacent and 
underlying soils (and possibly with other nearby structures) during the postulated 
ground motions. The soil-structure system can be modelled by using for the soil 
a discrete parameter representation (springs and dashpots) or a finite element 
model.

For the discrete parameter representation, analytical methods (based on 
exact or approximate closed form solutions) for an elastic or viscoelastic half
space (uniform or layered) are used to derive impedance functions. Equivalent 
springs and dashpots are thus deduced from these impedance functions and 
incorporated in the model of the structure. The response of the system can then 
be calculated by usual procedures. Embedment effects can be accounted for by 
modifying the impedance functions. Non-linearities in the soil can be accounted 
for by using equivalent linear properties and by iterating the solution until strain- 
compatible properties are obtained. Alternatively, the impedance functions can 
also be derived by using finite element representation for the soil. By using finite 
elements for the soil and finite elements (or lumped masses) for the structure 
the response of the soil-structure system can be calculated in one step. Non- 
linearities in the soil are accounted for by using strain-dependent properties.

These procedures are summarized in Ref. [39], which also includes guidelines 
on their usage. Additional details regarding the calculation of impedance 
functions can be found, for example, in Refs[40—54]. Additional details 
regarding the use of finite elements can be found, for example, in Refs [37,38, 
41 ,42 ,55 -61],
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B.6. Non-linear analysis o f structures

When the stresses in the structures are higher than the elastic limit of the 
material, or for other reasons (fretting, gaps), the stiffness matrix can be dependent 
on the amplitude of response.

For sufficiently weak non-linearities, the main effect is an increase of the 
energy losses which is taken into account by larger damping coefficients [9,62].

For higher non-linearities, it is necessary to take care of the change in 
stiffness which can significantly change the natural frequency of the system, 
and thus the amplitude of displacements.

Appendix C 
MATERIAL PROPERTY CHARACTERISTICS

C .l. Introduction

For a seismic analysis, data on the material properties of structures, compo
nents and systems and of soils under dynamic loading conditions are required.
The most important parameters are those which define the damping and the 
stiffness characteristics.

C.l. Structures and components

Current practice in several countries includes the use of linear analysis 
procedures for structures and components (see Appendix A). For such analysis 
procedures, the basic stiffness properties required are Young’s modulus and 
Poisson’s ratio. Current codes and industrial guides in several Member States 
specify applicable values of Young’s modulus and Poisson’s ratio for various 
structural materials. For new material, appropriate tests are required to measure 
these properties.

The internal material damping of usual structural materials is generally very 
low. Effective damping in structures is due to a combination of energy losses 
(e.g. frictional, hysteretic and other possible non-linearities). This effective 
damping generally increases with the amplitude of motion. The usual practice 
is, therefore, to recommend the use of an overall modal structural damping 
coefficient, expressed in terms of a ratio to critical damping, for the various 
items of a nuclear power plant. Such coefficients can be specified for two or 
more ranges of stresses.

Values of damping coefficients applicable to various structures and compo
nents are contained in Refs [9] and [62]. Results of appropriate tests to 
evaluate damping coefficients for specific items can also be used for analysis.
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For non-linear analyses of structures or components a more complete 
definition of the stress/strain relationships of the structural materials would be 
required. These relationships should be based on an appropriate testing of these 
materials.

C.3. Soils

Soils exhibit a strong non-linear behaviour under cyclic loading conditions. 
This basic material characteristic must, therefore, be taken into account when 
evaluating seismic response of soil deposits or earth structures (see Appendix D). 
Methods for measuring modulus (including field and laboratory procedures) and 
damping (laboratory procedures) of soils together with ranges of values of these 
characteristics for various types of soils, are presented in Ref. [63].

At each specific nuclear power plant site an adequate amount of field 
measurements (geophysical shear wave measurements in particular) and cyclic 
laboratory tests (particularly, resonant column tests and controlled-strain triaxial 
tests) should be conducted on representative samples of soils to develop the 
variations of moduli and damping as a function of strain level for these soils. The 
results of these field and laboratory tests (together with other field and laboratory 
data usually obtained for a nuclear power plant for purposes other than seismic 
analysis) would provide the necessary soil stress/strain relationships for use in 
seismic analysis.

The extent of field measurements and the number of laboratory tests should 
be sufficient to develop an adequate relationship between these properties and 
strain for all the major soil layers to a depth of approximately 50 to 100 m at 
the site. The actual details of field and laboratory programmes, however, should 
be decided on a case-by-case basis.

Appendix D 
SEISMIC RESPONSE OF SOIL 

DEPOSITS AND EARTH STRUCTURES
D .l. Introduction

Evaluation of the seismic response of the soil deposit at a nuclear plant site 
is required to ensure that instability in the foundation or surrounding soils does 
not occur during or after the postulated design earthquake. This evaluation 
must be made both in the free field and adjacent to and beneath the plant 
structures. In addition, the stability of earth structures (e.g. earth dams, ponds, 
man-made or natural slopes) must be evaluated. This Appendix summarizes 
available procedures that may be used to calculate the response of such deposits
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and earth structures during the postulated seismic event. Procedures for 
evaluating stability are discussed in Appendices E and F.

The procedures outlined in this Appendix should be considered as part of 
a continuing development of the technique. Therefore, as in all engineering 
approaches, the use of these procedures should be coupled with a careful under
standing of the basic assumptions and limitations inherent in any method of 
analysis.

Full treatment of the seismic waves arriving at a site is an extremely 
complex matter and is beyond the current state of knowledge. Usually, several 
simplifying assumptions are made to provide mathematically tractable solutions. 
Two basic solution techniques are at present available: (1) body-wave solutions 
(shear and compression), and (2) surface-wave solutions (Love and Raleigh).
The body-wave solutions, which have been correlated with observed behaviour, 
have been commonly used in practice for assessing the seismic response of soil 
deposits and earth structures. The use of these solutions is justified on the basis 
that they constitute a reasonable engineering approximation to an extremely 
complex problem and also because the body waves account for a major part of 
the destructive nature of seismic motions.

D.2. Body-wave solutions

Body-wave solutions, which have been employed from the early 1900s, have 
been modified in the past fifteen or so years to incorporate more correctly the 
stress/strain behaviour of soils under cyclic loading conditions. Such solutions 
are available for one, two- and three-dimensional conditions.

Deposits located away from plant structures and consisting essentially of 
extensive horizontal soil layers may be considered as semi-infinite layers and can 
be treated as one-dimensional shear beams. Methods of solution for a shear beam 
representation are summarized in sub-section D.2.1.

Deposits that have significant geometric variations from those considered 
above (e.g. significantly sloping underlying rock boundaries) cannot be treated 
as semi-infinite layers, and the two- or three-dimensional effects must be taken 
into consideration. The two- or three-dimensional effects must also be taken 
into consideration for deposits adjacent to plant structures and for earth 
structures; the methods of solution for these cases are summarized in sub
section D.2.2.

D.2.1. One-dimensional solutions

The seismic response of a shear beam representation of a soil deposit may 
be calculated by several procedures. Each procedure must be capable of taking 
into account the non-linear behaviour of soils under cyclic loading conditions.
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Except for very soft soils, the equivalent linear approach [64] is considered 
acceptable to represent this non-linear behaviour.

(1) Lumped mass method. This method has been used with either a 
bilinear representation (see, for example, Refs [65,66]) of the soil 
stress/strain characteristics or an equivalent linear representation 
(see, for example, Ref. [66]). The solution is worked out in the time 
domain.

(2) Method o f  characteristics. This method (see, for example, Ref. [67]) 
uses a non-linear representation of the soil stress/strain characteristics. 
The solution is worked out in the time domain.

(3) Complex modulus method. This method (see, for example, Ref. [68]) 
is also referred to as the wave-propagation method; its solution is worked 
out in the frequency domain but the final output may be transformed 
into the time domain. The non-linear soil behaviour is accounted for 
by the equivalent linear approach. This method has been widely used 
in practice at nuclear power plant sites.

(4) Finite element method. This method has also been used for the 
evaluation of the seismic response of a semi-infinite layer. The solution 
can be worked out either in the time domain (see, for example, Ref. [55]) 
or in the frequency domain (see, for example, Ref. [56]). The non-linear 
soil behaviour is accounted for by the equivalent linear approach.

When methods (3) and (4) are used, engineering judgement should be exercised in 
interpreting the results.

Particular techniques have to be used for specifying the input. (1) Normally 
the input motion to the shear beam representing the semi-infinite layer is specified 
at the base of the layer, where it is considered to be rock or rock-like material (for 
this purpose rock-like material is defined as rock or soil having an in-situ shear 
wave velocity greater than approximately 700 m/s. (2) Solutions worked out in 
the frequency domain allow for specifying the input motion at any point in the 
soil deposit. When the input motion is, for example, specified at the ground 
surface, the response of the deposit can then be computed utilizing this feature 
of these solutions. Motion at the base of the deposit can then be computed and 
used as input in other analyses.

D.2.2. Two-or three-dimensional solutions

The finite element method has been widely used for analysing the seismic 
response of soil deposits and earth structures requiring two- or three-dimensional 
solutions. In most situations, a two-dimensional solution is adequate. The 
solution can be worked out in the time domain [55] or in the frequency domain 
[56]. The non-linear soil behaviour is accounted for by the equivalent linear
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approach. Other methods, such as the method of characteristics and the lumped 
mass method, have also been used for two-dimensional analyses [67,69].

The solution algorithm outlined in Ref. [55] has been commonly used for 
analysis of earth dams and slopes. The behaviour of the soils adjacent to and 
beneath structures has normally been evaluated by using the solution algorithm 
outlined in Ref. [56].

D.3. Surface-wave solutions

Surface-wave solutions have long been used in seismological evaluations 
and also for evaluating the nature of ground motions in soil deposits [70—73], 
but are not commonly used in practice. Studies and investigations on applications 
for these solutions are continuing.

Appendix E 
LIQUEFACTION AND GROUND FAILURE

E .l. Introduction

Liquefaction and consequent ground failure resulting from earthquakes 
have been the cause of significant or catastrophic damage. Examples of damage 
or ground failure caused by such liquefaction include:

(1) Settling and tilting of buildings [74—76]
(2) Floating of buried structures [77]
(3) Major landslides [78—81 ]
(4) Lateral movement of bridge supports [79]
(5) Failure or significant lateral movement of waterfront-retaining

structures [82]
(6) Failure or significant lateral deformations of dams and embankments

[80,81].

Therefore, potentially liquefiable soil layers at a nuclear power plant site 
shall be identified, their characteristics evaluated, and the potential and conse
quences of their liquefaction during the postulated seismic event assessed. 
Appropriate field and laboratory investigations are required to identify and 
evaluate the static and dynamic characteristics of these soil layers; similar 
investigations should be made on fill material that may be used for the support 
or embedment of seismic category 1 structures or components.
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E.2. Methods of evaluation

The liquefaction potential at a site can be evaluated by using either an 
empirical approach or an analytical approach coupled with appropriate 
laboratory tests [83]. Each approach requires appropriate field tests to be 
conducted.

A common empirical approach is based on the correlation of observations 
from past earthquakes for a wide range of conditions [83] and the use of a 
simplified procedure [84] for calculating the level of stresses induced by the 
postulated design earthquake. Other empirical approaches (see, for example,
Refs [74,85]), also relying on observations from past earthquakes, are available 
but are valid for the more limited range of site conditions and seismic excitation 
upon which they are based.

The analytical evaluation of liquefaction potential comprises the following 
steps [40, 84]:

(1) Calculation of the stresses induced by the design earthquakes (the 
procedures summarized in Appendix D may be used). These stresses, 
which have non-uniform amplitudes as a function of time, must be 
converted to an equivalent number of uniform cycles of shear stress 
[86,87],

(2) Establishment of the cyclic strength characteristics of the soil at each 
layer. Field data, such as penetrometer results and standard penetration 
blow count, may be used as a basis for estimating cyclic strength. Where 
appropriate, a cyclic testing programme [88] on representative samples 
should also be conducted to establish the cyclic strength. Details 
regarding the appropriate utilization of these field and/or laboratory 
tests are discussed in Ref. [89].

(3) Comparison of the available cyclic strength data with the estimated 
stresses induced by the earthquake. From the calculations it should 
result that a sufficient margin of safety exists against the development 
of liquefaction in the critical soil layers and fill.

It is recommended that, for sites in high seismic regions, both the analytical 
and, as a check, the empirical approach be used to the extent possible. For sites 
of relatively low seismicity, the empirical approach is generally sufficient. Note 
that the use of detailed geological information and prior earthquake history of 
the region can be extremely useful in the final evaluation. The final determination 
of liquefaction potential often requires considerable judgment based on a synthesis 
of all information available.
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E.3. Factors of safety

A factor of safety against the occurrence of liquefaction is computed as the 
ratio of the applicable available cyclic strength (based on the stress required to 
cause a specified level of strain) to the induced stress. This ratio should be 
greater than unity in all critical soil layers and fill. The minimum acceptable 
value of this safety factor should be decided on a case-by-case basis. Generally, 
a minimum safety factor of about 1.5 should be used. However, a substantially 
lower value can be accepted if warranted by the details of the geological, 
seismological and soil evaluations. In deciding a minimum acceptable value for 
a specific site, the following factors should be taken into account: the selected 
failure criterion used in evaluating the liquefaction, the degree of conservatism 
incorporated into the determination of the pertinent seismological and site 
characteristics, and the consequences of liquefaction on the safety of the plant 
structures and components.

Appendix F 
SLOPE STABILITY

F .l. Introduction

Slope failures have occurred in several historic earthquakes. Earth and rock 
slopes, both natural and man-made (e.g. cuts, fills, embankments, dams), shall 
therefore be adequately evaluated. Appropriate field and laboratory investigations 
are required to determine:

(1) The extent and distribution of soil layers (or rock formations for rock 
slopes) within, adjacent to, and beneath the slope

(2) The geometry of the slope
(3) The static and dynamic characteristics of the soils (rock)
(4) The water levels and fluctuations of the water table.

For rock slopes, information on layer formation and zones of fracture (e.g. 
orientation, localized weathering) should also be gathered.

F.2. Methods of evaluation

The seismic stability of slopes is normally evaluated by either the pseudo
static method or the dynamic method of analysis.
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F.2.1. Pseudo-static method

In the pseudo-static method the stability of the slope is assessed by computing 
a factor of safety against sliding. A conventional method of slices [12] is used.
The driving forces consist of gravity, surcharge and earthquake loads. The 
earthquake load is represented by a seismic coefficient and is assumed to act at 
the centroid of the potential sliding mass. Determination of the resisting forces 
is based on the static strength of the soils computed along the potential sliding 
surfaces.

F.2.2. Dynamic method

The dynamic method is based on the use of dynamic response analysis 
incorporating soil strength characteristics determined by laboratory cyclic 
tests [80, 81, 90]. The dynamic response analysis is done by using the two- 
dimensional method outlined in Appendix D. A model of the slope and its 
foundation soils is constructed using the finite element method. The input to 
this model is a time history of motion, compatible with the specified ground 
motion at the plant site, and having either its horizontal component or its horizontal 
plus vertical components simultaneously applied at the base of the model. The 
results of the response evaluation provide the time histories of induced stresses 
throughout the model.

These stresses are to be compared with the cyclic test results. Because 
cyclic strength depends on the initial stresses, the static stresses within the slope 
and its foundation soils (i.e. stresses existing before the earthquake) must be 
computed; this computation is done using static finite element procedures [90].

The local factor of safety is defined as the ratio of the cyclic strength stress 
limit to the induced stress and is computed at various locations throughout the 
model. The stability of the slope is then assessed by examining the range and 
variations of the values of this local factor of safety.

Procedures also exist for computing the amount of potential deformation 
of the slope using the results of these dynamic analyses.

F. 2.3. Other methods

Procedures based on the concept of yielding acceleration [91 ] can also be 
used to calculate the potential movement of slopes.
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Annex I 
SLOSHING EFFECTS IN WATER POOLS

1.1. Concept

The oscillation of a free liquid surface [25] has been called “sloshing”. This 
phenomenon is very similar to the seiches of a lake or basin and it can be 
treated by the theory of the potential. For the seismic design only the funda
mental frequency is important. Its natural period is about one second for a 
cylindrical vessel whose diameter is approximately one metre, while that of a 
100-m-dia. vessel is still less than 11s. So one can say that the natural period 
of sloshing motion lies in the range of 1 s to 10s for the cases relevant for 
seismic design.

1.2. Theory

To evaluate this motion the concept of “free water” and “fixed water” is 
generally used [26]. This sub-division derives from the fact that only the semi- 
spherical or cylindrical part of water having as diameter its free surface average 
dimension is moving in the case of an axisymmetrical or rectangular vessel. 
Therefore, if the depth is greater than one half of the diameter, the natural 
period is only a function of the diameter. The response of this fixed water is 
the same as that of a dead mass and the response of the free water is related to 
the ground motion displacement. The effect of the rigidity of the supporting 
shell is usually low, because of the separation of its natural period. Even if there 
is an inner cylinder the natural period is mainly a function of the outer diameter. 
However, the vibrational response of certain vessels may be affected in various 
ways by the contained water.

1.3. Design

For the response analysis, the assumption of three-wave input [25] could be 
made. This method assumes that the input consists of only three sinusoidal waves, 
the period of each being equal to the natural period of the sloshing movement.
But it does not take into account the possibility of resonance of the upper ground 
layers with the natural frequency of the vessel. If this possibility has to be 
investigated because of some particular importance of sloshing phenomena for 
the safety of the plant, the predominant period of ground motion can be 
estimated on the basis of local site characteristics and geology. If this period 
coincides with the period of sloshing, the number of sinusoidal waves of the
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input would need-to be increased to five or more according to the natural 
frequency and earthquake duration.

For smaller earthquakes, the technique of theoretical seismograms produced 
by numerical computation according to a wave propagation theory (under the 
assumption of a certain length of fault, depth of fault, amount of differential 
movement of fault and velocity of crack development) may be used [92].

1.4. Resonance effects

Sometimes resonance phenomena have been observed and damage to fuel 
storage and underground water reservoirs has been reported. The ground 
motion of high magnitude earthquakes sometimes reaches total displacement 
values up to one metre of single amplitude. If the sloshing resonates with the 
ground motion its wave height can easily reach several metres.

1.5. Damping ratio

The damping ratio is extremely low, approximately 0.1% if the surface of 
the free water is not disturbed. It can roughly be said that if the vertical 
component of the acceleration at the free water surface is over 1.0 g then waves 
at the free surface would be generated. Therefore non-linear damping effects 
should be considered in the response.

1.6. Additional comments

The sloshing phenomena may cause high hydrodynamic pressures on the 
vessel walls and structures either contained or submerged in water, so attention 
should be paid to them, especially in areas where earthquakes of magnitude 
higher than 8 can be expected, even if the related epicentre distance may be 
larger than 100 km.

The input displacement and response spectrum for estimating sloshing 
movement cannot as yet be clearly defined because of a lack of knowledge of 
the ground motions in the range of periods from 2 s to 20 s. Some data 
measured in 1923 in Tokyo showed that peak-to-peak ground displacements 
can reach values of up to one metre for earthquakes of magnitude close to 8. 
Analytical evaluations performed on the basis of fault movement and wave 
propagation models [92] are in reasonable agreement with the measured values.

Some other data obtained by integrating strong motion accelograms show 
that peak-to-peak displacements reaching one metre can also occur [93] for 
earthquakes of magnitude less than 8.

Refinements in the techniques for estimating displacement due to a certain 
earthquake are in progress and some correlations with observed data have been
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made [73, 92]; more work is still required to arrive at general relationships for 
use in design, and no generally agreed technique has been established. The 
criterion that consists o f assuming the figure of one metre for single-amplitude 
and long-period ground motions caused by an earthquake, may have some justification. 
Such an earthquake may be different from earthquakes causing the SI and S2 
ground motions, because the lower frequency components o f ground motion in 
the range of 2 s to 20 s are more relevant than those of the shorter period range. 
Therefore, the effects of sloshing due to an earthquake of magnitude greater 
than 8 at a distance larger than 100 km may become stronger than those of 
earthquakes causing the SI and S2 ground motions.

Annex II 
QUALIFICATION TESTING 

BY MEANS OF THE TRANSPORT VEHICLE

In some instances it may be possible to perform a qualification test, to the 
satisfaction o f the regulatory body, by monitoring the dynamic loads induced 
in items during the shipment. In such instances the transport vehicle at the point 
o f attachment as well as the item should be instrumented to record both input 
and response motions. The item should be mounted in the transportation mode 
in a manner analogous to the manner in which it will be mounted in the plant.
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DEFINITIONS

The following definitions are intended for use in the NUSS programme and 
may not necessarily conform to definitions adopted elsewhere for international use.

Accident Conditions

Substantial deviations from Operational States which are expected to be 
infrequent, and which could lead to release of unacceptable quantities of radio
active materials if the relevant engineered safety features did not function as per 
design intent.1

Anticipated Operational Occurrences

All operational processes deviating from Normal Operation which are 
expected to occur once or several times during the operating life of the plant 
and which, in view of appropriate design provisions, do not cause any significant 
damage to Items Important to Safety nor lead to Accident Conditions2 (see 
Operational States).

Construction

The process of manufacturing and assembling the components of a Nuclear 
Power Plant, the erection of civil works and structures, the installation of 
components and equipment, and the performance of associated tests.

Design Floor Response Spectrum

Response spectrum defined at a particular building elevation which is 
obtained by modifying one or more floor response spectra in order to consider 
the variability and uncertainty of input ground motion and o f the characteristics 
o f both building and foundation.

1 A substantial deviation may be a major fuel failure, a Loss of Coolant Accident (LOCA), 
etc. Examples of engineered safety features are: an Emergency Core Cooling System (ECCS), and 
containment.

2 Examples of Anticipated Operational Occurrences are loss of normal electric power 
and faults such as a turbine trip, malfunction of individual items of a normally running plant, 
failure to function o f individual items o f control equipment, loss of power to main coolant 
pump.
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Design Floor Time Histories

Time histories of floor motion of structure under consideration derived from 
the design basis ground motion, including the variability and uncertainty in input 
ground motion and in building and foundation characteristics.

Floor Response Spectrum

For a given ground motion, the floor response spectrum at a particular level 
of a structure is the response spectrum of the motion at that level.

Item3

A structure, system, sub-system, piece of equipment or component taken 
individually or collectively according to the context.

Items Important to Safety

The items which comprise:

(1) those structures, systems, and components whose malfunction or 
failure could lead to undue radiation exposure of the Site Personnel 
or members of the public;4

(2) those structures, systems and components which prevent Anticipated 
Operational Occurrences from leading to Accident Conditions;

(3) those features which are provided to mitigate the consequences of 
malfunction or failure of structures, systems or components.

Normal Operation

Operation of a Nuclear Power Plant within specified Operational Limits 
and Conditions including shut-down, power operation, shutting down, starting 
up, maintenance, testing and refuelling (see Operational States).

Nuclear Power Plant

A thermal neutron reactor or reactors together with all structures, systems 
and components necessary for Safety and for the production of power, i.e. heat 
or electricity.

3 This definition is limited to the topic of this Safety Guide.
4 This includes successive barriers set up against the release of radioactivity from nuclear 

facilities.

48

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



Operation

All activities performed to achieve, in a safe manner, the purpose for which 
the plant was constructed, including maintenance, refuelling, in-service inspection 
and other associated activities.

Operational States

The states defined under Normal Operation and Anticipated Operational 
Occurrences (see Normal Operation and Anticipated Operational Occurrences).

Potential

A possibility worthy of further consideration for Safety.
%

Quality Control

Quality Assurance actions which provide a means to control and measure 
the characteristics o f an item, process or facility in accordance with established 
requirements.

Region

A geographical area, surrounding and including the Site, sufficiently large 
to contain all the features related to a phenomenon or to the effects of a 
particular event.

Regulatory Body

A national authority or a system of authorities designated by a Member 
State, assisted by technical and other advisory bodies, and having the legal 
authority for conducting the licensing process, for issuing Licences and thereby 
for regulating nuclear power plant Siting, Construction, Commissioning, Operation 
and Decommissioning or specific aspects thereof.5

5 This national authority could be either the government itself, or one or more depart
ments of the government, or a body or bodies specially vested with appropriate legal authority.
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Residual Heat

The sum of the heat originating from radioactive decay and shut-down 
fission and the heat stored in reactor-related structures and in heat transport 
media.

Safety

Protection o f all persons from undue radiological hazard.

Site

The area containing the plant, defined by a boundary and under effective 
control of the Plant Management.

Siting

The process o f selecting a suitable Site for a Nuclear Power Plant, including 
appropriate assessment and definition of the related design bases.
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PROVISIONAL LIST 
OF NUSS PROGRAMME TITLES

Safety Series
No.

Provisional title Publication date
of English version

1. Governmental Organization

Code o f  Practice

50-C-G Governmental organization for the
regulation o f nuclear power plants

Safety Guides 
50-SG-G1

50-SG-G2

50-SG-G3

50-SG-G4

50-SG-G6

50-SG-G8

Published 1978

Qualifications and training o f staff of Published 1979 
the regulatory body for nuclear 
power plants

Information to be submitted in Published 1979
support o f licensing applications for 
nuclear power plants

Conduct of regulatory review and 
assessment during the licensing process 
for nuclear power plants

Inspection and enforcement by the 
regulatory body for nuclear power plants

. Preparedness of public authorities for 
emergencies at nuclear power plants

Licences for nuclear power plants: 
content, format and legal considera
tions

2. Siting

Code o f  Practice

50-C-S Safety in nuclear power plant siting Published 1978
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Safety Series Provisional title
No.

Publication date
of English version

Safety Guides 
50-SG-S 1

50-SG-S2

50-SG-S3

50-SG-S4

50-SG-S5
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50-SG-S 7
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Atmospheric dispersion in relation to 
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Site selection and evaluation for 
nuclear power plants with respect 
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Extreme man-induced events in 
relation to nuclear power plant siting

Hydrological dispersion of radioactive 
material in relation to nuclear power 
plant siting

Nuclear power plant siting — hydro- 
geological aspects

Site survey for nuclear power plants

Determination of design basis floods 
for nuclear power plants on river 
sites

Determination of design basis floods 
for nuclear power plants on coastal 
sites

Evaluation of extreme meteorolo
gical events for nuclear power plant 
siting
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No.
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Fire protection in nuclear power Published 1979
plants

Protection systems and related 
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Protection against internally generated 
missiles and their secondary effects 
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Man-induced events in relation to 
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Ultimate heat sink and directly 
associated heat transport systems for 
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Emergency electrical power systems 
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Instrumentation and control of 
nuclear power plants

Design aspects of radiological 
protection for operational states 
of nuclear power plants
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Safety Series Provisional title
No.

Publication date
of English version

Safety Guides (cont.)
50-SG-D10 Fuel handling and storage systems in 
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4. Operation
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Quality assurance in the manufacture 
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Quality assurance auditing for 
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Quality assurance in the design and 
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