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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

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 worjcing 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.

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.
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On the other hand annexes, footnotes, lists o f participants and bibliographies 
are only included to provide information or practical examples {hat 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.

The following publications o f the NUSS programme are referred to in the 
text o f the present Safety Guide:

Safety Series No. 50-SG-S10A Safety Series No. 50-SG-QA 7

The titles are given in the List o f NUSS Programme Titles printed 
at the end o f this Guide, together with information about their publication 
date. Instructions on how to order them will be found on the last page o f  
this Guide.

NOTE

Safety Series No. 50-SG-S1 
Safety Series No. 50-SG-S2 
Safety Series No. 50-SG-S7 
Safety Series No. 50-SG-S9

Safety Series No. 50-SG-S10B 
Safety Series No. 50-C-QA
Safety Series No. 50-SG-QA 1 
Safety Series No. 50-SG-QA 2
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1. INTRODUCTION

The foundation of a nuclear power plant consists of the foundation structures, 
the engineered supporting structures and the underlying soil and rock materials to a 
depth and distance at which the properties can no longer affect the safety of the 
plant.1 The foundation materials can affect safety by transmitting vibratory ground 
motion which exceeds the design limits of the plant structures or by settling or slid
ing in a way that stresses the plant structures beyond design limits. The choice of 
subject shall be given due consideration in the site selection process.

The design bases for nuclear power plants include a requirement that the plant 
and its systems will withstand dynamic loads from a specified ground motion or 
earthquake design level. Additionally, nuclear power plants are generally structures 
that impose heavy loads on foundation and subsurface (soil and rock) materials. 
Consideration of these two factors requires a very detailed analysis and investigation 
of the interaction of the plant structures with the foundation materials. The inter
action effect is studied by the methods of geotechnical engineering, which is a rap
idly evolving discipline. Geotechnical investigations generally consist of field and 
laboratory studies to determine subsurface material parameters or properties and 
analyses to determine the performance of the subsurface materials under the design 
loading conditions.

The design basis earthquake determined by methods described in the Safety 
Guide on Earthquakes and Associated Topics in Relation to Nuclear Power Plant 
Siting (IAEA Safety Series No. 50-SG-S 1) provides the ground motion to the 
nuclear power plant foundation used as input data. The characteristics of the sub
surface materials and the interaction with the plant structures will provide a basis 
for designing the plant to achieve an adequate margin of safety.2 For this reason, 
the site investigation methods and analytical models are chosen to provide conser
vative results. When the site possesses complex, highly variable or uncertain charac
teristics (for example, surface faults, cavities, etc.), more sophisticated and sensitive 
analytical techniques will be required. The methodologies proposed in this Guide 
are generally applicable to all types of subsurface materials.

1.1. General

1 For explanation of the terms, see Fig. 1.
2 ‘Margin of safety’ as used in this Guide is a qualitative term and represents the level of con

servatism used in making allowances for the quantifiable and non-quantifiable factors affecting 
the behaviour of the foundation. ‘Factor of safety’ is defined as the ratio of the resistance of a 
foundation material to the load imposed upon it and is a characteristic of the particular aspect 
being studied and the method used for the evaluation.

1
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Groundwater

Subsurface
materials

W - l

Subsurface materials

Engineered 
supporting structures

Natural soil and rock lying immediately below the surface 
to a depth and distance where the properties can no longer 
affect safety.

Subsurface additions or modifications that provide support 
to the foundation structure. Examples are: artificial supportings 
(e.g., piles), controlled backfill, lean concrete and improved 
subsurface material.

Foundation materials Engineered supporting structures and those portions of the 
subsurface materials that interact with the foundation structure 
or with the engineered supporting structures.

FIG. 1. Descriptive terms.

1.2. Problems to be solved

The problems to be solved are those related to the performance of the sub
surface materials under the design loading conditions. Table I lists the main areas 
to be analysed and the key parameters and factors involved.

The safety analysis must make due allowance for the variations in measured 
properties arising from heterogeneity of subsurface materials.

1.3. Site investigations

The purpose of the site investigation is to produce geological and geotechnical 
information to provide reasonable assurance that subsurface conditions are suffi
ciently well understood to permit engineering solutions of the actual or potential

2
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TABLE I. MAIN AREAS OF GEOTECHNICAL INVESTIGATION

Areas of investigation Key parameters and factors

Bearing capacity Strength (drained and undrained)
Moduli (elastic, oedometric, pressometric) 
Coefficient of subgrade reaction 
Density

Sliding and overturning safety Degree of discontinuity 
Rock quality determination 
Pore water pressures 
Shear strengths 
Shear moduli 
Over-consolidation ratio

Local instabilities Heterogeneity of subsurface materials 
Existing surface faulting or other weaknesses 

in the foundation locality

Settlement, heave and tilting Moduli (elastic, oedometric, pressometric)
Poisson’s ratio
Creep
Consolidation characteristics 
Over-consolidation ratio 
Loading history of soil material 
Behaviour under repeated dynamic deformation 
Degree of discontinuity and presence of 

fractured zone

Potential for liquefaction Grain size distribution 
Relative density 
Pore water pressure 
Dynamic shear strength

Groundwater Chemical and physical characteristics 
Soil permeability
Groundwater levels and their variations

Slope and embankment stability Degree of discontinuity
Angles of internal friction
Shear strength (drained and undrained)
Water content/pore pressure
Weight, density, over-consolidation ratio

Design acceleration level and seismic Stress-time history and/or spectral distribution
response Shear and compression wave velocity variations 

with depth 
Dynamic modulus and Poisson’s ratio 
Damping
Pore water pressure

3
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geological and seismic problems at the site. In the investigation, full use should be 
made of relevant historical records and existing information on local and regional 
geology. The objectives of site investigation can be addressed as appropriate in all 
stages, ranging from the site survey stage to the detailed site qualification stage.
The basic data obtained and the data interpretation vary from stage to stage, macro
data (large structural geological trends, etc.) being obtained in the earlier stages and 
microdata (penetration resistance, etc.) being obtained in the final stage. During 
the investigation, site conditions and geotechnical parameters are evaluated both 
separately and in combination to permit rational decisions to be made about site 
suitability and acceptability and about engineering solutions to be developed for 
unusual and difficult site conditions.

The data collection will continue throughout the construction phase, and may 
be required during the operation of the nuclear power plant, to verify information 
obtained prior to construction and to gather additional data which are available 
only after excavation has begun. In particular, the response of the soil and rock to 
unloading during excavation and to loading after construction can provide valuable 
information about the properties of the foundation.

1.4. Scope

This Guide discusses the geotechnical engineering aspects of the subsurface 
conditions and not the geological aspects except where these directly affect the 
foundation system. It discusses the geotechnical analyses required for the design 
of the nuclear power plant and indicates, in general, the site characteristics or geo
technical parameters that are required for these analyses. The parameters and site 
characteristics then form the subsurface design profile that allows geotechnical 
analyses to be performed in a consistent and compatible manner.

There are many methods of field exploration, in situ testing and laboratory 
testing which allow the establishment of geotechnical parameters. These methods 
are discussed in this Guide together with their application to the siting and design 
phases.

The type of information to be collected and investigation to be performed 
should be based on the analytical methods to be used in the proposed design. A 
brief indication of these methods is therefore included in this Guide.

Some of the topics addressed here are also considered in the Safety Guide on 
Seismic Analysis and Testing of Nuclear Power Plants (IAEA Safety Series No. 
50-SG-S2).

4
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2. DESIGN PROFILES

The interaction of the plant facilities and structures with the subsurface 
materials induces stresses in both structures and the materials.

With respect to subsurface materials (soil and rocks), the main task is to 
establish and maintain a level of stability under static and dynamic loading con
ditions with adequate margins of safety. Any factor of safety evaluated in the 
assessment of safety margins depends strongly on the soil conditions, the method 
of analysis and the model assumptions made and is therefore established on a case 
by case basis. Guidance on the selection of factors of safety will be given below.

The stability assessment is performed by means of standard methods (see 
Section 3) that employ numerical models to represent the physical behaviour of 
the subsurface materials.

Usually the numerical models are described by a number of geometrical and 
mechanical parameters. The geometrical parameters are related to the size and 
shape of the foundation and to the lateral and in-depth extent of the site materials; 
the mechanical parameters are related to the constitutive laws of materials (load- 
deformation-time relationships) and to their strength characteristics.

The resulting set of parameters and data for each model is known as the 
‘design profile’. It can be defined as ‘a geometrical and mechanical model of the 
subsurface materials in which the best estimates and ranges of variation for the 
characteristics of the foundation materials are determined and described in a way 
directly applicable to the subsequent analysis’. In particular, the profile includes:

(1) The geometrical description, such as subsurface stratigraphic descriptions, 
lateral extent, number of layers and layer thickness, depth of the model;

(2) The physical and chemical properties of soil and rock and their values 
used for classification;

(3) Stpess-strain relationships, seismic wave propagation characteristics, con
solidation and permeability parameters, static and dynamic strength pro
perties;

(4) Groundwater table, the design level of the water tables and the maximum 
water level due to the maximum probable flood and other conditions.3

2.1. Introduction

3 The groundwater table level selected for static bearing analysis should be that due to the 
maximum probable flood. However, it would not be appropriate to use this water level for the 
assessment of liquefaction potential because the S2 earthquake and the maximum probable flood 
are not assumed to occur at the same time (see the Safety Guides on Nuclear Power Plant Siting: 
Hydrogeologic Aspects, on Design Basis Flood for Nuclear Power Plants on River Sites and on 
Design Basis Flood for Nuclear Power Plants on Coastal Sites (IAEA Safety Series Nos 50-SG-S7, 
50-SG-S10A and 50-SG-S10B)).

5
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As a result of the programme of exploratory in situ and laboratory testing (see 
Section 4) which is performed to obtain the relevant subsurface material properties 
and to aid in the definition of the subsurface model, many values of the geotechni- 
cal parameters are obtained. At this point, with allowance for the information 
available, a selection is made of an appropriate set of representative parameters 
and the information most suitable for use in the models for geotechnical analyses.
In these analyses, it is necessary to adopt appropriate ranges of values of the para
meters and other relevant characteristics.

Even though conceptually the design profile is unique for a particular site, 
various related design profiles for different sets of parameters may have to be 
adopted to allow for different hypotheses in the analysis. These sets of parameters 
will be identified below.

Design profiles for the assessment of:

— stresses in the foundation materials, including slopes and embankments
— liquefaction potential
— foundation stability
— settlements and heaves
— site specific response spectrum

are presented in Sections 2.2, 2.3, 2.4, 2.5 and 2.6, respectively.

2.2 Stresses in the foundation materials

It is necessary to define the stress field that affects the subsurface materials or 
slope and embankment as a result of the initial and superimposed stress conditions 
arising from static and dynamic loads.

Under dynamic loading conditions, the soil-structure interaction models (see 
also IAEA Safety Series No. 50-SG-S2) may be used for computing the seismic 
forces in the structures and different models may be required to assess the stresses 
(including lateral earth pressures) in the foundation materials.

2.2.1. Stresses under free field conditions

2.2.1.1. Static loads

The initial stress conditions due to gravity forces are described by the distri
bution of stresses in the earth masses, generally on the assumption of a linear elastic 
medium and with boundary conditions that approximate to those of the actual con
ditions. Of particular interest are the laboratory testing data and geological infor
mation regarding the over-consolidation ratio of the subsurface materials. This can 
be related to past geological history (erosion of materials, dessication, etc.).

Parameters of the design profile used in the computation of the initial stress 
conditions include: total unit weight, over-consolidation ratio, coefficient of earth

6

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



pressure at rest, elastic moduli, strength, Poisson’s ratio and the variations of these 
with depth, together with the design groundwater level.

2.2.1.2. Seismic loads

Seismic loads are the most important of the dynamic loads. They will be the 
only ones discussed here.

The seismic stresses induced in the subsurface materials by the site reference 
ground motion (see also IAEA Safety Series No. 50-SG-S 1) shall be evaluated under 
free field conditions. They are used, for example, for liquefaction potential assess
ment, for slope stability evaluation under dynamic loading conditions and for site 
response analysis.

The design profile parameters used to compute induced seismic stresses under 
free field conditions include:

-  The representative body wave (compression and shear) velocity profiles with 
the range of variation determined by in situ measurement techniques.

— The depth to the lower boundary of the layered region of the model beyond 
which a homogeneous viscoelastic half-space may be assumed.4

— The number and thicknesses of layers above the viscoelastic half-space. Layer
ing is established in such a way that any layer has uniform characteristics, 
i.e. the same soil type and shear wave velocity.

— The rate of energy dissipation.
-  The shear modulus and damping versus shear strain relationships used to 

approximate the non-linear effects by means of the equivalent linear or non
linear methods. These properties vary with depth for the different materials.

-  The initial conditions of the subsurface. These are generally defined by the 
representative relative density for sands and gravel (normalized standard pene
tration test, NSPT, values), by the representative unconsolidated shear strength 
for clay and by the representative shear modulus for rock. Values are required 
for each layer including the half-space; such representative properties should 
be chosen with caution, particularly if wide variations in the values are present.

— The appropriate groundwater level for use with the reference ground motion 
in the analysis.

-  The total unit weight of the materials for each layer.

Once parameters of the design profile have been selected, the seismic stresses 
can be computed. This design profile may be used to define the seismic response 
(transfer function) of the site and the site specific response spectra as described in 
Section 2.6 of this Guide and in IAEA Safety Series No. 50-SG-S 1.

4 This depth is generally located within the subsurface profile where the measured shear 
wave velocity is greater than about 700 m/s (see IAEA Safety Series No. S0-SG-S1). An alter
native approach is to perform parametric studies to evaluate the sensitivity of the model to 
changes in depth in order to select the depth to be used in seismic analysis.
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The main features of the analysis methods together with guidelines on anal
ysis performance are given in Section 3.

2.2.2. Stresses from the soil-structure interaction analysis
2.2.2.1. Static loads

From the static soil-structure interaction analysis the contact pressure distri
bution beneath the foundations and the stresses induced in the subsurface materials 
are derived. To compute the contact pressure distribution, the soil can be modelled 
by finite element techniques or by representing it by means of a series of springs 
whose stiffness corresponds to the coefficient of subgrade reaction.

For the two extreme conditions of infinitely stiff and infinitely flexible foun
dations (case of distributed load on soil), solutions are available from the literature 
[1—3], For intermediate conditions, which generally occur in reality, numerical 
solutions using computer codes are usually required [4], Consideration should be 
given to the condition where the stiffness of the structures changes as the construc
tion proceeds. Additionally, it should be noted that if the subsurface materials are 
soil, gravel and soft rock, these exhibit non-linear behaviour when subjected to 
unloading and reloading during excavation, dewatering and backfilling.

Analyses can become complex for certain types of foundation and stress- 
strain relationships in the subsurface materials. As discussed below, the most 
widely used foundations for nuclear power plants are the mat type. To evaluate 
the coefficient of subgrade reaction or the pressure distribution on the foundation, 
the foundation mat design should be analysed for relevant types of structural stiff
ness behaviour, i.e. the infinitely rigid foundation, the flexible foundation or the 
actual structural stiffness, with a lumped (spring constant or coefficient of sub
grade reaction) or continuum (finite element) representation of the soil.

In addition to the elastic and geometric parameters of the structures, the 
following parameters of the subsurface materials are required for the design pro
file in order to compute the foundation contact pressure:

— Elastic moduli and Poisson’s ratio of the soil and their variation with depth
and with strain level;

— Coefficient of subgrade reaction;
— Unit weight of the subsurface materials.

Additionally, a knowledge of the str.ess history of the subsurface materials is 
required to predict settlements and heaves and the possibility of gross foundation 
(shear) failure. If the subsurface materials are soils, gravel or soft rock, computa
tion of heave, settlement and bearing capacity requires a knowledge of the loading 
history of the soils as a consequence of dewatering, excavation, building construc
tion and backfilling. Computer codes are available which carry out the computa
tions and allow for the non-linear behaviour of the soil [4], Settlement assessments

8

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



will be treated in more detail in Sections 2.5 and 3.3, where a general approach to 
the problem is given.

For computing the stress history in the subsurface materials, at least the 
following are required:

— Load-unload history due to operations such as dewatering, excavation, back
filling and building construction;

— Parameters required for the establishment and application of the constitutive 
law applicable to the subsurface materials and their variation with depth;

— Geometry of the spaces disturbed by excavation, dewatering and backfilling;
— Dimensions and geometry of the foundation mats of the buildings.

2.2.2.2. Seismic loads

Stresses induced in the subsurface materials by the vibration of the structures 
subjected to the reference ground motion are computed by dynamic soil-structure 
interaction methods (see Section 3). The response is also determined at the base of 
the structure and at floor elevations.

Depending on the analytical technique used, stresses can be represented by 
stress-time histories at various points in the subsurface materials or as a maximum 
base shear, overturning moment and vertical force at the foundation level.

In either case, a model of the subsurface materials shall be developed. The sub
surface materials are customarily modelled by either the direct approach or the 
substructure approach (see also IAEA Safety Series No. 50-SG-S2). With the direct 
approach, both the structure and the soil are modelled by finite elements. (Bound
ary conditions are treated by the use of boundary elements.) Plane strain, equiva
lent (pseudo) three dimensional and true three dimensional computer codes are 
available. In the substructure approach, the soil is modelled by impedance func
tions which describe the behaviour of the soil with respect to stiffness and energy 
dissipation and are complex functions of frequency. The available literature is 
extensive and exhaustive [5].

The parameters required to describe the design profile for the dynamic soil- 
structure interaction analyses are listed below. They are basically those previously 
outlined in Section 2.2.1.2.

(1) Representative body wave (compression and shear) velocity profiles with 
a range of variation determined by in situ measurement techniques.

(2) Number and thicknesses of layers above the viscoelastic half-space. 
Layering is selected in such a way that each layer has uniform character
istics, i.e. the same soil type and shear wave velocity. For the direct 
approach and for calculation purposes, the number of layers may be 
related to the geometry of the finite elements of the model.

(3) The initial conditions of the subsurface materials represented by the 
appropriate shear wave velocity (or shear modulus) at small strain and by
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Poisson’s ratio. These values are determined for each layer and for any 
finite element of the model.

(4) The water level to be used when performing an analysis using the refer
ence ground motion.

(5) The total unit weight of the materials for each layer.
(6) The depth of the embedment into the subsurface.
(7) The dimensions and geometry of the foundation.
(8) An assumed stiffness of the foundation mat (generally it is assumed to be 

rigid).
(9) The appropriate mass and stiffness distribution of the superstructures.

Since the numerical models generally represent the subsurface materials as a 
layered system, particular care should be given to the applicability of various com
puter codes to the actual site conditions [6], Complex subsurface features require 
careful case by case analysis. Practical considerations require that bottom and 
lateral boundary conditions imposed at the edges of the domain represented by the 
model simulate the boundary transmission of the seismic waves and the interaction 
with the neighbouring material.

When using the direct approach, most computer codes assume the bottom 
boundary to be rigid, thus neglecting the effect of vertical energy dissipation below 
the boundary. This assumption is reasonable if there is a soil deposit overlying a 
stiff material exhibiting abrupt changes in elastic properties and the bottom bound
ary is assumed to be at the interface between the two materials. In some cases the 
boundary element approach may be used instead of the above assumption.

In a deep soil or rock deposit with a shear wave velocity variation that 
increases smoothly with depth, the bottom boundary can be located at a depth 
where a viscoelastic half-space can be assumed. A minimum depth of two founda
tion diameters is normally considered appropriate for the bottom boundary loca
tion [5], Calculations using simplified models should be performed to ensure that 
the fundamental frequency of the soil-structure system is sufficiently separated 
from the computed ‘natural’ frequency of the soil deposit when this assumed 
boundary condition is used. Lateral boundaries can be located close to the structure 
if transmitting boundaries [7] or viscous boundary and boundary elements are used,' 
otherwise they should be placed at no less than five foundation mat radii from the 
edge of the foundation.

(10) The highest frequency fmax.
(11) The mesh size of the finite elements. This shall be kept smaller than 

about one-sixth to one-eighth of the smallest wavelength (Asmajjest
=  Vs/fmax, where Vs is the shear wave velocity and X is the wavelength).
A finite element mesh size that is sufficiently small to reproduce the 
dynamic response of a structure is usually too large for accurate deter
mination of the stress or strain in the soil. Therefore, where soil stabil
ity is to be analysed it may be necessary to reduce the size of the mesh.
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(12) Non-linear soil behaviour. This is accounted for by making use of linear
ization techniques [8] or by non-linear analysis in the time domain, using 
an appropriate set of constitutive equations for the soil [9). A widely 
used linearization technique is the equivalent linear method. In deep pro
files with high levels of high frequency excitation, the equivalent linear
ization method may overestimate the response and should be used with 
caution [6]. The use of refined constitutive laws has the disadvantage of 
requiring a large number of site parameters and the technique has not 
received extensive practical development. The design parameters required 
by the equivalent linear method are the shear modulus and damping 
versus shear strain relationships for each of the subsurface layers.

2.3. liquefaction potential

The problem of liquefaction potential assessment has been considered in IAEA 
Safety Series Nos 50-SG-S1 and 50-SG-S2, where the nature of the problem, the 
data required for analysis, the investigations necessary and the method of analysis 
are given.

For soils susceptible to liquefaction, the design profile information needed to 
evaluate liquefaction potential is as follows:

(1) Groundwater regime. Data from piezometers installed at the site shall be 
used to establish an appropriate water level for use in liquefaction ana
lysis. The groundwater regime reflects the seasonal variations of the 
water level. Appropriate conservative values may be assumed for the ana
lysis, supported by such data as are or become available. Data from 
inspection wells may be used to establish the permeability/conductivity 
parameters.

(2) Grain size distribution. Grain size distribution results from laboratory 
testing of site samples shall be analysed. This will indicate the degree of 
uniformity of the subsurface materials at the site. Variations in the grain 
size distribution can be evaluated by plotting distributions from each 
layer on the same graph. The objective of determining the grain size 
distribution is to define the bounds of the grain size over the site.

(3) Standard penetration tests (SPT) [70]. The results from SPT penetration 
resistance tests at different locations shall be plotted as functions of depth, 
preferably on the same graph. This permits visualization of the variation 
of density with depth and lateral extent. The objective of this activity
is to define values and variations of penetration resistance for each layer.

(4) Static (cone) penetration tests (CPT). Data shall be processed in the same 
way as those for the dynamic SPT.
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(5) Relative density. The in situ relative density of the subsurface materials 
shall be assessed because it affects the cyclic strength.5 For sands which 
are difficult to sample, the in situ relative density can also be determined 
by using undisturbed samples taken by the freezing technique [12, 13]. 
Plots shall be prepared showing the in depth and lateral variations of 
relative density determined from a set of undisturbed samples.

As a result of the collection and analysis of the data as recommended above, 
values of the following design profile parameters needed for liquefaction analysis 
shall be specified:

— The thickness and the variation of the subsurface layers;
— The average relative density and its variation for each layer;6
— The lateral extent of each layer;
— The water level to be associated with the reference ground motion for lique

faction analyses.

(6) Cyclic shear strength o f  the materials. The cyclic shear strengths of the 
subsurface materials are obtained by dynamic laboratory testing of undis
turbed or remolded samples. Examples of techniques used include cyclic 
triaxial tests, cyclic simple shear tests and cyclic torsion shear tests (see 
Appendix C) [14, 15].

Undisturbed samples are generally consolidated to the in situ stress conditions 
and then are tested to failure under a predetermined level of uniform cyclic shear 
stress. The number of cycles required to attain specified failure conditions (e.g. 
initial liquefaction, percentage of axial strain, etc.) are then recorded. The level of 
shear stress is varied and other samples are tested. In this test, the quality of the 
undisturbed samples may have significant effects on the liquefaction potential. Care 
should be taken to avoid shock and vibration in sampling, transportation, trimming 
and preloading history.

An experimental curve which shows the relationship between cyclic stresses 
and number of uniform cycles required to cause failure is then prepared.

The same type of experimental curve can be obtained for remolded samples 
having various relative densities and consolidation pressures.

Correction factors are applied to the cyclic strength values measured by the 
laboratory tests to allow for the approximation to actual field conditions [16, 17].

To evaluate the liquefaction potential of the subsurface materials, the follow
ing must be established or determined:

5 The in situ relative density can be evaluated by the correlations given by Gibbs and 
Holtz [11] and others.

6 The average properties should be chosen with caution, particularly if wide variations in 
the values are apparent.
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— Correction factors to account for deviation of the laboratory conditions from 
the actual field conditions;

— The number of equivalent uniform cycles considered representative of the 
reference ground motion at the site;

— Failure criteria.

These will be discussed in Section 3 in relation to methods of analysis. In 
addition to the determination of the parameters of the design profile for liquefac
tion analysis and the characterization of the cyclic strength of the subsurface mate
rials by laboratory testing, it is extremely important to collect and carefully study 
data on liquefaction which has occurred at the site or in the site vicinity in the past. 
A detailed investigation programme and a specific liquefaction analysis at locations 
where it has occurred shall be performed.

2.4. Foundation stability

The assessment of foundation stability includes consideration of bearing 
capacity, overturning and sliding.

2.4.1. Bearing capacity
The bearing capacity of the foundation has been considered from the general 

point of view in IAEA Safety Series No. 50-SG-S2 (Section 3.2.3.4). The aspects 
and items of the design profile used to perform the bearing capacity assessment are 
identified below.

Usually, the potential for bearing capacity failure of the subsurface materials 
for a nuclear power plant under static loading is low and therefore high margins of 
safety generally exist under static loading. It may be noted that a bearing capacity 
which is conservatively derived using static loading is generally sufficient to meet 
seismic loading conditions. However, if the margin of safety is not adequate, for 
example if there is a liquefaction potential, site improvement will be required (see 
Section 2.7 and Appendix D).

2.4.2. Overturning
Under certain combinations of reference ground motion, groundwater leveL 

and geometrical configuration of the building, conventional procedures [18] may 
show that the eccentricity of the foundation resultant force may be great enough 
to cause potential uplift. This does not mean that the foundation under the refer
ence ground motion would necessarily uplift but rather that conventional proce
dures to compute bearing capacity may not be applicable under these circumstances 
and that more sophisticated methods and techniques are required [19].
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2.4.3. Sliding

Sliding of the foundation structure or failure of slope and embankments should 
be carefully investigated on the basis of the existing surface faults, weathered zone, 
fractured zone, clay zone, etc. The sliding safety evaluation of the nuclear power 
plant foundation should include an assessment not only of the balance of forces 
between the resistance and the design load but also comparison of displacement 
during and after design earthquake vibratory ground motion with the acceptable 
value.

2.4.4. Aspects and items to be investigated

To assess the stability of the subsurface materials, the following shall be deter
mined:

— Geometry of the foundation structure.
— Depth of foundation structures below'surface finished grade.
— Static loads.
— Eccentricity of static loads.
— Water level at the site due to probable maximum flood.
— Water and groundwater level for use in seismic analyses.
— Maximum base shear, maximum overturning moment, maximum vertical load 

due to the reference ground motion considering input along the three principal 
directions of the motion.

— Strength parameters for the subsurface materials, cohesion values, angle of 
internal friction, joint roughness for rock including total, effective and residual 
values. Pertinent results from laboratory testing shall be evaluated and average 
values of strength parameters shall be defined together with their variations.

— Soil or rock profile for the foundation material determined from the lateral 
and depth variation of the strength parameters; a clear definition of the 
strength characteristics to be used in the analyses shall be given.

Section 3 presents the details of stability analysis.

2.5. Settlements and heaves

An assessment of settlement under static loads is important. Differential settle
ments or heaves between the buildings of a nuclear power plant are important 
because of the presence of pipes, conduits and tunnels that provide connections 
between the facilities. Settlements or heaves are also important in connection with 
foundation deformation which could lead to overstressing of buildings and inter
ference with the operation of machinery such as pumps and turbines.
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Elastic settlement and heaves may occur during construction and during the 
operational life of the plant, but they are not usually of safety significance.

Time dependent settlements occurring during the operational life of the plant 
are of concern and their effects on the overall safety shall be considered.

Time dependent settlements may be computed by the classical theory of con
solidation [20] and other sophisticated non-linear analyses. A number of numerical 
techniques can be found in [4].

The following steps are necessary to evaluate time dependent settlement:

— The anticipated loading history of the subsurface materials shall be specified 
(excavation sequence, dewatering process, backfilling, construction process);

— The following parameters shall be considered: the coefficients of consolida
tion, initial modulus, tangent modulus, Poisson’s ratio and other parameters 
which define a particular constitutive law;

— The related data necessary for numerical modelling resulting from laboratory 
testing and in situ testing shall be collected and evaluated to determine appro
priate values and their variation for the defined layers of the subsurface mate
rial;

— These values shall be determined for the entire profile of interest.

IAEA Safety Series No. 50-SG-S2 presents information related to settlements 
under seismic loading conditions. Techniques have not so far progressed enough to 
allow reliable prediction of settlement under dynamic conditions. Generally, this 
is because of difficulties in modelling the real stress-strain behaviour of the subsur
face materials with the available constitutive laws. Therefore, judgement is exercised 
in estimating settlements of structures as a result of seismic loads.

Section 3 discusses the details of various settlement analysis methods.

2.6. Site specific response spectrum

As outlined in IAEA Safety Series No. 50-SG-S 1, standard response spectra are 
not always applicable to a site and spectral shapes appropriate to the site are 
required. Therefore, a site specific response spectrum is developed. The two cases 
where the standard response spectral shapes may not be appropriate are when the 
site is near the seismic source or when ‘soft’ site conditions are present.

Whenever possible, response spectra should be developed from strong motion 
time histories recorded at the site. However, in the majority of cases, such records 
are not available at the site and cannot be obtained in a reasonable time. Therefore 
response spectra developed from strong motion data obtained from sites having 
similar seismic, goelogical and subsurface characteristics are used. In this case, it is 
important to define the site conditions by those parameters which are most related 
to site response [21].
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If the site is far enough from the seismic source such that Kanai’s assumption 
of vertically propagating waves is applicable [22], the parameters of the design pro
file relevant to site response are:

— the thickness of the site subsurface materials;
— the body wave velocity profile.

The design profile parameters required for developing the site specific response 
spectrum are:

— The body wave (shear and compression waves) velocity profile obtained from 
in situ measurements such as crosshole, uphole and/or downhole techniques 
(see Appendix B). Representative values of wave velocities and their range of 
variation determined as function of depth and lateral extent.

— Any abrupt changes in wave velocities (elastic properties) and also the depth 
to the base of the model where a viscoelastic half-space can be assumed.

— The rate of increase of wave velocities with depth for those deep soil deposits 
in which wave velocities increase smoothly with depth.7 The thickness of the 
site soil profile can generally be determined by sensitivity analysis provided 
that the fundamental frequency of the deposit is less than the anticipated 
fundamental frequency of the soil-structure system.

When the site is in the near field of a seismic source the design profile para
meters should be carefully determined in order that the frequency content of the 
input motion generated by the earthquake mechanism may be properly taken into 
account.

2.7. Improvement of foundation material

Any improvement in foundation material as outlined in Section 5 shall be 
incorporated into the design profiles used in the assessments described in this 
section.

Appendix D presents and discusses the techniques currently used to improve 
foundation materials.

Since the subsurface materials must support the structures with adequate 
margins of safety under static and dynamic loading conditions, the subsurface 
materials are considered as being safety related.

When improvement of the subsurface materials is required, specifications shall 
be prepared using the following main steps:

— Values of the subsurface material parameters are obtained so as to evaluate the 
stability of the subsurface materials;

7 Generally crosshole and downhole measurement techniques are limited to a practical 
depth of 100 to 200 m.
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— The particular technology by which the subsurface improvements are to be 
made is then selected (overexcavation and compacted backfill, dental work, 
vibroflotation, permanent dewatering, etc.);

— A prototype testing programme is performed to check experimentally the capa
bility of the proposed methods to improve the subsurface conditions;

— Once the proposed technology has been verified, the specifications for field 
operations are prepared;

— An appropriate quality assurance programme shall be used as described in 
Section 7 for both the prototype testing and the actual improvement activities.

3. METHODS OF ANALYSIS:
DISCUSSION OF RELEVANT ASPECTS

3.1. Introduction

Once the subsurface parameters have been determined from in situ and labora
tory tests the stability of the subsurface materials under static and dynamic loading 
conditions shall be assessed. In Section 2 the parameters required for geotechnical 
analyses and verification were identified. In this section methods of analysis will 
not be described but will be identified by reference to the available literature. A 
discussion of the relevant aspects of the analyses will be given.

3.2. Methods for stability analysis

Classical procedures of soil mechanics are customarily used to compute the 
ultimate load bearing capacity of the subsurface materials. The analysis of elastic- 
plastic equilibrium can be done for the plane strain and the axially symmetric cases. 
The foremost difficulty is the selection of a mathematical model of soil behaviour 
or its constitutive (stress-strain-time) relationship.

The available solutions are generally limited to those developed for the rigid- 
plastic solid of the classical theory of plasticity. This solid is assumed to exhibit 
no deformation prior to shear failure and a plastic flow at constant stress after fail
ure. The analysis is carried out under the following conditions:

— The maximum dynamic seismic forces are applied statically and the problem 
is solved pseudostatically;

— A constant and uniform contact pressure between soil and foundation is 
assumed [23];

— The water level is assumed to be equal to the maximum water level due to the 
maximum probable flood for static loading;
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— The groundwater level is assumed to be equal to the design groundwater level 
for determination of the bearing capacity under dynamic loading;

— Calculations along the three orthogonal axes are made to allow for the fact 
that the maximum values of the accelerations along the three components do 
not occur at the same time.8

The above conditions are generally considered to be sufficient but not neces
sary. Hence if under a conservative assumption a required factor of safety is 
achieved no further analysis is generally required. It should be noted that acceptable 
factors of safety depend on the method of analysis and other considerations. If the 
calculated factor of safety is low, additional analysis may be required.9

Where fractured rock is present as foundation material, a local safety factor 
may be required. The local safety factor is defined as the ratio of the strength to the 
working stress at each point where there might be yielding or local sliding along the 
existing fracture zones and weathered zones beneath the foundation. This factor 
indicates the extent of the yielding zones or progressive failure of the material sub
jected to the design load [24], This factor is useful in determining the position and 
extent of the improvement that may be required in foundation materials and in 
choosing an appropriate improvement technique. However, the macroscopic stabil
ity should be judged on the factors of safety for bearing capacity and sliding.

3.3. Settlements and heaves

In the analysis of settlements and heaves, the following points should be con
sidered:

— The design of the foundations for buildings, interconnecting structures 
between adjacent buildings and foundations for machinery require that a pre
liminary conservative assessment of differential and total settlement be per
formed. This may be done by classical methods using the parameters defined 
in Section 2.5.

— The level and extent of instrumentation for settlement and groundwater 
measurements shall be appropriately related to the soil characteristics (see 
Section 6).

— From settlement and heave measurements taken during excavation, dewater
ing, backfilling and construction, the displacement versus load relationships 
can be developed and assessed.

8 The resultant force along a chosen direction is taken as the square root of the sum of the 
squares of the forces along the chosen direction due to the excitation acting along that direction 
together with the forces along the same direction due to excitations along the other two directions.

9 In some Member States a factor of safety greater than or equal to 2 is generally required 
for dynamic loading and greater than or equal to 3 for static loading conditions. Also, in some 
Member States, for specific cases, lower safety factors may be accepted following more refined 
analysis.
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— The numerical models used to predict settlements and heaves should be cor
rected by comparison of their predictions with the actual behaviour so that 
any necessary adjustment can be introduced into the design.

— It is advisable to delay construction of connections between buildings or 
structures subjected to differential movement until the predicted settlement 
behaviour is verified by measurements.

— In cases where safety related piping is required, flexible connections may have 
to be used to reduce stressing resulting from differential movement.

— In some circumstances, measurements and numerical computation of move
ments are specified as operational requirements of a nuclear power plant.
Hence a well-defined measurement programme for upgrading the design profile 
and improving the reliability of the numerical models is essential.

3.4. Pseudostatic methods for seismic stresses

The cyclic seismic forces generated in the foundation material by the propaga
tion of seismic waves and by the soil-structure interaction are converted to static 
equivalent forces by the so-called pseudostatic methods. These methods can be 
applied to the analysis of shearing, uplifting and overturning (see IAEA Safety 
Series No. 50-SG-S2, Appendix 2) and to the computation of lateral loads on sub
surface and retaining walls.

There are two distinct approaches:

The seismic forces are computed by dynamic methods (time history analysis). 
An equivalent static force is then evaluated and combined with pre-existing 
static forces (see Section 3.2).

— The pseudostatic loads for structures may be based on conventional building 
codes but with increased safety margins based on generic case studies of dyna
mic soil-structure interaction analyses to take account of the importance of 
these structures. The applicability of this approach to any specific site must 
be demonstrated by means of an appropriate investigation of the subsurface 
(see IAEA Safety Series No. 50-SG-S2).

3.5. Computation of site response under free field conditions

Only the relevant aspects of the methods to compute the dynamic site response 
under free field conditions will be considered here. Once the design profile is deter
mined (see Section 2.2.1.2) the following items shall be chosen:

— The ground motion (usually called the ‘control motion’);
— The point of application of the ground motion (usually called the ‘control 

point’).

The choice of both the control motion and the control point can have a significant 
effect on the analytical results [5],
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The choice of control motion depends on the use to be made of the results:

— If the subsurface material stresses are to be used to assess liquefaction poten
tial or slope stability, the control motion shall be a time history representa
tion of the reference earthquake for the site.

— If site response studies are to be performed, the control motion should be 
chosen with allowance for earthquake intensity, earthquake magnitude, epi- 
central distance, maximum acceleration, duration, frequency content and 
other parameters.

The control point should ideally be located at the ground surface (free field) or at 
an assumed rock outcrop unless it has been already established at a specific point.
A surface position is practical because most of the database on strong motion earth
quakes has been recorded at surface stations and because the frequency content of 
motion at depth is strongly influenced by reflections at the surface. A sufficiently 
conservative approach is to locate the control point at the foundation level.

It is important in this connection to erpphasize that site response determina
tions are generally composed of two parts:

(1) Computing of the transfer function for the design soil profile: the trans
fer function relates the level of strain induced by the control motion and 
the parameters described in Section 2.2.1.2.

(2) Selecting the control motion and the control point: this implies deter
mining the frequency and energy content of the control motion. Only 
those frequencies propagating with sufficient energy will appear in the 
computed surface ground motions even if the transfer function for the 
soil profile shows a large amplification factor at different frequencies.

The possible wave patterns include vertical or inclined plane body waves and 
horizontally propagating surface waves. The methods for computing seismic stresses 
are generally based on the following model:

— A viscoelastic soil system overlying a viscoelastic half-space;
— A horizontally layered system [22];
— Materials that dissipate energy by viscous damping;
— Vertically propagating body waves (shear and compression waves) [22];
— Non-linear effects approximated by equivalent linear methods [25].

The complex response method used in the computer program SHAKE [26] 
is widely employed for site response analysis. Other numerical techniques are also 
available [4].

3.6. Soil-structure interaction

Soil-structure interaction analyses have been developed for investigating parti
cular dynamic problems during earthquakes such as:
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— Viscoelastic motion of the structure on the soft foundation material
— Dynamic effect of buried structure
— Dynamic pressure on the buried structure
— Attenuation of motion by the structure
— Dynamic effects of dynamic uplift of the foundation.

The general results of a dynamic soil-structure interaction analysis (Section 
2.2.2.2) are:

— the stresses imposed in the foundation material
— the stresses imposed in the structural elements, systems and components.

Once the parameters needed to establish the design profile for dynamic soil- 
structure interaction have been determined and the control motion and control 
point established (Section 2.2.2.2), consideration should be given, usually on a case 
by case basis, to the following:

— Methods to be used for the dynamic analysis (such as a mode superposition 
method or a direct integration method);

— Approach to be used for the dynamic soil-structure interaction analysis 
(direct or substructure method);

— Allowance for the effect on the above analyses of uncertainties in the founda
tion material design profile parameters;

— Approach to be used to take account of the many contributions to damping 
(viscosity, hysteresis, heterogeneity, soil-structure interaction).

The following methodology is considered conservative for computing stresses 
in the foundation and structural elements, systems and components:

— One artificial time history (design time history) whose response spectrum 
envelopes the design response spectrum at predetermined damping values
is developed.10 This design time history is representative of surface free field 
ground motion.

— The design dynamic method (mode superposition method (see IAEA Safety 
Series No. 50-SG-S2)) is verified for particular cases by the direct integration 
method.

— The substructure method with constant springs and dashpots accounting for 
layering and embedment, and soil non-linearity represented by the linear 
equivalent method, corrected for frequency if necessary, is considered appro
priate to model the dynamic soil-structure interaction.

10 A match at the 5% damping value is normally sufficient. An acceptable requirement is 
that no more than five points of the spectrum obtained from the design time history should fall 
below the design spectrum and none of these more than 10% below the design response spectrum 
Examples of suggested frequency intervals for the calculation of response spectra and criteria for 
response spectrum matching are given in Refs [26, 27],
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— The design time history is applied directly to the supports of the springs and 
dashpots.

— Acceleration response spectra, time histories, shears, moments and vertical 
loads are computed at the foundation level.

— Analyses by the direct method are also performed as verification by applying 
the design time history at the free field surface and computing the accelerations 
and response spectra at foundation level and the stresses induced in the subsur
face materials.

The direct integration method is consistent with the successive non-linear 
dynamic analysis based on the institutional equations of the subsurface materials [28], 

For both methods (direct and substructure) the following shall be determined: 
best estimate value (average shear wave velocity profile) for the elastic moduli and 
lower and upper bounds as defined in the design profile.

If the results from the direct and substructure methods are in agreement then 
the substructure method may be used and is usually preferred. However, if there 
are significant differences in the results of the two methods, the one giving the more 
conservative results should be applied. In reaching a decision full consideration 
should be given to subsurface features.

3.7. Methods for liquefaction analysis

Appendix E of IAEA Safety Series No. 50-SG-S2 summarizes two methods 
of evaluating liquefaction potential:

— An empirical approach, which is based on actual performance during past earth
quakes and characterized by standard penetration test data [29, 30].

— An analytical approach which comprises the following steps:
— Calculation of the stresses induced by the design earthquake (see Sections

2.2.1.2 and 3.2);
— Establishment of the cyclic strength characteristics of the foundation mate

rial in each layer;
— Comparison of cyclic strength data with the computed stresses induced by 

the reference ground motion.

In practice, liquefaction potential is assessed as follows:

— The reference ground motion is transformed into a number of equivalent uni
form cycles. It should be noted that the most severe earthquake used for anal
ysis of structures, systems and components may not necessarily be the most 
severe used for considering the liquefaction of foundation materials. A distant 
seismic event with long duration may produce a large number of significant 
cycles with low acceleration at the site and these may be critical for liquefac
tion.
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— The failure criterion is defined taking into account a number of factors which 
may include relative density, number of cycles of stress, confining stresses, 
failure mode of the surrounding structure, heterogeneity of soil, etc.

— Correction factors to convert laboratory results to field conditions are deter
mined [29].

Safety factors are determined from a comparison of the above results with:

— The results from the empirical approach;
— The lower bound solution obtained by applying the analytical approach.

It is generally possible to compute a lower bound solution by the analytical 
approach using conservative assumptions for the design profile parameters. For 
loose sands, slight variations in the seismic stresses may bring the soil into an 
unstable condition with possible large deformations, while in medium to dense 
sands a large variation in seismic stresses is required to initiate liquefaction.

Acceptable factors of safety cannot be specified a priori but they shall be 
specified on a case by case basis using the results derived as above. They also have 
to be selected in such a way that the pore pressure increase does not impair the 
foundation performance.

4. PROGRAMME OF INVESTIGATION

4.1. Introduction

Investigation of the subsurface conditions at a nuclear power plant site is 
important in all stages of the siting process. The purpose of the investigation is to 
provide information or basic data to allow rational decisions to be made about the 
nature and suitability of the subsurface materials. It is important for site evalua
tion that the investigation be conducted to provide the basic data required for 
detailed characterization of the subsurface, including geological mapping and anal
yses of in situ or altered conditions.

Detailed subsurface investigations are performed during the later stages of the 
siting process. The specific requirements vary greatly from stage to stage. The main 
stages are:

— Site survey. Here, one or more preferred candidate sites are selected after 
study and investigation of a large region, rejection of unacceptable sites and 
screening and comparison of the remaining ones. This stage of the siting 
process is discussed in detail in the Safety Guide on Site Survey for Nuclear 
Power Plants (IAEA Safety Series No. 50-SG-S9).
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— Site evaluation. For the purposes of the present Guide, this stage is further 
subdivided into:
— Preliminary site feasibility — in which preliminary feasibility of a selected 

site is established;
— Site verification — in which the suitability of the site to support a nuclear 

power plant is verified;
— Site qualification — in which the characteristics of the site needed for anal

ysis and detailed design are determined;
— Pre-operational stage. Studies and investigations begun in the previous stages 

are continued after the start of construction and before the start of the opera
tion of the plant to complete and refine the assessment of site characteristics.

The programmes of investigation during the above three stages differ greatly 
because the basic data requirements vary. Generally the basic data will provide 
geological and engineering information for use in safety evaluations or analyses. 
These data can be classified as:

— Geological information (stratigraphical and structural);
— Description of extent and nature of subsurface materials;
— Soil and rock characterization (properties);
— Groundwater information (regime, location and characteristics of the hydro

logical units).

The results of the investigations defined in this section shall be properly docu
mented.

4.2. Methods of investigation

Sources of data are:

— current and historical documents
— indirect exploration
— direct exploration
— laboratory tests.

4.2.1. Current and historical documents
The investigation requires an understanding of the general geology of the 

area of interest. This can be obtained by field reconnaissance and a review of avail
able current and historical documents, such as:

— topographic maps
— geological and engineering geological maps
— soil maps
— geological reports and other geological literature
— geophysical maps
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— geotechnical reports and other geotechnical literature
— earth satellite imagery; aerial photographs
— water well reports and water supply reports
— oil and gas well records
— hydrogeologic maps, hydrologic and tidal data, flood records, climate and

rainfall records
— mining history, old mine plans and subsidence records
— seismic data and historical earthquake records
— newspaper accounts of landslides, floods, earthquakes, subsidence and other

geological events of significance
— records of performance of structures in the vicinity.

Other possible sources of information are individuals, geology and engineer
ing departments of colleges and universities, government geological surveys and 
other engineering authorities.

4.2.2. Indirect exploration
The indirect exploration methods, usually geophysical methods, are those in 

which properties, data or information are inferred or calculated from indirect tests. 
These methods generally cover large areas and provide geological and related geo
technical information needed for developing site characteristics. The results supple
ment those obtained by direct exploration. Details are provided in Appendix B, 
Section B.4.

4.2.3. Direct exploration
Direct exploration methods are those where data or information are obtained 

from samples, from direct observations, or from in situ tests. Generally, they 
require drilling with or without extraction of a core, or the excavation of a trench 
for observation and testing. Appendix A describes site investigation programmes 
including guidelines for specific foundation materials such as rocks, residual soils 
and cohesive and non-cohesive soils. The details of subsurface investigation tech
niques are given in Appendix B. Access for sampling, testing or observation is 
provided by:

— pits, trenches, shafts and tunnels;
— borings (auger, hollow stem and wash);
— drillings (rotary, percussion, cable).

4.2.4. Laboratory tests
Laboratory testing is conducted on samples obtained by direct exploration 

methods. The purpose is to supplement and confirm the in situ test data in order
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to fully and correctly characterize the soil and rock at the site. The testing pro
gramme identifies and classifies soil and rock samples. Their physical and engineer
ing properties are obtained from published data or by measurement. Details of 
laboratory testing methods are given in Appendix C. These laboratory tests should 
be directed towards the following:

— soil index and classification
— soil moisture-density relationships
— consolidation and permeability characteristics for soils
— physical and chemical properties of soils
— physical and chemical properties of groundwater
— shear strength and deformability of soil
— engineering properties of rock
— dynamic characteristics of the soil.

Site characterization parameters for use in the design profile are derived from 
the tests as well as from the direct and indirect exploration results.

4.3. Development of investigation programme

All site exploration and laboratory testing programmes should be developed 
and planned in accordance with the particular site conditions (soil or rock), the 
stage of the siting process concerned and the verification analysis required. The 
various methods of investigation, i.e. use of current and historical documents, direct 
and indirect exploration and laboratory testing, are applicable to all stages of the 
siting process, but at varying levels. The purpose of this section is to indicate the 
level of investigation necessary for evaluation of the site from the point of view of 
the performance of subsurface materials and earthworks under anticipated loading 
conditions (static and dynamic). General guidelines are given for the site survey 
stage, the preliminary site feasibility stage, the site verification stage and the 
detailed site qualification stage.

4.3.1. Site survey stage

The purpose of investigation during the site survey stage is to determine the 
suitability of sites from a geotechnical point of view. During this stage, other 
aspects are addressed and usually regions or areas are identified which are excluded 
from further consideration. Subsurface information for this stage is usually 
obtained from current and historical documents and by field reconnaissance and is 
used in the following assessments:

— Unacceptable subsurface conditions. Active faulting shall be identified. A 
site with seismically active structure is generally unacceptable. Other tectonic 
structures should be delineated, as should areas of volcanic activity. Geologi
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cal hazards such as areas of withdrawal of subsurface fluids, actual or poten
tial areas of subsidence or collapse and zones of weakness shall be identified 
and evaluated (for details see IAEA Safety Series Nos 50-SG-S 1 and 50-SG-S9).

— Classification of sites. From the geological and geotechnical literature the 
subsurface conditions can be inferred. A site should be identified as a rock 
site, cohesive soil site, non-cohesive soil site, or a combination thereof.

— Groundwater regime. The hydrogeological literature may allow an estimate 
of the groundwater location and regime (see IAEA Safety Series Nos 50-SG-S7 
and 50-SG-S9).

— Foundation conditions. The type of soil, depth to bedrock and the density of 
the deposit may be inferred. This allows a preliminary selection of acceptable 
foundation types to be made.

On the basis of the above subsurface information, the potential or candidate 
sites can be rated from a geotechnical point of view. At this stage, inferences should 
also be made about seismic amplification effects, soil-structure interaction, liquefac
tion potential, bearing capacity, potential settlement problems, groundwater condi
tions and geological hazards.

Following these investigations, sites are selected for further consideration.

4.3.2. Site evaluation stage

4.3.2.1. Preliminary site feasibility stage

During this stage, one or more candidate sites are selected for further con
sideration and their geotechnical qualities evaluated. It is assumed that broadly 
generalized layouts and building loads have been established. The factors to be 
considered in the evaluation are:

— geological and subsurface conditions
— liquefaction potential
— feasible foundation types
— preliminary bearing capacities
— preliminary settlement ranges
— groundwater levels and regime
— geological hazards.

The following site investigation techniques and related comments should be 
noted. Additional information is provided in Appendices A to C.

— Rotary borehole drilling to provide overall definition of site conditions. This 
usually involves locating the borings along two intersecting lines with a com
mon boring at the intersection; in addition to the extraction of cores or other 
samples for laboratory testing, the boreholes can be used for the installation 
of instruments for in situ testing.
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-  In situ testing to conduct indirect or direct exploration for performing local 
measurements o f parameters. This may include the use o f piezometers for the 
measurement of the groundwater regime and other instrumentation for estima
tion o f in situ parameters.

-  Seismic refraction survey. A boring provides subsurface information only at 
one location and hence a seismic refraction survey should be conducted between 
the boring locations to provide continuous lateral and depth information for 
evaluating geological and subsurface conditions. Interpretation o f the survey 
provides stratigraphic and structural geological information, the location o f the 
groundwater table and an estimate o f the wave transmission properties o f the 
site. The borings provide vertical stratigraphic control for the survey.

-  Laboratory testing. Limited laboratory testing consisting o f index and classi
fication tests should be conducted on non-cohesive soils. If cohesive or silty 
soil samples were obtained during the drilling operation, appropriate consolida
tion and strength testing should be conducted on undisturbed samples to per
mit estimation o f soil strength and settlement.

During the field investigations, careful attention should be paid to identify
ing undesirable subsurface characteristics. These include vuggy and cavity zones, 
swelling rocks and shales, and the occurrence o f gas pockets.

4.3.2.2. Site verification stage

The purpose o f the site verification stage is to provide detailed confirmation 
of the results obtained in the preliminary site feasibility stage.

In the preliminary site feasibility stage the geotechnical parameters and charac
teristics o f the site are established by a limited subsurface exploration and a labora
tory testing programme. In order to confirm these conclusions, it is recommended 
that a subsurface exploration and laboratory testing programme be conducted at the 
site using a grid boring scheme. The grid spacing may vary depending on the geometry 
of the site but a grid mesh of 150 m is usually sufficient at this stage. The uniform 
grid method is especially adaptable to a uniform site. If subsurface conditions indi
cate non-uniformity, the boring locations should be adjusted and carefully chosen 
to define the subsurface conditions.

During this stage, preliminary plant characteristics such as the loads, the physi
cal dimensions o f the buildings, preliminary structural engineering criteria and the 
preferred plant location are known. Therefore the in situ testing and laboratory 
testing programmes shall be directed towards accommodating these preliminary 
plant characteristics and geotechnical issues that were identified in the previous 
stage. With the boring location scheme suggested above, the borings can be posi
tioned on the site at or very near the proposed locations o f the proposed structures.

The boring depths will vary with the site conditions but should be deep enough 
to fully describe the site conditions affecting structures and to confirm the soil and
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rock conditions determined from previous investigations. Where soils are very thick, 
the minimum depth for engineering purposes may be taken as that at which the 
change in the vertical stress during or after construction for the combined founda
tion loading is less than 10% o f the in situ effective overburden stress (dmin). The 
borings should be deep enough to permit evaluation o f the potential for deep insta
bility at the site.

If the site is a rock site or if competent rock is encountered at a depth less 
than that recommended above, the borings should penetrate to the greatest depth 
where discontinuities or zones o f weakness or alteration can affect foundation sta
bility and should at least penetrate 10 m into sound rock. For weathered shale or 
soft rock sites, the boring depths should be the same as those for soil.

During this stage, sufficient in situ and laboratory testing should be conducted 
to allow estimation o f bearing capacity, determination o f settlements o f structures 
and site amplification, establishment o f soil-structure interaction parameters 
(dynamic and static), evaluation o f the liquefaction potential, and provision o f site 
characteristics for evaluation o f a site specific design response spectrum. In addi
tion to the boring programme described above it may be necessary to include in the 
investigation programme several borings to establish the soil model for dynamic 
soil/rock-structure interaction studies. The borings required for site amplification 
studies may penetrate deeper than those required for general engineering or geolog
ical design purposes.

During this stage analyses shall be made o f the response o f soil and rock to 
dynamic loading, liquefaction potential, static stability, design criteria, techniques 
to improve subsurface conditions, and stability o f slopes, embankments and dams. 
The analyses are carried out on the basis o f subsurface exploration and the use of 
laboratory testing data. Details o f subsurface investigation techniques and labora
tory testing are given in Appendices A to C.

The results o f the investigations for this phase are usually combined with basic 
data obtained from the preceding phases into a very detailed site verification geo- 
technical report. Items included in this report are:

— geological maps and profiles.
— boring location plans and cross-sections.
— boring logs and test pit logs.
— results o f in situ testing.
— results o f laboratory testing.
— results o f geophysical surveys.
— description o f geological factors and site geology.
— description and results o f analyses. These analyses include the response of 

soil and rock to dynamic loading, liquefaction potential, static and dynamic 
stability, design criteria, techniques to improve subsurface conditions, stabil
ity of slopes and other necessary analyses.

— detailed description o f groundwater regime.
— exploration programme and basis thereof.
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The results o f the site verification stage provide the necessary information for 
establishing broad design parameters and conclusions related to the site and its 
characteristics. With the completion o f this phase, the final location o f the build
ings on the site can be established. Any further geotechnical information required 
will be related directly to the individual buildings, structures and supporting facili
ties.

4.3.2.3. Site qualification stage

Prior to commencement o f this stage, the final layout o f the facility buildings, 
structures and support facilities should have been determined. The purpose o f this 
stage is to determine the site characteristics and select parameters that are to be 
used for final analysis and design. Many o f these subsurface data will have been 
obtained during the previous stages. At this time it is useful to differentiate 
between safety-related and non-safety-related structures. The subsurface explora
tion and testing programme for the non-safety-related structures should follow 
standard practice. This document is directed towards the safety-related structures.

In general, at least one boring should be drilled at the location o f every safety- 
related structure. Where conditions are found to be variable, the boring spacing 
should be chosen to obtain a clear definition o f changes in soil and rock properties.

Where dissimilarities and discontinuities occur, the normal exploration pro
cess should be supplemented by borings at a spacing small enough to allow detec
tion o f the features and proper evaluation. The minimum depth for the borings 
has been discussed above in relation to the site verification phase. Examples o f the 
spacing and depth o f borings for various structure types are given in Ref. [31 ].

4.3.3. Investigations for specific foundation materials

Guidelines for various foundation materials are given in Appendix A. Specific 
site conditions may require deviation from these guidelines.

4.4. Investigations for complex subsurface conditions

Complex subsurface conditions are those which, when encountered at a site, 
have characteristics which may affect the integrity o f the foundation o f a nuclear 
facility. Geotechnical behaviour is generally difficult to predict. All programmes 
of investigation shall address the subjects o f liquefaction, existing faults and major 
joints, groundwater conditions and deep compressible layers. Investigation o f com
pressible soils, e.g. clays and fine silts, should be conducted so that estimates of 
bearing capacity and settlement can be made. The exploration, testing and anal
ysis requirements may vary depending on the conditions encountered and it is 
difficult to specify investigation programmes which cover all abnormal subsurface 
conditions.
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The determination o f  the groundwater regime is an important part o f all pro
grammes o f investigation. The location and variance o f the groundwater level 
should be accounted for in foundation analyses. If only water table conditions 
are encountered, the groundwater investigation may consist simply o f the installa
tion and monitoring o f simple piezometers.

If during the investigation, artesian pressures or pressures due to the recharge 
of groundwater are encountered, the effect o f these on safety-related foundations 
shall be evaluated. At some sites, potable water, make-up water and service water 
are obtained from on-site wells. The effects o f groundwater withdrawal on the 
plant shall be evaluated. The following field tests can be useful in defining the 
groundwater regime:

— aquifer performance and pump tests
— flow tests
— tracer tests
— borehole permeability tests
— seismic refraction surveys
— electrical resistivity surveys
— borehole logging.

4.4.1. Investigations for areas subject to collapse

A difficult complex subsurface condition to evaluate is the existence o f cavities 
and subsurface discontinuities which may lead to potential collapse and discon
tinuous geotechnical behaviour. A portion o f the earth’s surface is underlain by 
formations that have a potential for ground collapse as a result o f solution pro
cesses or karstic phenomena. In addition, collapse potential can have a significant 
effect on the design o f foundations o f safety-related buildings (see IAEA Safety 
Series No. 50-SG-S1, Section 6.4).

Proper evaluation o f the site geology can provide indications o f potential 
collapse. Soluble rocks are usually either sedimentary rocks that are appreciably 
soluble in water or in weakly acidic solutions (including carbonate types, mainly 
limestone and dolomites) or evaporites (o f which halite, gypsum and anhydrite are 
the most common). The extent o f cavities or underground solution is controlled 
by both geological and evironmental factors. The geological factors include the 
rock type characteristics and the rock mass properties. The environmental factors 
include surface-water and groundwater hydrology, climate and climatic change.

Some indicators o f potential cavities and susceptibility to ground collapse are 
the existence of:

— sinks, sink ponds, uvalas, hums or pepinos, caves, caverns
— sinking streams
— historical ground subsidence
— mines and signs o f associated activities
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— natural bridges
— surface depressions
— springs
— rock types such as limestones, dolomite, gypsum, anhydrite, halite, terra rossa

soils, lavas, weakly cemented clastic rocks, coal or ores
— unconformities on soluble rocks.

4.4.2. Methods o f  detection o f  subsurface cavities

The subsurface exploration programme at a site should provide for detection 
of subsurface cavities and allow the extent o f the cavities to be evaluated. All 
aspects o f the exploration programme should consider the possibility o f the detec
tion of areas susceptible to ground collapse. The conventional methods o f site 
exploration are applicable and include hydraulic pressure tests, remote sensing, 
drilling, sampling, excavation, borehole logging and geophysical surveys.

If subsurface cavities are suspected at a site, the initial subsurface exploration 
programme to locate cavities may be based on probabilistic methods, such as the 
theory o f optimal search.

Some geophysical methods are useful in a reconnaissance mode for the detec
tion o f subsurface cavities but not for delineating the depth, size or geometry. Such 
methods include surface electrical resistivity profiling, microgravimetry, seismic 
refraction surveys, seismic fan shooting and ground probing radar.

Geophysical methods that can aid in determining the depth, size and geometry 
o f the subsurface cavities when used as high resolution survey techniques include 
crosshole seismic surveys, crosshole radar, electrical resistivity surveys, acoustic 
resonance with subsurface source, microgravimetry, seismic refraction, high resolu
tion seismic reflection and ground probing radar. Several o f these may be applied 
in connection with tomographic techniques.

Geophysical methods should be used with care and normally in conjunction 
with drilling and sampling techniques which enhance their effectiveness. The result 
of an exploration programme to detect and define subsurface cavities is a map 
showing the cavities and their relationship to the site structures.

4.4.3. General comments

It is important to evaluate sites for susceptibility to ground collapse. If sub
surface features such as caverns are found at a site, it is necessary to evaluate their 
significance in relation to the safety-related structures. A descriptive discussion of 
subsidence and collapse is given in IAEA Safety Series No. 50-SG-S 1. If feasible 
engineering solutions are not available, it may be necessary to exclude the site.
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5. PRELIMINARY FOUNDATION WORK
This section is directed toward the geotechnical aspects o f preliminary founda

tion work. For the purposes o f this Guide, preliminary foundation work is defined 
as those geotechnical activities conducted prior to placement o f the concrete 
foundations. These activities directly affect the performance o f the foundation 
under the anticipated loading conditions and are therefore critical to safety. They 
include:

— prototype testing (including test fills, verification o f densification techniques)
— excavations for foundations or foundation systems
— dewatering and its control
— dental work in rock
— mapping of excavations
— foundation materials improvement (including such items as material modifica

tion, drainage, etc., as described in Appendix D)
— structural backfill placement
— mud mat placement
— other earth structures.

The analyses and the design profile described in Sections 2, 3 and 4 represent 
the behaviour of the structures under the anticipated loading conditions and hence 
it is extremely important that the foundation systems and structures are built as 
they are represented in the design and the analyses.

The earthwork aspects of these activities include testing requirements for 
proper construction control and documentation. The testing is conducted in both 
the field and laboratory and is associated with the actual construction. Methods 
of determining the as-built parameters are discussed in Section 4.

6. MONITORING OF GEOTECHNICAL PARAMETERS
6.1. Introduction

The subsurface exploration, in situ testing and laboratory testing should pro
vide parameters and site characteristics suitable for predicting the performance of 
foundation systems under various loading conditions. The use o f these parameters 
allows foundation design criteria to be established for the performance of the 
foundation materials and structures under anticipated loading. The preferred 
method o f verifying foundation performance is to monitor the actual field behav
iour from the beginning o f siting activities through and after construction.
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6.2. Monitoring during construction and operation

Construction usually consists of excavation, backfilling and building construc
tion. The soil behaviour shall be monitored during these phases. During the exca
vation phase, subsurface material deformation (heave and settlement) shall be moni
tored and load measurements shall be made. Monitoring shall be continued during 
the lifetime of the plant. The groundwater regime shall be monitored to verify the 
conditions outlined in the design assumptions.

Monitoring is an important aspect of the determination o f the performance of 
safety-related foundation systems. The monitoring of actual loads and deforma
tions permits a field check to be made on the predicted behaviour of the founda
tions. Since the construction sequence is generally long term, the monitored data 
allow the settlement models to be revised on the basis of actual performance.
Hence, predictions o f long term performance can be made with reasonable 
confidence.

6.2.1. Subsurface material deformation (heave and settlement) monitoring

A system shall be installed to monitor deformation that may occur as a result 
o f the excavation o f the in situ soil or rock. The load-deformation data obtained 
during the field investigation and construction process should be compared for 
consistency with the laboratory investigation data. This provides a check on the 
deformation characteristics of the subsurface materials under actual field conditions.

During the construction and backfilling sequence, settlements of structures 
and deformation o f the subsurface materials shall be monitored. Data derived from 
this monitoring should be compared to previous data to provide comparisons 
between predicted and actual behaviour.

6.2.2. Load monitoring

Loads within the subsurface materials should be monitored during the excava
tion, backfill and construction sequences. This will allow comparison o f predicted 
in situ stresses with actual stresses for verification of laboratory results and model
ling assumptions.

6.2.3. Monitoring devices

The following monitoring devices can be used to observe the behaviour of the 
foundation and related materials (see Appendix E):

— piezometers
— settlement monuments
— in situ settlement plates
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— load and pressure cells
— inclinometers
— tiltmeters
— extensometers
— seismometers.

7. QUALITY ASSURANCE REQUIREMENTS 
FOR PROGRAMMES OF INVESTIGATION

7.1. General requirements

Quality assurance in the present context can be defined as all those docu
mented planned and systematic actions necessary to provide adequate confidence 
that the subsurface materials will perform satisfactorily during the plant life. Qual
ity assurance includes quality control actions which provide a means to control and 
measure the quality o f the characterization and analysis of the subsurface materials 
and systems to a predetermined requirement. Quality assurance activities for the 
programmes of investigation (Section 4) may be developed from the quality assur
ance programme of the overall project.

A quality assurance programme shall be established to meet the purposes of 
this Guide. Further information can be obtained from the Code o f Practice on Qual
ity Assurance for Safety in Nuclear Power Plants (IAEA Safety Series No. 50-C-QA) 
and its associated Safety Guides. In particular, the Safety Guide on Establishing 
the Quality Assurance Programme for a Nuclear Power Plant Project (IAEA Safety 
Series No. 50-SG-QA 1) provides information that is especially applicable. A typical 
quality assurance programme for investigation programmes should include as a mini
mum the following elements:

— Programme plan — planning and design; documentation
— Organization — structure; documentation; staffing and training
— Documentation — preparation; review and approval; issue and distribution;

change/revision control
— Audits/review — methods; frequency; equipment needed
— Non-conformance control — identification; documentation and review
— Corrective actions — review; trend analysis; correction steps
— Reporting and records.

7.1.1. Planning and procedures

Before the start o f the programme of investigation, a plan shall be developed 
which outlines the objectives, the tasks and the procedures. The plan should iden
tify the field data required for design and evaluation, specify the testing equipment,
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define standards and procedures to be used and identify the records and documenta
tion requirements. Procedures, plans and work instructions shall be established and 
prepared for the field exploration activities, the laboratory testing activities, the 
engineering and analysis activities and the quality assurance and quality control 
activities.

7.1.2. Organization

The organization for quality assurance shall be established in accordance with 
the recommendations outlined in the Safety Guide on Quality Assurance Organiza
tion for Nuclear Power Plants (IAEA Safety Series No. 50-SG-QA7).

7.1.2.1. Personnel qualifications

Personnel directing the overall programme o f investigation shall be qualified 
engineers and geologists with experience in geotechnical investigations. All other 
personnel shall be appropriately qualified for the job they are performing. Veri
fication can be on the basis of education, experience and training, or demonstrated 
capability on the job.

IAEA Safety Series No. 50-SG-QA7 provides examples o f qualification require
ments for inspection and testing personnel.

7.1.3. Documentation

There should be documentation describing the quality assurance programme 
and giving guidance on its implementation. Programme procedures should be out
lined. These procedures should include the purpose, scope, definitions, references 
that need to be consulted, responsibilities and their assignments, actions to be 
taken, format details and guidance on storage o f records (see the Safety Guide on 
Quality Assurance Records Systems for Nuclear Power Plants (IAEA Safety Series 
No. 50-SG-QA2)).

7.1.4. Requirements for monitoring equipment

Equipment shall be selected that will provide the required information and 
data with an accuracy compatible with the needs o f the project. These needs are 
usually established by national standards. All equipment shall be adjusted or cali
brated at prescribed time intervals against such standards. All equipment shall be 
suitably identified and records maintained to indicate calibration status. Test equip
ment that shows deviations in calibration shall be identified and taken out o f use 
until satisfactorily calibrated.
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7.1.5. Verification

— Pre-construction verification;
— Inspection of soils, rocks and earthwork;
— Inspection o f foundation construction.

This verification shall include at least the following points:

— Compliance with programme plans and procedures;
— Project personnel qualification;
— Verification o f test equipment;
— Control and calibration o f equipment;
— Identification, control, handling and storage o f samples and documents;
— Implementation o f standard or acceptable test methods;
— Implementation o f exploration procedures;
— Verification o f computer codes;
— Documentation o f test data, results, calculations, analyses and conclusions.

The verification may be carried out in stages using acceptable standards:

7.2. Field investigation requirements

The type of field equipment used during the investigations will depend on the 
technical requirements and the subsurface conditions. Checks of the equipment 
shall be made to assure compliance with technical and quality requirements. Field 
equipment records shall be maintained as the work progresses.

One o f the most important elements o f the field operation is surveying. All 
field installations, explorations, and in situ testing require accurate positioning. A 
permanent system o f control shall be established, maintained and implemented in 
accordance with accepted standards and procedures. Surveying accuracy is impor
tant because most subsequent analyses, results and interpretations related to safety 
are based on surveying data. Records o f survey activities shall be maintained during 
the work and checks o f the surveying activities shall be conducted to assure com
pliance with technical and quality requirements.

Sampling and in situ testing requirements vary greatly from site to site. All 
sampling and in situ testing operations shall be performed in accordance with estab
lished project procedures. All classifying, logging and reporting activities shall be 
performed and recorded in accordance with current procedures.

Identification labels carrying pertinent information should be affixed to 
samples. All samples should be handled with care and undisturbed samples should 
be stored in a controlled environment. Samples should be shipped in containers 
that protect them from disturbance and outside shock.
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7.3. Laboratory testing requirements

The laboratory activities shall be controlled by an appropriate quality assur
ance programme and procedures. All tests shall be conducted in accordance with 
adopted standards or procedures. This relates to the specification of the equipment, 
personnel qualification, test procedures, control and identification of tests and sam
ples and recording o f results.

The purpose of laboratory testing is to establish geotechnical design parameters 
for use in analyses and to supplement the geotechnical parameters determined by in 
situ testing and exploration. Successful completion o f a laboratory testing pro
gramme requires the use o f reliable procedures and a systematic approach.

7.4. Engineering analysis requirements

During site investigations and laboratory testing programmes, supporting engi
neering analysis activities are conducted. The conduct o f these activities shall be 
controlled by the quality assurance programme. The analyses are generally directed 
towards the development o f the subsurface model and the design profile.
Procedures shall be developed for preparing and presenting the data, calculations 
and conclusions for items related to safety. Reports shall be prepared in accord
ance with project procedures.
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Appendix A
SITE INVESTIGATION PROGRAMMES

A.I. Typical investigation programme for site evaluation stage

A.1.1. Indirect exploration

Geophysical techniques should be used to provide continuous subsurface infor
mation over the site to allow the engineering and geological conditions to be 
broadly defined. Recommended methods include seismic refraction surveys, seis
mic reflection surveys and surface electrical resistivity surveys. Other techniques 
such as penetrating radar, gravity, magnetics, etc., may be considered. Geophysical 
logging should be conducted in boreholes to aid in the definition o f subsurface con
ditions. The loggings may include electrical resistivity, natural gamma and caliper 
measurements.

A. 1.2. Direct exploration

Rotary drilling. This method provides good access for in situ testing and sam
pling for almost all subsurface conditions.

A. 1.3. In situ testing

Standard penetration testing. Depending on the conditions encountered, the 
standard penetration test can be supplemented by the cone penetration test or the 
pressure meter test.

Permeability testing. The field permeability o f subsurface materials should be 
determined by tests in boreholes and wells.

In-hole testing. This test provides the compression and shear wave velocities 
needed to establish the analytic profile for soil/rock-structure interaction studies 
and site response analysis. In-hole testing includes crosshole as well as uphole and 
downhole seismic surveys.

Sampling. Disturbed subsurface soil samples may be obtained using the split 
barrel sampler or other thick wall sampler. Undisturbed soil samples should be 
obtained using thin wall tube samplers. Site conditions may require that test 
trenches or pits be excavated and block samples recovered for laboratory testing. 
Rock samples should be recovered by means o f a rotary double core barrel.

A. 1.4. Laboratory testing

Laboratory testing required to establish subsurface behaviour parameters and 
to confirm parameters or properties determined during in situ testing should be
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conducted at this time. This includes both static and dynamic testing and tests 
should be conducted on both disturbed and undisturbed samples obtained during 
the field exploration programme. Tests should include:

— Soil index and classification
— Soil moisture-density relationships
— Consolidation and permeability o f soils and rocks
— Physical and chemical properties o f soils
— Physical and chemical properties o f groundwater
— Shear strength and deformability o f soil and rock
— Engineering properties o f rock
— Dynamic soil testing.

A.2. Guidelines for specific foundation materials

A.2.1. Rock sites

— Drilling and sampling by rotary drilling, access by natural and man-made cuts 
or excavations.

— Identification and classification of rock (rock type, densities, water content, 
porosity, inclusions, petrographic description, chemical reaction, solubility, 
swelling potential and slake durability).

— Description Of rock (percentage core recovery, rock quality designation, frac
ture spacing, joint system designation, filling, alteration).

— Determination of the strength and deformability o f the rock material (uncon
fined compression and tensile tests, triaxial tests for strength envelope).

— Determination of the strength and deformability o f the rock mass (field and 
laboratory shear tests along joints, field loading tests).

— Determination o f the permeability of rock masses (among other methods by 
pressurized-water field tests).

— Grout take tests to determine groutability for subsurface improvement.
— Identification of potential rock mass hazards such as faults, cavities, karst 

formations, sink holes, volcanic rocks and soluble rocks (evaporites).
— Determination o f in situ stress of the rock mass.
— Water level and water sampling, reactivity with concrete and other construc

tion materials.

A.2.2. Residual soil sites

Since rock may be encountered at a shallow depth at a residual soil site, many 
of the guidelines for rock sites also apply.

— Soil sampling by coring, thin wall or thick wall barrel sampler, samples cut 
from open pits, piston sampler.
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— Determination o f water level and water sampling, reactivity with concrete and 
other construction materials.

— Description of the soil structure and degree o f weathering.
— Identification tests (unit weight, specific gravity, natural water content, liquid 

and plastic limits, grain size distribution, soluble salt contents, swelling 
potential):
-  Shear strength determination, field direct shear tests, laboratory triaxial 

tests
-  Field permeability testing
-  Consolidation tests on specimens cut from large samples for settlement 

prediction.

A.2.3. Cohesive soil sites

— Soil sampling by coring, thin wall or thick wall barrel sampler, cutting from 
open pits, piston sampler.

— Determination o f groundwater regime and water sampling.
— Identification tests (natural water content, liquid and plastic limits, particle 

size distribution, unit weight, specific gravity o f solids, soluble salt contents).
— Shear strength determination, including field tests o f direct and triaxial shear 

and laboratory tests on undisturbed samples.
— Consolidation tests for settlement predictions on specimens cut from large 

diameter samples.

A.2.4. Non-cohesive soil sites

— Sampling by split barrel or other sampler; determination o f standard penetra
tion resistance; undisturbed sampling if possible.

— Description o f groundwater regime and determination o f water properties.
— Estimation o f relative density and shear strength from standard penetration 

tests.
— Determination of friction and point resistance by cone penetration method 

for use in estimating relative density and shear strength.
— Determination o f subsurface material permeabilities by field pumping tests or 

borehole permeability tests.
— Grain size distribution.
— Petrographic analysis.
— Groundwater, reactivity with cement and other construction materials.
— Shear strength determination, triaxial or direct shear tests on undisturbed 

samples or disturbed samples.
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Appendix B
SUBSURFACE INVESTIGATION TECHNIQUES

Subsurface investigations are necessary to determine the geotechnial proper
ties and parameters of a site that affect the design and safety o f the power plant 
buildings.

The investigations also produce the information and data required to define 
the overall site geology and for identifying potential geological and earthquake 
hazards that may exist at the site.

Subsurface investigations provide the information needed to define local 
foundation and groundwater conditions as well as the geotechnical parameters 
required for engineering analyses and the design o f foundations and earth works. 
These parameters are used to evaluate the bearing capacity o f soil subsurface mate
rials, lateral earth pressures affecting embedded walls, effects o f earthquake 
induced motion transmitted through underlying deposits and estimates o f the 
expected building settlements.

The site investigation programme needed to determine subsurface conditions 
is highly dependent on the properties of the site materials. The programme must 
be flexible and adjusted for local conditions as the site investigation proceeds.

Whenever feasible, subsurface explorations are located such that geological/ 
geotechnical cross-sections can be constructed across the site.

B.2. Sampling methods

B.2.1. General

Sampling methods provide direct information about the subsurface material 
and the behaviour and location o f the water table. However, their principal pur
pose, from the geotechnical point of view, is to provide subsurface samples for 
laboratory analysis and testing. From these samples the mechanical parameters and 
characteristics of the subsurface material are determined under laboratory 
conditions.

The methods used can be divided into two classes:

(1) Direct access for sampling such as pits, trenches and excavations. Gener
ally, undisturbed sample recovery is possible.

(2) In-hole methods o f sampling. In this case, the soil material is removed 
from the subsurface by mechanical means and undisturbed samples may 
not always be obtainable.

B .l. Introduction
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The recovery o f samples is a prerequisite for the performance of laboratory 
tests which determine the mechanical parameters and characteristics o f the subsur
face materials. The recovery o f good undisturbed samples is important to the over
all success o f the laboratory testing.

The treatment of samples after collection is as critical to their quality as the 
procedure used to obtain them. Handling, field storage and transportation to the 
laboratory require careful attention.

B. 2.2. Direct access for sampling

The best undisturbed samples are obtained by careful hand trimming of block 
samples in accessible excavations such as pits, trenches and tunnels, excavated by 
hand or digging machines and permitting visual observations, sampling and in situ 
tests.

In certain circumstances freezing may be useful in order to obtain an undis
turbed sample.

B. 2.3. In-hole methods for sampling

These methods provide good access for in situ testing and sampling for almost 
all subsurface conditions. The primary means o f subsurface investigation is boring. 
The hole is advanced downwards into the subsurface materials by means o f a 
mechanical device either by percussion or by rotary drive. At the end o f the bore 
rod or line there is a sampler which can recover soil material either continuously 
or discontinuously.

There are many sampler types, each used for a particular purpose. For the 
best sample recovery the hole is advanced by a rotary core drill while the sample is 
collected in a non-rotating inner core barrel and retained by a special core catcher. 
In this process, the drill cuttings are removed by a drilling fluid circulating outside 
the inner core barrel.

For particularly difficult soil conditions (e.g. soft soil) a tube is pushed into 
the soil while a strip material (stainless steel or plastic) envelopes the sample. 
Freezing may also be useful.

The drilling method must be compatible with sampling requirements and the 
method o f sample recovery.

A process that produces highly disturbed samples is auger drilling, in which a 
continuous helix-like tool provides remolded samples.

B.3. In situ testing methods

B.3.1. General

In situ testing methods are used to determine, by measurements in the field, 
the parameters and characteristic properties o f the subsurface materials. The prin
cipal methods are listed in the following sections.
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Plate-bearing tests provide the strength and Young’s modulus o f the subsur
face soil. A thick steel plate is placed on a flat surface of the soil and statically 
loaded; the settlement versus time and load is recorded. For rock the loading is 
generally provided by a hydraulic jack. Very careful planning and data analysis are 
required if the results are to provide reliable modulus values.

B. 3.3. Flat jack test

A flat jack is grouted into a slot cut in the rock surface (the ground surface, or 
the wall or bottom o f a tunnel or trench). The slotting produces stress relief and 
consequent deformation. The jack pressure necessary to reverse the deformation 
is a measure of the original stress.

This test provides a measurement o f one component of in situ normal stress 
only when made on a natural rock surface. Otherwise the stress measured is a com
bination o f in situ normal stress plus the normal stress induced by the tunnel or 
trench excavation.

B.3.4. Pressure meter test

Uniform radial pressure is applied hydraulically on the internal cylindrical 
wall o f the borehole over a length several times the diameter o f the borehole. 
Changes in the borehole diameter versus pressure and time are recorded. The elas
tic modulus, the shear strength and the compressibility o f the material may be cal
culated from the data. One reason for doing a pressure meter test is to measure the 
existing in situ lateral stress.

B. 3.5. Hydraulic fracturing test

In a hydraulic fracturing test, fluid is injected under pressure into a sealed-off 
portion o f a hole drilled into the rocky material. The pressure is increased until 
fracturing occurs. This provides an estimate o f the apparent principal stresses.

B. 3.6. Static penetrometer test

A steel cone is pushed into the soil and followed by subsequent advance o f a 
friction sleeve. Resistances are measured during both phases o f advance. These 
provide an indication o f the material identification and estimates o f changes in the 
consistency o f the soil layers and the bearing capacity and shear strength.

B. 3. 7. Dynamic penetrometer test

A steel cone is driven into the soil under the repeated impact o f a falling load. 
Blow counts for a standard penetration distance are recorded. The results as a func
tion o f depth permit detection o f consistency changes in the soil layers. In conjunc

B. 3.2. Plate-bearing test
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tion with empirical relationships the results can also be used for estimating mechan
ical characteristics.

The standard penetration test is a test carried out with a dynamic penetrometer 
which recovers disturbed samples.

B. 3.8. Vane shear test

A four-bladed tool is pushed into the soil and then rotated, causing shear failure 
on a cylindrical surface. This provides an estimate of shear strength and sensitivity.

B.3.9. Direct shear stress test

A block o f rock or soil that is laterally confined in situ is isolated to permit 
shearing along a preselected surface. Normal and shearing loads are applied.
Stresses, strains and displacement are recorded.

B.3.10. Pumping test

The field permeability of subsurface materials should be determined by tests 
in boreholes. Water is pumped from (or into) the water table at a known rate 
through a penetrating well. Flow rates and changes in piezometric levels are 
recorded at different points in the aquifer near the well. This provides an estimate 
o f the transmissivity o f the soil.

When only the behaviour o f the water in the well is observed this ‘borehole 
field permeability test’ provides an estimate o f the permeability o f the soil.

B.3.11. Overcoring test

This method o f stress determination is based on stress relief resulting from 
overcoring around existing smaller holes. Relief strains are measured by means of 
strain meters installed in the smaller holes. Initial stresses in several directions can 
be obtained from readings o f strain gauges installed in appropriate directions after 
the stress-strain relation has been determined in laboratory tests.

B.3.12. Acoustic emission method

This method is based upon the phenomenon o f acoustic emission. Cores 
drilled in prescribed directions are subjected to loading in the laboratory and the 
singular point on the diagram between stress and acoustic emission rate is found.

This method has been verified by comparison with conventional hydraulic 
fracturing and overcoring.
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B.4. Geophysical testing
B.4.1. General

Unlike the preceding methods and processes, which involve direct measure
ment o f geotechnical parameters and subsurface properties, geophysical techniques 
are indirect and are generally based on a subsurface model involving homogeneous 
elastic horizontal layers. The model is more or less representative of actual con
ditions, but in some cases it may not give conservative results.

Geophysical techniques are used to provide continuous subsurface informa
tion over the site to allow the engineering and geological conditions to be broadly 
defined. Recommended surveys include borehole logging, seismic refraction, seis
mic reflection and surface electrical resistivity. Other techniques such as penetrat
ing radar, gravity, magnetics, etc., may be considered.

The main methods in use are listed in the following sections.

B. 4.2. Geophysical logging

Geophysical logging o f boreholes should be carried out to aid in the definition 
of subsurface conditions. Logging techniques include electrical resistivity, natural 
gamma and caliper.

B.4.3. Surface seismic investigation

The refraction and reflection methods depend on the modification of a body 
wave pulse by the acoustic properties o f the soil layers.

The body waves are produced by a surface or subsurface shock (usually blast
ing) and arrivals at points along lines on the surface are recorded as a function of 
time. Characteristics o f the layers (number, thickness, hardness) may be deter
mined from the data.

B.4.4. In-hole testing

B.4.4.1. Crosshole seismic test

A seismic signal is transmitted from a source located in a borehole to receivers 
placed on the same level in other boreholes and the transit times are recorded. 
These tests allow the compression and shear wave velocity profile to be established 
for soil-structure interaction studies and site response analysis. This provides a 
means o f determining body wave velocities (compression and shear) related to the 
dynamic shear modulus and to Poisson’s ratio.
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B.4.4.2. Uphole/downhole seismic test

A seismic signal is transmitted between a source on the surface or at a certain 
depth in the borehole and receivers located at different levels. As with the cross
hole technique, dynamic shear modulus and Poisson’s ratio can be computed.

B. 4.5. Electrical resistivity

B .4.5.1. Surface investigation

Electrical current propagation is affected by the properties o f the layers in the 
path and can provide information about the layers.

B.4.5.2. Electrical logging

The apparent electrical resistivity o f the wall material in the neighbourhood of 
a borehole is measured by an in-hole logging tool. From this, an estimate o f the 
porosity and water content of the soil can be made.

B. 4.6. Nuclear logging

Nuclear logging methods make use o f the emission, absorption and modifica
tion of nuclear radiation by the material around the borehole.

Natural gamma logging consists o f measuring the natural radiation emitted by 
elements such as potassium usually found in argillaceous soils and generally absent 
from other soils.

A neutron log provides an approximate measure of the water content o f the
soil.

A gamma-gamma log provides an approximation o f the bulk density o f the
soil.

B.S. Conclusion

In addition to collecting data during the siting process, it is essential to collect 
them during construction in order to extend and to verify the estimates made of 
in situ conditions and to provide additional information for safety analysis and 
design. Moreover, excavations made during construction provide opportunities for 
obtaining additional geological and geotechnical data. These new data might make 
it possible to improve the soil model for use in performing the final computation.
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Appendix C
LABORATORY TESTING METHODS

C. 1.1. General

Site investigations in general but particularly those for nuclear power plants 
require a laboratory testing programme. The laboratory tests serve to identify and 
classify soils and rock found at the site and to evaluate their physical and geotech
nical properties and the mechanical characteristics needed for design.

It is essential that all phases of the site investigation and the associated field 
and laboratory testing be carefully programmed and carried out so that soil and 
rock properties are realistically assessed in a timely manner.

In addition to the usual geotechnical engineering considerations, the investiga
tion and evaluation of the site for a nuclear power plant require an assessment of 
the behaviour of the soils subjected to earthquake loading as well as other dynamic 
conditions. Such analyses include the determination of liquefaction potential for 
loose sandy conditions, an evaluation o f the seismic wave propagation character
istics o f subsurface material and soil-structure interaction effects.

The laboratory building must be suitable for laboratory purposes and located 
on firm ground in a quiet zone away from disturbing vibrations. The personnel 
working on the testing programme must be fully qualified to perform their tasks 
(see Section 7). All testing apparatus and instruments must be calibrated. Calibra
tion and functionality must be verified at regular intervals. All equipment must be 
regularly inspected and maintained (see Section 7).

Tests should include:

— Soil index and classification;
— Soil moisture-density relationships;
— Consolidation and permeability o f soils and rocks;
— Physical and chemical properties o f soils;
— Physical and chemical properties of groundwater;
— Shear strength and deformability o f soil and rock;
— Engineering properties o f rock;
— Dynamic soil testing.

C.l. 2. Handling and storage o f  samples

Improper handling, transportation and storage o f soil and rock samples can 
result in sample disturbance and changes which can affect the testing results. For 
undisturbed samples it is absolutely necessary to avoid the disturbance o f the soil 
structure.

C.l. Introduction
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When samples are received at the laboratory a careful inspection is required to 
determine if disturbance has taken place.

It is best to test samples as soon as possible after receipt. Long storage periods 
could be acceptable only when material properties are not susceptible to change 
with time.

C.1.3. Laboratory testing programme

The details o f the site and laboratory investigations depend on actual site con
ditions, the nature of materials to be tested at the site and the design requirements 
for the foundations and earthworks.

It is desirable to follow standardized testing procedures which are generally 
well known and widely accepted. If this is not possible, the basic concepts and con
ditions of the procedures used shall be fully described and approved by competent 
persons.

It is important that test procedures be fully recorded so that tests can be 
reproduced and the results verified. When standard laboratory test procedures 
are used the test apparatus must strictly conform to the published specifications.
If not, a complete description o f the essential characteristics of the apparatus and 
its operation is required.

It is important that test specimens be representative of the soil or rock unit 
under study. Their places o f origin must be accurately described and recorded to 
permit establishment of soil profiles.

C.2. Laboratory testing methods

C.2.1. General

High quality undisturbed samples are preferred for all tests. Since it is not 
always possible to obtain them, disturbed and/or remolded samples are sometimes 
used. In such a case the samples are prepared to closely represent the natural state 
or in situ conditions.

Appropriately remolded samples are used as representative of compacted 
structural backfill material for earthworks.

Where large particles are present in the sample or material to be tested, the 
smallest dimension o f the testing apparatus must be at least six times the equivalent 
diameter o f the largest particle. Scalping of the large particles should be avoided 
whenever possible. When scalping is necessary the test specimen may be prepared 
at a required compactness.

It is convenient to divide the laboratory testing techniques into two separate 
classes: one for soils and the other for rocks. Some o f the methods, apparatus and 
procedures are used for both classes.
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C.2.2. Soils

A soil sample is analysed in two sets o f tests to provide description, classifi
cation and stress-strain properties.

C.2.2.1. Characterization of the material

The description and classification are derived from the following processes, 
tests and properties:

— Soil description from manual and visual examination. More sophisticated 
means, such as X-ray diffraction, can be used as required.

— Granular analysis to determine the particle size distribution. For fine particles, 
sedimentation methods are used.

— Water content determination as percentage o f dry unit weight.
— Atterberg limits. The plastic limit, the liquid limit and the plasticity index 

expressed as water contents that influence the behaviour o f cohesive soil.
— Bulk density and weight density.
— Specific gravity or apparent specific gravity o f the solid soil particles.
— Permeability measured by the speed with which water percolates through the 

material for a specified head.
— Chemical properties. The constituents and their properties; organic content 

is o f particular interest.
— Relative density tests to compare maximum and minimum densities in a 

standardized condition for non-cohesive soils with natural in situ densities.
— Consolidation parameters. One-dimensional compressibility test (oedometer) 

performed on cohesive soil provides the modulus as a function o f stress, an 
indication o f the permeability of the material and an estimate o f the over
consolidation ratio, consolidation speed and the settlement under loading 
conditions.

— Compaction test to determine the water content required to obtain maximum 
compaction o f a backfill material.

C.2.2.2. Stress-strain properties o f the material

These tests deal with the stress-strain relationships o f a loaded material. It is 
convenient to distinguish between:

(a) Static loads:

(i) Unconfined compression. This provides the strength o f a cohesive soil 
in a non-laterally confined configuration and leads to the determination 
of the compressive modulus and Poisson’s ratio.
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(ii) Direct shear. This provides the main mechanical parameters and charac
teristics for undrained conditions, namely the cohesion and angle o f inter
nal friction.

(iii) Triaxial compression. This provides the same data as the two preceding 
tests but under laterally controlled stress conditions and different sample 
states (consolidated or not, drained or not).

(b) Dynamic loads:

These tests provide the basic parameters required as input for the dynamic 
response analysis o f the soil and the determination o f soil-structure interaction 
effects. These parameters are: dynamic shear modulus, Poisson’s ratio, damp
ing ratio and the variation o f the modulus and damping with strain. In the 
course o f these tests, the evolution o f the pore water pressure is recorded as 
needed for estimation o f liquefaction potential. The apparatus used:
— cyclic simple shear apparatus
— cyclic triaxial apparatus with stress or strain control
— cyclic torsion shear apparatus (such as resonant column).

C.2.3. Rock

The main mechanical parameters and characteristics required for analysis o f 
rock sites are:

— Porosity or the ratio o f the aggregate volume o f voids or interstices in a rock to 
its total volume.

— Unconfined compression to provide the strength o f intact rock and permit an 
estimate o f Young’s modulus and Poisson’s ratio when the strain versus stress 
is recorded.

— Tensile strength by direct uniaxial load or by the indirect Brazilian test.
— Triaxial processes (see Section C.2.2.2).
— Seismic velocity to provide compressional and shear wave velocities in intact 

rock and permit an indirect means o f computing Young’s modulus and 
Poisson’s ratio o f intact rock.

Swelling and water absorption tests should be performed, particularly for weak 
rocks owing to the sensitivity o f their durability and strength.
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A ppendix D

FO UNDATION SOIL IMPROVEMENT TECHNIQUES

D.l. Introduction

The term ‘soil improvement’ is used in its widest sense and includes ameliora
tion o f the mechanical behaviour o f the soil (such as compactness), total replace
ment of a loose or soft material by an improved material, or the use o f added mate
rial which improves the static and/or dynamic behaviour. A radical solution is the 
use o f deep foundations, piles or caissons, which transfer the building loads down
ward to a more suitable bearing stratum at depth.

It is necessary to improve the mechanical properties of soil when:

(1) It is not capable o f carrying the building loads with acceptable deforma
tion (settlements or bending);

(2) There are cavities that can lead to subsidence;
(3) There are heterogeneities, on the scale o f building size, which can lead to 

tilting and/or inconvenient differential settlements.

The improvement may be done only for the soil below the affected buildings 
or for a larger area within the site.

To properly design an improvement programme it is necessary to know both 
the in situ and required soil properties.

At the completion o f the improvement programme it is essential to perform 
investigations to determine whether the objectives were met.

D.2. Soil improvement methods

D.2.1. General

It is convenient to divide the different improvement methods into two major 
categories:

(1) Improvement o f the qualities o f the soil;
(2) Special foundations.

The first consists o f treating the original soil. The second consists of replacing the 
original soil material by another material with better qualities (substitution) or by 
an intermediate structure (deep foundations).
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D.2.2. Soil quality improvement

D.2.2.1. Non-cohesive soil

For non-cohesive soil, the method consists of improving the soil quality by 
increasing its density, thus increasing its bearing capacity and lessening settlement 
and liquefaction potential. These objectives are obtained by:

(a) Tamping in subsurface.
(b) Vibroflotation in deeper conditions. This is a process o f densification o f 

granular soil by vibration at depth using a device similar to the type used 
for the vibratory compaction o f mass concrete. There is temporary lique
faction of the soil with resultant closer packing o f the particles through 
gravity effects. Vibroflotation involves the reduction o f  the void ratio 
since the voids are filled by overlaying material during the densification 
process. As compaction is carried out from the bottom upwards, the 
reduction in the void ratio is shown by settlement o f the surface.

(c) Permanent dewatering. Withdrawal of water from a non-cohesive material 
lessens the liquefaction potential and produces an effect similar to com
paction. This process can be useful during earthwork.

D.2.2.2. Cohesive soils

In cohesive soils, the aim is the improvement o f the drainability o f the medium 
in order to increase the consolidation rate o f the material and improve shear 
strength. This can be obtained by:

(a) Geodrains, which are very simple drill holes filled with geotextile material 
that maintains an open hole and makes dewatering easier. In the sand 
drain process the hole drilled by auger is filled by sand.

(b) Stone columns. This process uses materials similar to those in vibro
flotation. The hole advanced in cohesive soil remains open and is then 
filled with densely compacted coarse granular material. The stone 
columns also provide bearing points capable o f carrying small loads.

D.2.2.3. Rocky conditions

In rocky conditions where voids are present in hard layers, filling o f the 
cavities is done by:

(a) Grouting. This process, carried out under pressure, not only fills in the 
cavities but also the main joints which are present.

(b) Concreting. This is done where the cavities are large and located near the 
ground surface. Prior excavation and cleaning may be necessary.
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D. 2.3. Special foundations

Two solutions are available when improvement o f subsurface materials is 
unrealistic or too expensive.

D.2.3.1. Substitution

This method involves the complete replacement o f the original soil by a mate
rial o f superior properties. Two precautionary measures must be taken during the 
process: first, during the excavation the stability o f the whole excavation must be 
maintained; and, second, the backfill material, generally granular in nature (sand), 
must be o f good quality and properly compacted.

D.2.3.2. Deep foundations

This method involves the use of intermediate structures between the mat and 
a deep load bearing layer. These structures can be:

(a) Piles, which are tall, slender flexible structures which can flex with the 
soil when subjected to seismic motion; or

(b) Caissons, which are frequently rigid structures and generally do not 
deform with the soil.

A ppendix E 

GEOTECHNICAL INSTRUM ENTATION

E.l. Introduction

This appendix deals with geotechnical instrumentation for monitoring the 
time dependent soil behaviour, particularly during construction and under loads 
imposed by the building.

Prior to construction, instrumentation helps in determining the original soil 
characteristics and behaviour; during and after construction it provides informa
tion concerning behaviour during excavation and after the application o f building 
loads.
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E 2. Geotechnical instrumentation
E.2.1. Relevant parameters

The principal parameters to be investigated with the aid o f the geotechnical 
instrumentation are:

— The soil behaviour during excavation (e.g. elastic rebound and swelling) and 
during backfilling (e.g. elastic and consolidation settlements).

— The stress distribution at the building-soil interface and at depth under load
ing conditions during and after construction.

— The time dependent building movements due to settlement induced by soil 
heterogeneities and the non-uniform load distribution at the ground surface. 
The differential settlements between two buildings and their tiltings are 
important.

— The mat deformation due to soil-structure interaction.
— The behaviour o f the water table level and its regime.

E.2.2. Instrumentation

E. 2.2.1. Soil behaviour

The behaviour o f the soil is measured by:

— Total-pressure cells, located at the soil-mat interface. The number must be 
such that they take into account the soil heterogeneities and non-uniform 
loading conditions.

— Deep-settlement meters located in boreholes. These permit monitoring o f the 
behaviour o f different soil layers. If possible, they should be installed before 
excavation is begun.

E.2.2.2. Building behaviour

The behaviour o f the building is checked by:

— A set o f topographic measurements or settlement pins, firmly fixed to the 
building mat. A sufficient number must be installed to permit proper estima
tion o f building tilt.

— Pendulums which measure the building deviations from vertical and provide 
mat tilting estimates.
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E.2.2.3. Mat deformation

— Hydraulic devices using the principle o f liquid level equilibrium (e.g. U-tube 
manometer). Their location and number must be such as to permit a good 
estimate o f the deformation o f the mat over its total area.

— Strain-stress gauges placed in the mat concrete and suitably protected.

E.2.2.4. Water table behaviour

The behaviour o f the water table is monitored by piezometers which may or 
may not be self-recording. Some o f the piezometers must permit sampling o f the 
groundwater for analysis. Their number and locations are site dependent.

E.2.2.5. Slope behaviour

The stability of excavated and natural slopes near the foundation of the 
buildings o f the nuclear power plant should be monitored during excavation, con
struction and operation by means o f tilting meters or rock deformeters.

E.2.2.6. Seismic behaviour

The seismic behaviour o f foundation and subsurface material should be moni
tored by means o f seismometers (see IAEA Safety Series No. 50-SG-S2, Section 6). 
The need for instrumentation to monitor in situ pore water pressure should also be 
considered.

The deformation (bending) of the mat itself is monitored by:
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LIST OF

N U SS PROGRAMME TITLES

For the Safety Guides no plans exist to fill 
the gaps in the sequence o f  numbers

Safety Series 

No.

Title Publication date 

o f English version

1. Governmental organization

Code o f  Practice

50-C-G Governmental organization for the

regulation of nuclear power plants

Published 1978

Safety Guides

50-SG-G1 Qualifications and training of staff

o f the regulatory body for nuclear 

power plants

50-SG-G2 Information to be submitted in

support of licensing applications 

for nuclear power plants

50-SG-G3 Conduct o f regulatory review and

assessment during the licensing 

process for nuclear power plants

50-SG-G4 Inspection and enforcement by the

regulatory body for nuclear power 

plants

50-SG-G6 Preparedness of public authorities for

emergencies at nuclear power plants

50-SG-G 8 Licences for nuclear power plants:

content, format and legal 

considerations

50-SG-G9 Regulations and guides for nuclear

power plants

Published 1979

Published 1979

Published 1980

Published 1980

Published 1982

Published 1982

Published 1984
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Safety Series Title
No.

Publication date
of English version

Code o f  Practice 
50-C-S

Safety Guides 
50-SG-S 1

50-SG-S 2

50-SG-S3

50-SG-S4

50-SG-S 5 

50-SG-S6

50-SG-S7

50-SG-S8

50-SG-S9 

50-SG-S 10A

50-SG-S 1 OB

2. Siting

Safety in nuclear power plant siting

Earthquakes and associated topics in 

relation to nuclear power plant siting

Seismic analysis and testing of 

nuclear power plants

Atmospheric dispersion in 

nuclear power plant siting

Site selection and evaluation for 

nuclear power plants with respect 

to population distribution

External 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: 

hydrogeologic aspects

Safety aspects of the foundations 

of nuclear power plants

Site survey for nuclear power plants

Design basis flood for nuclear 

power plants on river sites

Design basis flood for nuclear 

power plants on coastal sites

Published 1978

Published 1979  

Published 1979  

Published 1980  

Published 1980

Published 1981 

Published 1985

Published 1984

Published 1986

Published 1984  

Published 1983

Published 1983
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Safety Series Title
No.

Publication date
of English version

50-SG-S 11A 

50-SG-S 1 IB

Code o f  Practice 
50-C-D

Safety Guides 
50-SG-D1

50-SG-D2

50-SG-D3

50-SG-D4

50-SG-D5

50-SG-D6

50-SG-D7

Extreme meteorological events in 

nuclear power plant siting, 

excluding tropical cyclones

Design basis tropical cyclone 

for nuclear power plants

3. Design

Design for safety of nuclear power 

plants

Safety functions and component 

classification for BWR, PWR and PTR

Fire protection in nuclear power 

plants

Protection system and related 

features in nuclear power plants

Protection against internally 

generated missiles and their 

secondary effects in nuclear 

power plants

External man-induced events in 

relation to nuclear power plant design

Ultimate heat sink and directly 

associated heat transport systems for 

nuclear power plants

Emergency power systems at 

nuclear power plants

Published 1981 

Published 1984

Published 1978

Published 1979  

Published 1979  

Published 1980  

Published 1980

Published 1982  

Published 1981

Published 1982
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Safety Series Title
No.

Publication date
of English version

50-SG-D8 

50-SG-D9 

50-SG-D 10 

50-SG-D 11 

50-SG-D 12 

50-SG-D 13 

50-SG-D 14

Code o f  Practice 
50-C-0

Safety Guides 
50-SG-01

50-SG-02

50-SG-03

Safety-related instrumentation and 
control systems for nuclear power plants

Design aspects o f radiation 
protection for nuclear power plants

Fuel handling and storage systems 
in nuclear power plants

General design safety principles 
for nuclear power plants

Design o f the reactor containment 
systems in nuclear power plants

Reactor coolant and associated 
systems in nuclear power plants

Design for reactor core safety 
in nuclear power plants

4. Operation

Safety in nuclear power plant 
operation, including commissioning 
and decommissioning

Staffing o f nuclear power plants 
and the recruitment, training and 
authorization o f operating personnel

In-service inspection for nuclear 
power plants

Operational limits and conditions 
for nuclear power plants

Published 1984 

Published 1985 

Published 1984 

Published 1986 

Published 1985 

Published 1986 

Published 1986

Published 1978

Published 1979

Published 1980 

Published 1979
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Safety Series Title
No.

Publication date
o f English version

50-SG-04

50-SG-05

50-SG-06

50-SG-07

50-SG-08

50-SG-09

50-SG-010

50-SG-011

Code o f  Practice 
50-C-QA

Safety Guides 
50-SG-QA 1

50-SG-QA2

Commissioning procedures for 
nuclear power plants

Radiation protection during 
operation o f nuclear power plants

Preparedness o f the operating 
organization (licensee) for emergencies 
at nuclear power plants

Maintenance o f nuclear power plants

Surveillance o f items important to 
safety in nuclear power plants

Management o f nuclear power 
plants for safe operation

Safety aspects
of core management and fuel handling 
for nuclear power plants

Operational management o f 
radioactive effluents and wastes 
arising in nuclear power plants

Published 1980 

Published 1983 

Published 1982

Published 1982 

Published 1982

Published 1984

Published 1985

Published 1986

5. Quality assurance

Quality assurance for safety Published 1978
in nuclear power plants

Establishing the quality assurance Published 1984
programme for a nuclear power 
plant project

Quality assurance records system Published 1979
for nuclear power plants
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Safety Series Title
No.

Publication date
o f English version

50-SG-QA3

50-SG-QA4

50-SG-QA5(Rev.l)

50-SG-QA6 

50-SG-QA7 

50-SG-QA8 

50-SG-QA 10 

50-SG-QA 11

Quality assurance in the procurement 

of items and services for nuclear 

power plants

Quality assurance during site 

construction of nuclear power plants

Quality assurance during 

commissioning and operation 

of nuclear power plants

Quality assurance in the design of  

nuclear power plants

Quality assurance organization for 

nuclear power plants

Quality assurance in the manufacture 

of items for nuclear power plants

Quality assurance auditing for 

nuclear power plants

Quality assurance in the procurement, 

design and manufacture of nuclear 

fuel assemblies

Published 1979

Published 1981 

Published 1986

Published 1981 

Published 1983  

Published 1981 

Published 1980  

Published 1983
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