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Opening address

J. COLLIER, Nuclear Electric plc

This is the first major conference specifically on
civil engineering in the nuclear industry for at least
15 years. Given the major changes which have been
taking place both institutionally and technically in
various countries, such a conference is, I believe,
timely if not overdue.

Civil engineering has an important contribution to
make at every stage of the nuclear fuel cycle, from the
choice of site and conception of the design of a major
power station or fuel plan, through modifications
during operation, to the final stages of designing and
building waste management stores and repositories, and
the decommissioning of stations and plants. Since the
last conference the technical demands on designers and
builders of nuclear plants have steadily increased.

The clamour for ever greater safety requires a designer
to consider and allow for the most unlikely events:
natural events such as earthquakes or violent storms,
as well as man-made diasters such as aircraft crashes.
These pose fresh challenges for our ingenuity. One
consequence of this strive for greater and greater
safety and quality has inevitably been increased costs.
The industry is responding to this challenge with new
methods of construction, giving higher productivity and
faster construction times: modular assemblies of
re-bar, pre-fabricated culverts, all-weather
construction methods, diaphragm walling, improved
cranage, to mention but a few.

The challenge for the future must be to maintain the
same high standards and quality but to build the
stations and plants quicker and cheaper. This should
not be a problem for civil engineers with their long
history of achievement in providing the infrastructure
of our civilization; such challenges are their bread
and butter.

My responsibilities lie in power generation. In this
area the most important single project in the UK, and
the second largest civil engineering project of all
after the Channel Tunnel, is the construction of the

Ctvil engineering in the nuclear industry. Thomas Telford, London, 1991



OPENING ADDRESS

PWR station at Sizewell on the Suffolk coast. Civil
engineering has dominated the first three years of the
project and I am happy to record that progress has been
outstanding, if not spectacular. Indeed, construction
is presently months ahead of the 72 month commitment
programme.

There have been a number of notable achievements
along the way. For example, the longest and deepest
reinforced concrete diaphragm wall in Europe has been
built to allow continuous dewatering on the site. The
first immersed-tube pre-fabricated offshore cooling
water culverts in England have been installed. At the
end of February 1991 more than 75% of the required
408 000 cubic metres of reinforced concrete had been
placed, with 78.5% of the required 71 000 tonnes of
reinforcing steel.

The project has been planned to overlap civil with
mechanical and electrical work, so that equipment and
plant can be installed in clean, dry and prepared
conditions at the earliest opportunity. This has only
been possible through the close co-operation of the
civil contractors and the project management team.

When I visited the site I could see the gains made from
such co-operation, with electrical equipment, pumps and
pipework already installed in the lower levels of the
buildings.

At Sellafield in Cumbria other major nuclear plants
associated with the end of the fuel cycle are being
completed and brought into operation. The massive £1.8
billion thermal oxide reprocessing plant (THORP) is now
essentially physically complete, and will be
commissioned for operation during the next couple of
years. The Secretary of State for the Environment
Michael Heseltine recently opened the high-level waste
vitrification plant and store. Other plants for
handling intermediate-level waste and for the treatment
of low-level liquid wastes have been brought into
commission in the last few years. These plants
essentially complete the nuclear fuel cycle in the UK.
They are operating here and now, and they give the lie
to the jibe ‘they don't know what to do with the
radioactive waste’. We do know what to do with it, and
we have invested no less than £4 billion to implement
the strategies we have devised.

As far as the nuclear industry as a whole is
concerned, I believe our objectives for the future must
be to

(i) regain public confidence in the reliability and

safety of our plants

(ii) build and commission future projects such as

Sizewell B to tight programmes and cost
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(iii) increase the generation from our existing
plants, and reduce costs both for our present
operations and for our future plants.
All should be aware of some of the contributions which
nuclear power already makes to our country’s economy
and environment. Everyday in the UK nuclear power
(i) generates some 20% of our electricity worth more
than £2 million
(ii) avoids the emission of around 100 000 tonnes of
CO2 and 2000 tonnes of airborne pollutants such as
S02, NOx, dust and fumes
(iii) saves the equivalent of around 200 000 barrels
of oil, worth £2 million, and furthermore the nuclear
industry spends £2 million each and every day with
British ‘high-tech’ mechanical and civil engineering
companies.
Overall Sizewell B and Sellafield - including THORP -
provide a total of around 2000 permanent Jjobs and
associated benefits in remote parts of the country,
boosting the local economies around these sites. I am
confident that these benefits will come to be
recognized generally, and that this will occur sooner
rather than later. I foresee a healthy future for
civil engineering consultants and companies in the UK's
nuclear industry. Specifically, they can look forward
to being involved in
(i) planning with Nuclear Electric, up to 1994, for
the nuclear power station options after Sizewell ’'B’
(ii) the siting, design and construction of waste
stores and repositories for low, medium and high
level wastes
(1iii) work arising from the decommissioning of the
Magnox stations (Berkeley was shutdown permanently in
1988/89), requiring some innovative civil engineering
solutions.
Outside the UK, opportunities are opening up in Eastern
European countries; already German and French companies
have made significant inroads into such markets. The
predecessors of today’s engineers helped lay the
foundations of the industrial strength of this country,
in the words of the charter of the Institution of Civil
Engineers by ‘directing the great sources of power in
nature for the use and convenience of man’. I believe
that the future of the nuclear industry continues to
offer many and challenging opportunities to continue in
this great tradition.



1. Design and construction of the French PWRs

J. L. COSTAZ, Civil Engineering Manager, EDF-Septen

SYNOPSIS. Thirty-four 900 MW PWR have been built in France since 1970 and
they are now all in operation. The containment is a single wall prestressed struc-
ture with an internal metallic liner. The pressure tests in operation are made at
the design pressure during the first refuelling and then every ten years. The first
ten year test has been done on the FESSENHEIM and BUGEY containments. No
aging effect could be found on the tightness. Shrinkage and creep are quite diffe-
rent from one site to another but the delayed phenomena are now stabilized.

The civil works of twenty-two 1300 MW PWR are now finished but only seven-
teen are in operation. The containment is a double wall without liner, the leaks
through the internal wall being collected in the annular space permanently
maintained slightly below atmospheric pressure.

Recent developments have been performed, especially the ways to improve the
concrete tightness and the studies related to a high strengh concrete with silica
fumes for the containment and cooling towers of the CIVAUX NPP.

1. Civil Engineering takes a very important part in a nuclear plant. In
addition to its classical scope in an industrial site, its leading part in the safety
gives its nobility title. This needs a high level of quality for the design and the
construction that can be shown by the level of prices :

The main walls represent 15 % of the total cost of a PWR plant and their design
represent 10 % of the construction price. This shows the large interest of the
standardisation, the same design being used for a lot of units.

DIFFERENT STANDARDS FOR THE FRENCH PWRs

900 MW

2. After 2 prototypes in FESSENHEIM and 4 in BUGEY, the CP1 standard

covered 18 units
4 in TRICASTIN (Rhone Valley)
6 in GRAVELINES (North Sea)
4 in DAMPIERRE (Loire Valley)
4 in BLAYAIS (Garonne mouth)
and the CP2 standard covered 10 units (Fig.1)
2 in St LAURENT (Loire Valley)
4 in CRUAS (Rhone Valley)
4 in CHINON (Loire Valley)

The main difference between these two standards is relative to the turbine hall

and its turbo-generator. The nuclear islands are quite the same and this is
especially true for the reactor building also called containment.

Civil engineering in the nuclear industry. Thomas Telford, London, 1991 5
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3. The containment structure is the most important one in a PWR plant. It is

the third and last barrier to prevent the escape of radioactive products into the
environment in the event of a major accident such as LOCA (loss of primary
coolant). It also protects the nuclear sytem from external hazards such as aircraft
impact, missile impact, chemical explosion or fire.
All the 900 MWe PWR containments consist of a single wall prestressed concrete
structure with an internal metallic liner of 6 mm anchored in the concrete (Fig.3).
Its design pressure is 0.4 MPa gauge and its tightness is given by its leak-rate :
0.3 % of the internal mass of air and steam during 24 hours.

4. The other nuclear island buildings surround the reactor building. (Fig.1)

The main buildings are :

- the fuel building,

- the nuclear auxiliaries building,

- the electrical and safeguard auxiliaries building.

They do not have to withstand internal pressure but are subject to externally-
generated hazards (plane crashes, explosions) and earthquakes. Hence these
reinforced concrete buildings are stiffened by a large number of vertical walls
which, with the base mat and floors, form highly rigid structures.

The turbine hall is not protected from externally-generated hazards. Assurance
only has to be provided that it will not collapse in the event of an earthquake.
This means it is a standard industrial building.

It houses a special structure: the turbo-generator set pedestal which must
exhibit a very high rigidity in spite of its plane dimensions. For the CP2
standard, the table is put on springs in order to improve the control of vibrations.
1300 and 1400 MWe

5. The large number of units in a same 900 MW standard showed the
advantages and disadvantages of this situation, the major advantage being
relative to the design cost, the major disadvantage being not to benefit of the
experience of the first plants.

For the next series of 1300-1400 MW plants, there can be found 3 standards.
- the P4 standard : (1300 MWe)
4 units in PALUEL (Channel)
2 units in St ALBAN (Rhone Valley)
2 units in FLAMANVILLE (Channel)
- the P'4 standard (1300 MWe)
4 units in CATTENOM (Moselle valley)
2 units in NOGENT (Seine valley)
2 units in BELLEVILLE (Loire valley)
2 units in PENLY (Channel)
2 units in GOLFECH (Garonne valley)
- the N4 standard (1400 MWe) (Fig.2)
2 units in CHOOZ (Meuse valley)
2 units in CIVAUX (Vienne valley)
The P'4 standard was decided to lower the cost of the P4 one by lowering the size
of buildings and taking into account the actual earthquake level (0.1 or 0.15 g).
The N4 standard was required due to changes in the nuclear system.

6. Since PALUEL, the construction of which began in 1977, the containment
consists of a double walled concrete structure (Fig.3)

- the inner prestressed wall without metallic liner provides pressure strength
and tightness. The design pressure is 0.38 MPa gauge for P4, 0.42 MPa gauge for
P'4 and 0.43 MPa gauge for N4,
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- the outer reinforced wall provides protection against external missiles and
hazards and creates an annular space permanently maintained slightly below
the atmospheric pressure in order to collect the leaks through the inner wall in
case of LOCA.

The containments of 900 and 1300 MW are quite different. Although the strengh

is provided by prestress in both cases, the tightness is provided by a steel liner

for 900 MW and by drainage for 1300 MW. Each of these two containments meets
fully with the requirements of the safety authorities but the second type is better
against external missiles and hazards.

Their prices are quite the same if calculated for the same internal volume and

pressure.

Table 1 - Main characteristics of containments

900 MW PWR 1300 MW 1300 MW | 1400 MW
CP1 - CP2 PWR P4 PWR P'4 PWR N4
PALUEL CATTENOM| CHOOZ
TRICASTIN Type Type Type
Type inner outer inner wall | inner wall
wall wall
Inside diameter 37 45 50.85 43.80 43.8
(m)
Total internal 60.38 65.95 71.95 61.485 62.885
height (m)
Wall thickness
(m)
- raft 3.5 3.0 - 2.8 3.0
- cylinder 0.9 0.9 0.55 1.20 1.20
- dome 0.8 0.95 0.40 0.90 0.9
Steel liner (mm) 6 - - - -
Total internal
vol. (m3) 63,000 106,000 85,216 87,325
Accident gauge
pressure 0.4 0.38 0.42 0.43
(MPa gauge)

7. In summary, the main construction work of a 1400 MW unit is characterized
by the following quantities :
- 200,000 m3 of concrete
- 300,000 m2 of formwork
- 15,000 t of reinforcing bars
- 1,500 t of prestressing tendons
- 1,000 t of embedded parts
- 6,000 t of structural steelwork

PRESTRESSING OF CONTAINMENTS

8. In all units the raft is reinforced concrete (with some cables to prevent
cracks developping in P4 and P'4) and the containment shell and dome is
prestressed. The main prestressing characteristics for 4 typical units,
TRICASTIN, PALUEL, CATTENOM and CHOOZ are given below (table 2).
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The strand protection is always cement grouting and the cable type changes from
19 T 15 in TRICASTIN to 37 T 15 in PALUEL. Vertical and dome cables are tubes
whereas horizontal are semi-rigid ducts.

The dome prestressing changes from a triangular grid (900 MW and P4) to a
square grid (P'4 and N4) thus enabling a reduction of the dome thickness (seismic
improvement) and also by means of turning 2/3 of the vertical cables into the
dome a reduction of the number of dome anchors, which always prove difficult to
cope with.

Table 2 - Prestressing characteristics

TRICASTIN PALUEL CATTENOM CHOOZ
CP1 PW 900 | P4 PW 1300 | P'4 PW 1300 | N4 PW 1300
Type of cables 19T 15 37 T 15 37 T 15 37 T 16
FREYSSINET | FREYSSINET | FREYSSINET { FREYSSINET
Number of ribs 4 2 2 2
Number of 274 133 118 136
horizontal cables | (3/4 turn) (full turn) (full turn) (full turn)
Number of 212 180 155 172
vertical cables (120 turned (99 turned (116 turned
in dome) in dome) in dome)
Number of dome 162 120 116 116
cables (triangular (triangular | (square grid) | (square grid)
grid) grid)

PWR CONTAINMENT DESIGN
General

9. The design of structures for the earliest PWR has been performed with
French standard rules for reinforced concrete (CCBA68) or prestressed concrete
(IP65) : these rules were based on the allowable stresses method.
The design of structures for the last PWR has been performed with new French
standard rules for reinforced concrete (BAEL) or prestressed concrete (BPEL).
These rules are based on the limit state methods.
All specific values and load combinations are defined in the EDF document
known as RCCG (Rules for design, construction and testing of the civil works for
the French PWR power plants). These documents have been revised to take into
account the more recent developments.
The general dimensionning is not fundamentally different in either method, but
the recent regulations give a better comprehension of the structure behaviour and
a better estimate of the security factor and are homogeneous with the future
European rules for concrete structures. (Eurocode 2)

11
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Combination of the main actions
10. The main elementary actions have been taken into account in the design :
- the permanent actions :
. dead load, creep, shrinkage, permanent thermal effect (G)
. prestressing (F).
- the variable actions :
. loads during construction (QC),
. maximum service load (Q),
. mean service load (Q"),
. pressure test (Qpe),
.wind (W),
. snow (S),
. variable thermal effect (T),
. earthquake 1/2 sse (0.5 E).
- the accidental actions :
. loss of coolant accident (Fp),
. earthquake SSE (E).
11. Three types of combination of actions are to be taken into account :
- the basic combinations for the check of limit state resistance and shape
stability with normal security factors,
- the accidental combinations for the check of limit state resistance and shape
stability with reduced security factors,
- the combinations of service limit state for the check of the compression in
concrete and the crack opening.
An example is given hereafter for the 1400 MW N4 containment.
12. The following basic combinations are checked with the security factors
1.5 for the concrete and 1.15 for the reinforcement :

(1.350r1)G + P+ (1.50r 1.35) Q1 + X1.3 Yyi Qi

For the basic action (Q1), one of the following :

- Qc load during the construction,

- Q maximum service load,

- Qpe pressure test

-0.5 E earthquake 1/2 SSE

with the other actions (Qi) (climatic actions, mean service load, temperature).
13. The following service limit state combinations are checked for the

concrete compression and for the crack opening :

G+P+F+XZ V¥ Qi

For the basic accidental action (F), one of the following :

-Fp LOCA,

- E Earthquake SSE,

-E+Fp

with the other actions (Qi) (climatic actions, mean service load, temperature).
14. The following service limit state combinations are checked for the

concrete compression and for the crack opening :

G+P+Ql1+XZV,i Qi

12
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For the basic action (Q1), one of the following :
- Qc loads during the construction,
- G maximum service load,
- 0.5 E earthquake 1/2 SSE,
- Qpe pressure test,
with the other actions (Qi) (climatic actions, mean service load, temperature).
The cracks are considered as prejudiciable for the inner face of the containment
and it is verified that during LOCA. pressure test or 1/2 SSE average minimum
concrete stress is a compression higher that 1 MPa and that in case LOCA + SSE,
average minimum concrete stress is not a tension through any standard section.
Main computer calculation

15. The main dimensions of the containment are analysed in the preliminary
design. At this stage, the designer makes a set of choices as to the prestressing
cable type and general lay-out.
Several finite element models are used to check the design and to determine the
reinforcement in all particular areas.

16. The main computer calculations are the following :
- seismic analysis, including soil-structure interaction,
- raft calculation using different soil moduli values for the determination of

envelope forces,
- general calculation of cylinder including, precise prestressing forces, ribs and
main penetration,

- calculation of dome including different construction and prestressing phases.
Numerous local calculations are also performed.

PWR CONTAINMENT INSTRUMENTATION
Description of monitoring systems
17. The containment structures are instrumented to check their behaviour
during construction (especially during cable tensioning), during pressure tests
(after the construction and during the first refuelling and then every ten years)
and for the whole life of the power station.
Surveillance devices have been designed to check local strains and global
displacements of the containment. They consist essentially of :
- vibrating wire strain-gauges which measure local strains in the raft, the
cylinder and the dome,
- thermocouples combined with strain-gauges for thermal correction (one
thermocouple for two strain-gauges),
- pendulums which measure horizontal displacements according to four
generating lines at three different levels,
- topographic levelling in the foundation slab gallery,
- dynamometers on four vertical tendons.
The strain-gauges are set in pairs, near outer and inner surfaces in current sections
of the containment. The number of strain gauges is small in the containment of a
standard unit (24 strain-gauges), but their implantation is the same for all the
containments of a given series. We can thus compare the values obtained on units
belonging to different sites. Each first unit of a site is fitted with additional
strain-gauges in the raft and in the gusset. Each first unit on a series is fitted
with additional strain-gauges in non standard sections as main hatches,
prestressing ribs, dome bolt.

13
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Analysis of measurement
18. The measurements are given for the earliest units of 900 MW PWR for

more than ten years and the first ten year test has been done on the Fessenheim
and Bugey containments.
For the different units with the same geometrical and stress characteristics, the
results obtained differ only from the concrete characteristics. In particular, the
Young's modulus, the shrinkage and the creep are quite different from one site to
another.
An example of a set of data obtained on a pair of horizontal strain-gauges, in
typical section of containment is given hereafter.
The results during cable tensionning (from two to four months) give rapid strain
variation (400 microns/m for the horizontal strain) in which the elastic and
delayed phenomena are combined.
After the tensionning and before the first pressure test (500 days), the strain
variations (100 microns/m) include only delayed phenomena (shrinkage and
creep).
During the first pressure test, it is check that the strain variation according to
pressure is linear and reversible. This elastic modulus without delayed
phenomena.
After the first pressure test, the strain variation (200 microns/m) continues with
only delayed phenomena during six years (2200 days). After the delayed
phenomena are practically stabilised.
The pressure tests during the first refuelling and after ten years give no
significant difference with the first test, the elastic modulus is the same.
The elastic moduli have been determined for each containment from the results of
pressure tests and range from 28800 MPa (Dampierre 1) to 36000 MPa
(Tricastin 1).
Comparison with the theoretical values

19. The design of containment has been performed with standard rules for
prestressed concrete (IP65 for the earliest 900 MW PWR and BPELS83 for the last
1400 MW PWR).
In the design one value of elastic modulus and one estimation of strains due to
shrinkage and creep at 40 years was used.
The estimated Young's modulus used in the design calculation in agreement with
regulations is 40000 MPa and differs from the modulus which has been provided
by measurements during the pressure test.
If we use standard French BPELS83 rules for prestressed concrete design in which
the variation of delayed phenomena acccording the time are estimated by
analytic formulas, measured strains values exceed theoretical values.
If we compare the values which are given by measurements for cumulated effect
of shrinkage and creep to the estimates of these delayed phenomena taken into
account when these containments have been designed, we find that the ratio
between measured strain variations at 10 years and design strain values at 40
years is about 75 % to 95 % instead of 80 % with the analytic formulas.
Depending on the effective rate of creep and shrinkage from now to the 40 years
life of the plant, the effective strains should be at least the design values and
perhaps higher in the range of 10 % to 15 %.
Prudence would lead us in future evaluations for new containment to sligthly
underestimate the theoretical Young's modulus which is the major cause of
difference between measurements and regulations.
It must also be kept in mind that other margins included in containment design
are not taken into account in our comparisons and as the curves indicate that

14
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delayed strains are almost stabilised, we can conclude that the measurements are
on the whole in good agreement with the design estimates.

COOLING TOWERS

20. Atmospheric cooling towers are generally shells similar to a hyperbolic
torus, resting on a large number of diagonals linked by an annular footing which
transmits loads to the ground. However the last shells at GOLFECH, CHOOZ
and TIHANGE 1 (Belgium) are supported by radial columns. This allows a larger
area for the air flow.
These structures, with a height reaching 180 m and a diameter at the base of
about 140 m have a thickness of only 20 cm in the straight section of the shell
which is, relatively speaking, much thinner than an egg-shell. (Fig.4).
They are subjected to a variety of loadings :
- weight
- differential settlements
- wind
- thermal effects :

. gradient across concrete thickness due to inner air/outlet air difference,

. seasonal temperature variations,

. sunshine (facing shadow/facing sun),

. concrete shrinkage
- physical/chemical and biochemical hazards (ice, run-off water, algae...).
Shell distortion is regularly monitored, by topographic monitoring and visual
inspection, for any variation with time. Monitoring of the 20 shells already built
for NPP's has shown that they have all exhibited some defects, these defects
(mainly cracks) are preferentially located in the top and bottom sectors of the
shell (i.e in the thickest parts).

RECENT DEVELOPMENTS

21. High strengh concrete (HSC)
High strengh concrete has not yet been used in any NPP in the world. The major
reasons are probably the reduction of all the nuclear programs and the need of
experience of this new material in non nuclear structures.
Nevertheless, we think HSC ought to be used in the future nuclear plants because
of its following main qualities :
- water, air and steam tightness
- high resistance
- good beahaviour with corrosive water
- low creep and shrinkage
- acceptable price.
This new material with a water/cement ratio of about 0.4 and admixtures as
silica fumes could be used principally for containments and cooling towers. A
study is being done for the CIVAUX NPP.

22. Container for low and medium level radwastes (Fig.5)
A new type of container has been designed to replace the old ones with lead
protection. It uses heavy concrete (hematite) with different thicknesses. The
plug is also made of heavy concrete. A steel liner makes the tightness of this
container sure.

23. Fire doors
Civil Engineering is not only limited to the concrete structures. For instance, fire
doors are a very important equipment for safety. Up to CHOOZ NPP, french
PWR plants used current industrial fire doors but feed-back experience showed
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Figure 4. Cooling towers evolution
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Heavy concrete shell
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Figure 5. Container for low and medium level radwastes
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they were too brittle. New fire doors have been designed by EDF using
DURASTEEL fire resistant sheet and they have been chosen for the new N4
standard.

A new type with composite material is also tested and could be a good
competitor.

CONCLUSION

24. If we consider the whole cost of a N4 unit close to 8 109F (without the
first fuel), the civil engineering part is about 25 to 30 % and the main walls close
to 15 %.
On the 900 MW standards in which four units were made with very short delays,
a total of 4 000 workers were on the site at the same time.
Nowadays for the N4 1400 standard, the delay is longer and a maximum of 950
workers has been seen in CHOOZ for two units.
Activities are very diversified, complex or rustic, prototype or standard.
200 contractors and sub-contractors are on the site. A high level of coordination is
necessary to manage the technical cohesion without forgetting human problems.
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3. Repository design strategy

P. ISGAR, Euring, BSc, FIStructE, MICE, MIHT, and A. J. HOOPER,
BSc, UK Nirex Ltd

SYNOPSIS. United Kingdom Nirex Ltd is responsible for
developing a national repository for the disposal, deep
underground, of low and intermediate level radioactive

waste. Conceptual design studies have been undertaken in the
period from 1987 to present. These have examined the

various geological environments and constraints for the
underground works, along with generic site layouts for the
surface facilities. More recently the site selection process
has led the Company to examine possible sites at Sellafield
and Dounreay. Repository design during 1990 and 1991 is
addressing site specific issues which are fundamental to the
legislation and regulatory requirements relevant to the
development of a repository at one of these sites.

Introduction

1. United Kingdom Nirex Ltd is responsible for developing
a national repository for disposal, deep underground, of low
and intermediate level radioactive waste.

2. Conceptual design studies were undertaken, during the
period from 1987/1989, that examined the various geological
environments and constraints for the underground works, along
with generic site layouts for the surface facilities.

3. More recently, the site selection process (Refs 1,2)
has enabled the Company to look in detail at possible sites
at Sellafield and Dounreay.

4. This paper will describe the following:-

-  Nirex organisation and interfaces with advisory
bodies.

- An overview of site selection and site investigation.

- The waste expected at the repository.

- The current design strategy for the sites at
Sellafield and Dounreay.

- The relationship between Design and Operational
Safety.

- How cognizance of extreme environmental hazards and
abnormal loading are addressed looking specifically at
seismic, extremes of wind and temperature, and

Civil engineering in the nuclear industry. Thomas Telford, London, 1991 19
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potential impact within the repository.
- Describe how Quality Assurance in design, construction
and operation is of paramount importance.

United Kingdom Nirex Ltd Organisational Aims and Interfaces
with Advisory Bodies

5. United Kingdom Nirex Ltd — The Nuclear Industry
Radiocactive Waste Executive was set up with the Government’s
agreement in 1982 by four organisations, working in
partnership:

British Nuclear Fuels plc

Central Electricity Generating Board (Nuclear Electric)
South of Scotland Electricity Board (Scottish Nuclear)
UK Atomic Energy Authority (AFA Technology)

6. United Kingdom Nirex Ltd was constituted as a Company
in November 1985, with all shares held by the partner
organisations and by the Department of Energy on behalf of
the Government.

7. United Kingdom Nirex Ltd’s task is to implement the
Government’s strategy for the disposal of most low and
intermediate-level radiocactive waste produced by the UK
nuclear industry and by users of radiocactive materials in
hospitals, industry, research and defence.

8. The current aims of this strategy are to ensure that:

a) wastes are safely stored, pending decisions on final
disposal,

b) disposal facilities are developed for low and
intermediate-level wastes that are at least as safe as
supervised storage,

c) disposal decisions are based on considerations of the
best practicable environmental options.

9. The following indicates the relationship of United
Kingdom Nirex Ltd with Advisory Bodies, Government
Authorities, and the Nuclear Industry.

SHAREHOLDERS
ADVISORY |— l «AUTHORITY
(eg RWMAC, UK NIREX LTD (DoE, NII, DEn,
NRPR) DTp, MAFF, HMIP)

Site Selection

10. International Atomic Energy Agency Recommendations
and Safety Guides (Refs 3,4) demonstrate an idealised
sequence of activities for site selection. Table 6.1 from
Ref 3 explains more clearly.

20
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11. Although each site must be considered on its own
merits, it is possible to list some of the general factors
governing the suitability of a repository:

(a) It should be possible to characterise the properties
of the host rock in the vicinity of the repository to
such an extent that the performance of the repository
can be effectively predicted;

(b) The hydrogeological characteristics of the host rock
and the groundwater regime of the surrounding
geological environment should favour waste isolation;

(c) It would be an advantage if the host rock and/or the
geological barriers can be used to retard the
migration of radionuclides;

(d) The repository should be located at sufficient depth
in the host rock so that the wastes will not be
exposed to the biosphere until the radionuclides have
decayed to insignificant levels;

(e) The repository should be constructed so as not to
endanger the hydrogeological isolation of the wastes;

(f) The acceptability of a geological formation should
also be based on the extent of its occurrence and its
economic value.

12. Wastes containing significant amounts of radionuclides
with long half-lives should be placed in formations for which
a continuing regional geological stability is predicted.

13. The site selection should be undertaken in close
connection with the work for the repository concept and
design, and if necessary the introduction of engineered
barriers should be taken into account.

14. 1In taking cognizance of these considerations the
project has been developed to its present stage as described
in Refs 1 and 2.

15. United Kingdom Nirex Ltd has followed the approach
recommended by the International Atomic Energy Agency (IAEA)
(Ref 3) in seeking to identify a preferred site for a waste
repository. This requires locations to be evaluated
initially on the basis of geological and environmental
information and on societal considerations. Furthermore, the
TAEA recommends that an evaluation should proceed in stages
from generic to specific site assessments carried out in
progressively increasing detail, the number of candidates
being reduced as the requirements to be satisfied are refined
and enhanced.

16. Essentially, three stages are involved:

- a search on a national scale to define favourable
areas of the country; followed by;

- the identification of specific candidate sites for
comparative evaluation and the selection of
outstanding prospects for physical exploration to
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confirm their suitability; and,
- the final choice based on the results of geological
investigation and other studies.

17. The site selection process undertaken by United
Kingdom Nirex Ltd began with ’desk studies’ based on
available data and theoretical knowledge. As the
characterisation of favourable areas and of potential sites
proceeded, some were eliminated and others emerged as
offering potential. Overall, the convergence on a small
number of outstanding candidates has enabled increasingly
detailed appraisals to be undertaken of relevant matters
specific to each site. The use of this procedure has
progressively reduced the number of sites to be carried
forward for consideration. The next step in the process of
selection has been to embark on physical exploration,
including both field drilling to provide cores for laboratory
studies and geophysical testing and to gain hydrogeological
data.

18. Simultaneously, enhanced socio—economic, planning,
environmental, and transport studies are being carried out.
19. While the site selection process was founded on the

approach described above, United Kingdom Nirex Ltd also
sought to explore the broader social context in which it is
required to discharge its technical responsibilities.
Consequently, the decision was taken to stimulate an
extensive dialogue with all interested parties by publishing
an account of its proposals. This publication, entitled /The
Way Forward’, was launched in November 1987 before members of
the House of Commons, the House of Lords and the European
Parliament.

20. 1In order to ensure that the general public was made
aware of /The Way Forward’ copies were sent to all local
authorities, county associations, parish and town councils,
country and district libraries and to hundreds of
organisations with a potential interest in the subject.
National advertising was undertaken and more than 50,000
copies of ’/The Way Forward’ were distributed.

21. The University of East Anglia’s School of
Environmental Studies was contracted to. analyse all the
responses received. In its report, the University noted a
widespread public objection to sub-seabed disposal with
off-shore access and a general preference for avoiding areas
of high amenity value such as areas of outstanding natural
beauty.

22. While the safety of transport and disposal of
radioactive waste was judged to be extremely important, there
was no overall consensus of how this might best be achieved.

23. The deep, permanent disposal of low-level and
intermediate-level radiocactive wastes where they could be
monitored and could be recovered, did seem to be broadly
acceptable to a majority of those bodies and organisations:
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in the United Kingdom with national rather than parochial
roles and responsibilities.

24. Those organisations and individuals, with local rather
than national interests, that expressed a preference,
generally considered on-site storage more acceptable than
immediate disposal. This ’Not in my Backyard’ reaction,
whilst predictable, contributed little of further substance
to the debate.

25. The only areas of the country that showed a measure of
support were Caithness (Scotland) and Copeland (Cumbria),
which were already familiar with the nuclear industry
developments at Dounreay and Sellafield respectively.

26. As indicated earlier, United Kingdom Nirex Ltd took
the views expressed by interested parties from outside the
nuclear industry into account in selecting sites. In a
number of respects the responses coincided with the views of
United Kingdom Nirex Ltd. For example, areas of high
population were to be avoided, as were areas of national
importance in terms of amenity or scientific interest.
United Kingdom Nirex Ltd also recognised the need for
long-term monitoring of the waste providing this does not
prejudice the performance of the repository with respect to
safety. The view that small islands and offshore sites
should be avoided was not in conflict with the current views
of United Kingdom Nirex Ltd.

27. United Kingdom Nirex Ltd noted the comments about
on-site storage of wastes and has carried out a comparison
between this and the early disposal option. United Kingdom
Nirex Ltd is also aware of the transportation benefits that
would accrue from siting a repository close to one of the
major sources of waste arisings.

28. As the site selection work progressed in parallel with
the discussion process it became clear that the various sites
under consideration could be divided into two categories:
those where there is a measure of support for nuclear
activities in the local community and those where there is
not. In view of this, and recognising the practical
difficulties of investigating sites in parallel, Nirex has
decided as a first step to limit further investigations to
two areas where there is a measure of public support, namely,
Dounreay in Caithness, and Sellafield in Cumbria. In doing
so United Kingdom Nirex Ltd does not rule out the possibility
of investigating other locations at a later stage or of
utilising the sub-seabed options.

29. The selection of Dounreay and Sellafield for further
investigation used the best data available in the areas of
safety, transport, geology, design, planning and
conservation. United Kingdom Nirex ILtd is currently
undertaking the fuller evaluation of these two locations to
determine whether either, or both, are suitable for
construction of a repository or whether other locations
should be similarly evaluated. This will be accomplished in
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three
(@)

®)

(c)

30.
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general ways:

by further site characterisation, including geological
investigation;

by using site specific information to develop
preliminary designs and to enhance the post-closure
safety analysis;

by direct consultation with local authorities and
other bodies to improve the understanding of
socio—economic factors, nature conservation and
transport considerations.

The Sieving Process for Site Selection is as follows:

GEOLOGICAL SURVEY BY BGS
INLAND AND OFF-SHORE AREAS WITH SUTTABLE GEOLOGICAL AND
HYDROGEOLOGICAL CHARACTERISTICS

ENVIRONMENTAL AND PLANNING CONSIDERATIONS
1. POPULATION DENSITY LESS THAN 8 PERSONS PER HECTARE
2 LANDSCAPE AND NATURE CONSERVATION

AREAS OF SEARCH
BROAD IDENTIFICATION OF SITES WITH POTENTIAL FOR
REPOSITORY LOCATION

D s

FURTHER BCRUTINY
SITES WITHIN THE AREA OF SEARCH OR OUTSIDE IF APPEARING TO HAVE
A PARTICULAR POTENTIAL FOR REPOSITORY LOCATION

‘ 3

OWNERSHIP OF LAND
LAND UNDER THE CONTROL OF GOVERNMENT, NIREX OR OFFERED BY PRIVATE
OWNERS

3 n

SIZE/.CBARACTERISTICS OF SITE
COASTAL: 200 HECTARES (500 ACRES)
INLAND: 400 HECTARES (1,000 ACRES), NOT LESS THAN 350 HECTARES

$ 3

PURTHER GEOLOGICAL APPRAISAL
AVAILABLE DATA POR EACH SITE SCRUTINISED

3 n
EXPERT REVIEW OF SITES

NIREX AND TEAM OF CONSULTANTS EXAMINED THE LIST TO
IDENTIFY “FRONT RUNNERS"

N N

DECISION ANALYSIS
ATTRIBUTES EVALUATED FOR 12 OPTIONS

DOUNREAY & SELLAFIELD
ACCORDED PRIORITY FOR DETAILED EVALUATION
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Site Investigation

31. The decision to investigate these sites was
necessarily formulated from information, some of which is of
a theoretical or generic character, which needs to be
verified by specific analysis and testing. The geological
prognosis for the sites is that both are underlain by about
500m of sedimentary rocks, principally sandstone, over hard
basement rocks. It is the latter which is of interest as a
repository host rock. To confirm the current understanding
of the geological characteristics the first step to sink two
boreholes to basement rock at each location and to conduct a
regional geophysical survey is under way. The borehole
investigations consist of the following:

L boreholes which are fully cored, as far as is
possible, to obtain high quality continuous core;

] hydrogeological testing in the boreholes;

. geochemical sampling of the groundwater from the
borehole and pore fluids from the core material;

U geophysical logging of the boreholes;

[ initial geotechnical assessment of the rock mass for
construction purposes.

32. The core samples are providing material for laboratory
testing and the boreholes will provide access to the
underlying structures for hydrogeological and geological
testing. The geophysical survey includes comprehensive
surface and aerial surveys using modern techniques to
determine inter alia the properties and the extent of the
potential host formations.

33. In parallel with the geological investigations
site-specific conceptual designs of a repository have been
developed to meet the specific features of the candidate
sites. This work enables operational safety cases to be
formulated and provides updated cost information. The
post-closure radiological safety studies will be focused on
the two sites and will benefit from the acquisition of
specific information on the characteristics of the geological
environments underlying these sites.

The Waste Expected at the Repository

34. As mentioned in the introduction, United Kingdom Nirex
Ltd is charged with developing a national repository for
disposal deep underground of low and intermediate level
radioactive waste. There are four waste categories that we
have to consider:-

(a) Operational LLW
(o) Decommissioning LLW
(c) Operational ILW
(d) Decommissioning ILW
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35. There are two distinct package types:—

(a) Packages arriving in transport containers and
requiring temporary shielding. These include all
operational ILW and decommissioning ILW 3 m3 boxes.

(b) Self-shielded packages.

36. The arrival rates for road and rail vehicles to a
repository at Dounreay and at Sellafield are shown below.

TABLE |

AVERAGE WEEKLY ARRIVAL RATES OF ROAD AND RAIL VEHICLES TO A
REPOSITORY BASED AT DOUNREAY

VEHICLES
Average Number of [Rail Only Road & Rail
Data Description Weekly Traasport
Sheet Rate Contaiaers Rail Lorries Rail
(1) per Vehicle Wagons (3) Wagons
(2)
Road Rail
6 12m3 Self Shielded Box for ILW 6 - 1 6 6
8 6m3 LLV Box 15 2 4 4 7.5
9 | 1283 LLW Box 23 1 2 11.5 23
11 R70 Traasport Contaiaer 25 1 2 12.5 - 25
12 R145 Traasport Container 21 - 1 21 21
13 R210 Transport Container 17 - 1 17 17
14 R285 Traasport Container 21 - 1 21 21
16 S150 Transport Container 6 - 1 6 6

19 Multi-Element Bottle (MEB) )
20 MAGNOX Fuel Transport Flask )
21 Excellox Fuel Traasport Flask) 2 - 1 2 2
22 AGR MK 1A Transport Flask )

18 WAGR Box )

10 Nirex 1SO Preight Container(s) 1 2

TOTALS 136 101 55.5 73

Block Traias (&) 8.4 6.1
TABLE 2

AVERAGE WEEKLY ARRIVAL RATES OF ROAD AND RAIL VERICLES FROM
OFFSITE TO A REPOSITORY BASED AT SELLAFIELD

OFFSITE VERICLES
Average Number of |Rail Onmly Road & Rail
Data Description Weekly Traasport
Sheet Rate Containers Rail Lorries Rail
1) per Vehicle Wagoas (3) Wagons
(2)
Road  Rail
6 1203 Self Shielded Box for ILW 2 - 1 2 2
8 | én3 LV Box 9 2 4 2.5 5.0
9 | 1203 LLV Box 14 1 2 7.0 14.0
11 R70 Transport Contsiner 5 1 2 2,5 5
12 R145 Transport Coatainer 7 - 1 8 8
13 R210 Transport Container 12 - 1 12 12
14 R285 Transport Coatainer 6 - 1 6 6
10 Nirex 150 Preight Coatainer (5) 1 2
TOTALS 55 40 24 28
Block Traias (4) 3.3 2.3
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37. Current Design Strategy

ISGAR AND HOOPER

LONG TERM
™  SAFETY [*™]

OPERATIONAL
™ SAFETY -

P&T <—>

PEER REPORT 51
REVIEW [ L]
REPORT 75
' =)
SITE SPECIFIC
[ NNEA e DESIGN
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Phase 1. Surface
Mech/ B&C
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Functional specification &
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Public Inquiry
Planning Application

!
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The Relationship Between Operational Safety and Design

38. The influence of a structured safety case in support
of design, and a phased design, following sound construction
methods, in support of operational safety are of paramount
importance in the design strategy.

39. The main aims are:—

- to review conceptual site-specific-design, setting
boundaries and targets for plant design.

- to demonstrate that the civil design provides adequate
safety; placing no constraints on any further design and
gains consent from the regulator to commence construction of
the civil works.

- to demonstrate that the ME&I design provides adequate
safety gaining consent from the regulator for the
installation of this equipment.

- to present and justify proposals for inactive
commissioning of the plant, resolving outstanding issues
gaining consent from the regulator for inactive
commissioning.

- to incorporate the results of inactive commissioning
presenting and justifying proposals for active commissioning
of the plant. Resolution of all outstanding issues prior to
active commissioning and gaining consent from the regulator
to commence active commissioning.

- to incorporate the results of active commissioning and
by providing safety operating procedures demonstrating that
the plant can operate safely.

40. Formalisation of these aims and the programmed design
should achieve the requirements of a Planning Inquiry that
could lead to a start on construction during 1995.

The Design Due to Conventional Loading and as a Result of
Extreme Environmental Hazards/Abnormal Loading

41. Generally, the design of the repository will be
subject to normal codes of practice. Considerations for
conventional loading scenarios due to dead, live, wind,
thermal etc will prevail in the first instance.

42. There will however be a requirement to consider
abnormal loading due to scenarios such as fire and impact,
and extreme environmental loadings due to seismic and
extremes of wind, snow, rainfall and temperature. A
combination of the various scenarios follows in tabular
form. These are consistent with normal provisions for design
accepted by regulatory authorities.
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Table 3
Load Load Condition Load Factor
Case
o] L w WE N ND NE SO SE O
1 Construction 1.2 1.2 1.2 - - - - - - 1.2
2a Normal 1.4 1.6 - - - - - - - 1.6
2b Normal 1.4 1.6 - - 1.6 - - - - -
Climatic 1.4 1.6 - - - 1.05 - =~ - -
1.0 - 1.4 - - - - - - -
1.2 1.2 1.2 - 1.2 =~ - - - -
1.2 1.2 1.2 - - 1.05 - - - -
3 Seismic 1.2 1.2 1.0 - 1.0 - 1.2 - 1.2
Operational
4 Extreme
Environmental
a) Max Seismic 1.0 1.0 - - - - - 1.0 1.0
b) Min Seismic 1.0 - - - - - - 1.0 1.0
c) Max Wind 1.0 1.0 - 1.0 - - - - 1.0
(Extreme)
d) Min Wind 1.0 - - 1.0 - - - - 1.0
(Extrenme) '
e) Max Snow 1.0 - - - - 1.0 - - 1.0
f) Min Snow 1.0 - - - - 1.0 - - 1.0
f - Partial safety factor for load as defined in
BS 8110 and BS 5950
D - Dead load
L - Live load
W - Normal wind load_
WE - Wind load for 10 event
N - Normal snow load
ND - Drifted snow load
NE - Snow load for 10 event
5, - Load effects due to design operational
safety shut-down seismic event
SE - Load effects due to design safety shut-down
seismic event
(o] - Other load not accounted for elsewhere

Quality Assurance

43. In applying quality assurance to an organisation it is

essential that all concerned have a clear understanding of
the requirements which are to be met. The origins of these

requirements lie in a document ’Appendix B of the USA Federal

Regulations 10CFR50’. This established quality assurance
requirements for structures, systems and components for the

design, construction and operation of nuclear power plant and

fuel reprocessing plant. It identified what have become
known as the 18 criteria quality assurance which are listed

in Table 1 (Ref 5). These form the basis for most standards

on quality assurance including the two British Standards
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BS5882 ’Specification for a total quality programme for
nuclear installations’ and BS5750 ’Quality Systems’. In turn
one or other of these often form the basis for regulatory or
contractual requirements and can be regarded as the formal
statement of quality assurance requirements. It is usual
practice for an organisation to declare its quality assurance
system to be compliant with one or both of these standards.

44. Quality Assurance programme, organisation and design
control are the first three in the list of the ’18
criteria’; these are of paramount importance in the
management of a successful Project Design.

45. Whilst this Paper only covers the initial stages of
design, sight of the end objective of the Company must not be
lost. The total ’18 criteria’ will have its part to play.

46. Successful applications within the nuclear industry
can be seen at major installations nationally, Heysham,
Torness (Ref 6) and Sellafield (Refs 7,8) are examples.

47. Lovatt (Ref 5) concludes that ’Quality Assurance is a

fact of life which in the form of nuclear regulatory
requirements and more widely specified contractual
requirements fis here to stay. It needs to be applied with

common sense and understanding so that it is an integral part
of management control. What must be avoided is it becoming a
bureaucratic overlay with little relevance to main stream
activities which results in increased cost with no benefit’.
The Authors of this Paper are in agreement.

Conclusion
48. The Institution of Civil Engineers charter describes
the profession as:-—

'A Society established for the general advancement of
Mechanical Science and more particularly for promoting
the acquisition of that species of knowledge which
constitutes the profession of a civil engineer, being the
art of directing the great sources of power in Nature for
the use and convenience of man.’

49. More over, the Nevada Operations Office of the US
Department of Energy, in their document ’Managing the Nations
Nuclear Waste — the Yucca Mountain Story’, issues the
challenge: -

'Designing, constructing, and operating the nations

first repository for high level nuclear waste is a challenge
to today’s technology. More importantly, it is a challenge
to the ability of people to work together to resolve a
complex issue. We have an unprecedented responsibility to
safequard the environment for our own and future generations
and we all play a part in making these important decisions.’
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50. The key words in the former are ’... the art of
directing the great sources of power in Nature for the use
and convenience of man’, whilst in the latter ’... the
ability of people to work together ... and we all play a
part ...’. Both take cognizance of Nature and the
environment, but just as significant, is the ability of
people to direct, manage and work together to provide a sound
economic engineering solution to a complex engineering
problem.
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Discussion

Mr Costaz mentioned some quite startling settlements on
one of his power stations. Would he care to give more
information about why settlements occurred?

R. CROWDER, Taywood Engineering ILtd, Southall

I was interested by the concept of double containment
as exemplified by the P4/N4 plants. However, the
difficulty appears to be in continuing double
containment beneath the containment base, the part of
the structure perhaps most prone to flexural cracking.
It may be postulated therefore that double containment
is missing at the part of the structure where leakage
is most likely. The question, therefore, is how this
problem has been dealt with on French plants, and how
the solution has been affected by the possible
considerations for dealing with core melt and its
influence on the containment base?

R. L. BRUCE, ABB Impell Ltd, Warrington

Could Mr Isgar give more details about the design of
the repositories against extreme hazards, both internal
and external, and in respect of both civil structures
and mechanical handling plant?

A. CHALMERS, Iaywood Engineering Ltd, Southall

I am sure that Mr Isgar is aware of the Swedish
repository at Forsmark. My understanding is that it
has been designed to take low-level and
intermediate-level waste from the 12 Swedish nuclear
power stations. It is at a depth of about 50 m. 1In
the UK have we definitely abandoned the use of a
similar facility, and are we irrevocably committed to a
very deep repository, with the considerable engineering
and technical problems and cost burden associated with

Civil engineering in the nuclear industry. Thomas Telford, London, 1991 33
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this? Mr Collier has mentioned the need to reduce the
cost of the fuel cycle. :

D. NAYLOR, BNFL Engineering, Warrington
What design life is required for the bearing? How do
the designers demonstrate that the bearings are
performing satisfactorily and maintain their original
properties from the original design?

If a bearing needs to be replaced, what is the
likelihood and how would this be achieved considering
the massive vertical load applied to each bearing?

M. G. DOWN, NNC - Thyssen Corporation

Are there any major challenges to be overcome in the
technology for construction of a deep repository? To
what extent are conventional shaft-sinking and mining
techniques appropriate?

S. N. FIELD, Taywood Engineering Ltd, Southall
In the light of the unexpectedly high rates of loss of

prestress in certain stations, I would like to ask two

questions. Firstly, how is this effect being observed?

Is there some method of monitoring tendon stresses? If
not, how does Mr Costaz compute concrete stresses from

strains measured by vibrating wire gauges?

Secondly, would Mr Costaz care to give us some idea
of the scope of any original experimental work that was
used to provide concrete modulus and creep data before
design?

D. SHILSTON, W.S. Atkins Consultants Ltd, Epsom
Quality assurance by peer review has been described as
an important part of the Nirex design process. Would
Mr Isgar comment on how peer review is procured and
organized by Nirex for work involving specialist
consultants. In particular, how is duplication of the
consultants’ work avoided in the peer review process?

R. CHAPLOW, Sir Alexander Gibb & Partners ILtd
I have been asked to give an update on the progress of
the Dounreay and Sellafield geological investigations.
Sir Alexander Gibb & Partners Ltd, in association with
GeoScience Ltd and J. Arthur & Associates, are the
consultants responsible for carrying out the geological
investigations at both Dounreay and Sellafield.

At Dounreay the investigations comprise the
following. Borehole 1 is schedule to be drilled to a
depth of 1200-1300 m. It is currently at a depth of
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1140 m and drilling is due for completion in mid-April
1991. The borehole has penetrated through the Devonian
Caithness Flags and is now in the crystalline basement
rocks. Borehole 2 is scheduled to be drilled to a
depth of 800 m and to start in May 1991 on completion
of borehole 1. There are also regional geophysical
surveys which comprise onshore and offshore seismic
reflection surveys, an airborne survey, and other
regional surveys. The field work for these surveys is
now complete and the results are being processed.

At Sellafield the status is as follows. Borehole 2
drilling was completed at the end of February 1991 at a
depth of 1610 m. The final stage of testing is now in
progress. Borehole 3 was begun in December 1990 and is
scheduled to penetrate to a depth of 2000 m. It is
currently at a depth of 1055 m and is on programme.
Borehole 4 is due to commence drilling in April 1991
and to penetrate to a depth of 1250 m. The site
preparation work for the borehole is in progress.
Planning permission has also been obtained for
boreholes 5 and 6, but no site work has yet started.
Regional geophysical surveys, similar to those being
undertaken at Dounreay, are in progress and will be
completed shortly. /

The investigations are generally proceeding according
to programme, although some delays to the regional
geophysical surveys have occurred due to bad weather.
The borehole investigations generally comprise the
following. There is rotary coring to produce an
approximately 100 m dia. core. Extremely high-quality
core recovery is being achieved using the triple tube,
wire-line equipment. There are environmental pressure
measurements to obtain values of the groundwater
pressure and permeability throughout the holes.
Down-hole geophysical logging, geochemical sampling,
and vertical seismic profiling are also carried out.
The consultants have also performed hydrogeological
tests, comprising full sector tests to identify the
presence of any flowing zones in the holes, and
discrete sector tests to test individual sections of
the borehole selected on the basis of the full sector
texts.

J. -L. COSTAZ, Paper 1
In reply to Mr Dexter-Smith, the settlements of about

0.30 m occurred at GRAVELINES NPP where the ground was
made of sand and clay. This value was predicted by the
calculations, and the settlements are now stabilized.
To Mr Crowder, when doing air leak tests at the
design pressure, the leaks across the base mat are the
difference between the total leaks and the leaks across
the cylinder and the dome which can be measured. It
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appears that the air leaks across the base mat are low
and that they are close to zero when the mat is covered
with water, which is the situation during an accident.

The core melt across the base mat has not been
considered in the design, but the problem is the same
with or without a liner.

In reply to Mr Naylor, the design life of a bearing
is that of the plant: 40 years. Samples are kept in
the same conditions as the actual bearings. Static and
dynamic tests are made every five years If a bearing
needs to be replaced, the column has to be destroyed
and rebuilt. The stresses in the new bearings are
given by flat jacks filled with cement grout or resins.
The probability of such an event is very low.

To Mr Field, the loss of prestress is the
consequence of both steel relaxation and concrete creep
and shrinkage. The former is well known, the latter
depends on the actual concrete. Our feed-back
experience shows that the delayed strains are quite
different from one site to another.

As we have standard designs which are made before
knowing the actual concretes, the design relies only on
the national regulations. More precisely, the BPEL
(B}ton Prlcontraint aux Etats Limites) gives data that
are generally convenient and conservative. There is
one exception for which the creep rate is higher than
predicted but we do not know, up to now, if the final
value (40 years) will be different from the design
value.

As far as the in-service surveillance is concerned,
the actual values of the prestressing forces are
plotted every three months by load-cells fixed on the
ends of four straight vertical tendons (without

friction losses). They can be also calculated with the
concrete strain data of the vibrating wire gauges and
the invar wires. If the original experimental work

could not be done for standard reasons, a post-analysis
of the results obtained on the various sites is very
useful to confirm the design and to make improvements
on future designs.

P. ISGAR, Paper 3

In reply to Mr Bruce, nuclear facilities are designed
against the following (refer to p.24 of the Paper):
conventional loading, abnormal loading, and extreme
environmental hazards.

Conventional loading is self-explanatory and is
confined to normal design methods using British
Standards and Codes of Practice.

Abnormal loading (internally as mentioned in the
question) is generally a result of normal operations
being exceeded. Examples of this are increases in
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thermal loading as a result of non-standard operational
procedures, or impact loading as a result of dropping
items carried by cranes or collision of the item with
the structure.

Extreme environmental hazards (externally as
mentioned in the question) include seismic activity,
extremes of wind, rainfall, snow and temperature.

May I refer Mr Chalmers to a statement made to the
House of Commons by the Rt Hon Nicholas Ridley M.P.,
former Secretary of State for the Environment, on 1 May
1987 (Hansard 1/5/87/ Col. 504). Summarizing: Mr
Ridley accepted the Nirex conclusion that although a
safe near-surface disposal facility could certainly be
developed at any of the four sites under investigation,
the economic advantages of separate near-surface
low-level waste disposal were not as great as Nirex
first envisaged. He further accepted that it would be
preferable to develop a multipurpose deep site for
low-level and intermediate-level waste.

In reply to Mr Down, the technology for the
construction of a deep repository exists in various
technical areas allied to the Civil Engineering
industry; mining is one such area. The UK experience
is generally in soft sedimentary rock; however, hard
rock shaft sinking and tunnelling experience exist
worldwide. It is the task of the company to channel
the right methods and techniques to support the
specific requirements of the project. The company is
exploring a drilling option as a possible alternative
to conventional drill and blast, as used extensively in
the UK.

In reply to Mr Shilston, peer reviews are used by
the company as a way of carrying out technical
appraisals of the work carried out against a
specification. They identify the strengths and
weaknesses of the work, and identify the shortfalls in
the specification or work and recommend further
studies. The need for peer review is documented in the
recommendations of the Radioactive Waste Management
Advisory Committee, 10th Annual Report, November 1989,
and is consistent with the requirements of BS 5882 -
Specification for a total quality programme for nuclear
installation (see pp. 24 and 25 of the Paper).

The standard procurement technique is to use the
actual reports/work to be reviewed as a ’scope of
work’, tenders being submitted together with a
method statement and QA system. Duplication is
avoided by clear instructions in the specification
and correct listing of the deliverables required.
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4. The HADES project—ten years of civil engineering
practice in a plastic clay formation

D.]. DE BRUYN, and B. A. NEERDAEL, Geological Disposal
Project, Nuclear Energy Research Establishment (CEN /SCK), Belgium

SYNOPSIS. Various civil engineering works and underground
experiments have been performed during the last ten years in
Belgium to assess the technical feasibility of building a
repository for high level waste (HLW) disposal in a plastic clay
formation; they lead to the conclusion that the construction of
tunnels for this purpose may now be considered as technically
and economically feasible.

INTRODUCTION

1. The industrial production of nuclear electricity
implicates the management of the generated radioactive wastes.
Geological containment can be considered as an ultimate defense
against uncontrolled dispersion of radionuclides into the
biosphere and therefore, Belgium develops at the Nuclear Energy
Research Establishment (CEN/SCK) since 1974 a research programme
concerning the final geological disposal of reprocessed HLW.

2. It appeared very rapidly that among the geological
formations suitable for burial, some clay formations could
present interesting characteristics. From previous drillings, it
was known that an extended and homogeneous rupelian clay
formation, called Boom clay, exists in the N-NE part of Belgium
where the nuclear fuel cycle facilities and CEN/SCK are located.
Fig. 1 presents a schematic map of the potential argillaceous
formations in Belgium.

3. The geotechnical properties of this clay have been
intensively studied in the past on behalf of construction works
in the Antwerp region, at depths varying between 40 and 80 m; it
was therefore evident that, although the same geological
formation 1is concerned, the working conditions would be
different at Mol, the depth considered for tunnels being 220 m.

THE USE OF GROUNDFREEZING

4. A geotechnical core drilling was performed at Mol in 1975
until the base of the Boom clay layer and a large amount of
samples, considered as undisturbed, were taken. Fig. 2 presents
the geological profile at the location of the borehole. From
consolidated undrained triaxial tests, mechanical properties in
effective stresses could be determined (ref. 1):
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Figure 1: Potential formations for nuclear waste disposal
c’' = 0.015 MPa and ¢’ = 22°

They were in complete agreement with results obtained in the
Antwerp region. For the undrained shear strength c,, on the
other hand, much higher values were predicted on basis of
previous studies (about 0.85 MPa) than obtained with the samples
(between 0.3 and 0.7 MPa). A conservative value of 0.6 MPa was
finally considered in the design computations.

5. For the construction of galleries in such a clay, two
geotechnical aspects have to be studied: the distance between
galleries and the type of lining. For the distance, one of the
criteria to be fulfilled might be that the damaged zones around
the galleries, created by the excavation process and/or any
other reason like temperature, should not cover each other.

6. Considering clay as an elasto-plastic medium without
friction, a plastic zone with a radius R develops around an
unlined excavation of radius r with the relationship:
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Figure 2: Geological profile of 1975 borehole

R/r = exp (0.5 (p/cy - 1) )

p being the mean normal stress. At a depth of 220 m, or
p = 4.4 MPa, a ratio R/r of 23.8 is obtained, which means that
for an excavated diameter of 4.0 m, a damaged zone of 47.5 m
would be developed. It is to be enhanced however, that in such
conditions, the whole thickness of the clay layer, around 100 m,
would be concerned. This brought evidence that a ground
conditioning technique was required. It was opted to use the
ground freezing technique, as it was already needed for sinking
the access shaft through the water bearing sands.

7. About the lining type and thickness, it was considered in
the design calculations at that time (1978 - 1979), that the
whole overburden pressure should be taken into account with
severe restrictions on the K, value; using concrete liners with
reasonable available strength and classical safety factors, the
required thickness would then be important (more than 1 m for an
internal diameter of 3.5 m), increasing the difficulties for
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excavation.

THE SHAFT AND LABORATORY CONSTRUCTION

8. Both desk and laboratory studies pointed out the necessity
of building an underground research laboratory in the clay.
Besides the research opportunity that such a construction
presents in geomechanical and mining fields, it constitutes an
invaluable facility for the study of such phenomena as heat

transfer, corrosion and ionic migration in a clay host, N

|
25m J

Figure 3: Original concept of the wunderground research
laboratory (URF)
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essential to demonstrate the long term safety of a HLW disposal.

9. A ground freezing technique was chosen for the digging
works through the water bearing sand layers, a technique well
known in Belgium as used for instance for every coal mine shaft,
but also for the digging works in the clay, considering its poor
mechanical resistance (see above) and the fact that a limited
length of gallery, 35 m, should be built, excluding therefore
the use of a TBM. Fig. 3 presents the original concept,
comprising an access shaft, a crossing chamber and the
experimental underground laboratory.

10. For the shaft sinking (ref. 2), soil was frozen by means
of a calcium chloride brine, cooled down to about -25°C by
ammonia frigorific groups. The wunderground facility being
designed only for experimental purposes, the internal diameter
of the shaft has been limited to 2.65 m. The sinking operation
began in October 1980 and proceeded normally until the top of
the Boom clay. Problems began to take place around a depth of
190 m in the frozen clay mass. The shaft lining was rapidly (2
to 3 weeks) under pressures significantly higher than the
overburden. Displacements of the unlined clay mass at -12°C
reached 1 cm per day. Modifications were therefore required in
the design of as well the crossing chamber as the gallery. The
shaft floor raft was poured in place on December 21st, 1981.

11. Fig. 4 presents the works as built: as the crossing
chamber has been limited to 4 m internal diameter, the
corresponding volume at the bottom of the shaft was not
sufficient for the installation of freezing pipes required for
the scheduled 4 m diameter gallery excavation; an access
section, lined with steel profiles (2.10 m height on 1.60 m
width), was first excavated in the already frozen area.

12. The rest of the gallery was planned in two phases,
following the results of an intensive campaign on clay samples
frozen at different temperatures (from -5°C to -30°C). The
efficiency of the freezing was found to be dependent on several
factors among them the temperature, which needs to be
sufficiently low. The freezing period has to be reduced to the
minimum to limit swelling pressures which can take place even
after short periods of time.

13. Using freon freezing units, with a brine temperature
around -32°C, together with an improved configuration of
freezing pipes allowed excavation to start shortly after the
latter were connected for a time period of 3 to 4 months. The
measured displacements of the excavated front were reduced to
0.3 cm per day. The gallery, executed in 1982 - 1983, has a
total length of about 35 m and is in its useful sections lined
with cast iron segments of 20 cm thickness for an internal
diameter of 3.50 m. A concrete plug, poured in place over a
thickness of 2.5 m, finishes the gallery.

EXPERIMENTAL EXCAVATION WORKS (ref. 3)

14, The high cost, the deformations and other related
problems caused by the freezing technique in clay led rapidly to
the conclusion that, prior to any further design study, an in

43



SITEINVESTIGATION

_"‘. —-«—— EMBANKMENT 1.3 TO 1.4 M
s

e NATURAL GROUND

DOUBLE CONCRETE LINING

TIGHTNESS RING

»=s———— MONOLITIC CONCRETE LINING

—— RECTANGULAR FRAMES
REINFORCED CONCRETE RINGS
CAST IRON SEGMENTS

_ FINAL PLUG

12m

Figure 4: Underground research laboratory as built

situ study of the behaviour of this clay formation was a first
prerequisite.

15. The construction of exploratory works, a small shaft from
October to November 1983 and a small gallery from May to June
1984, both 2 m external diameter and lined with 0.30 m thick
concrete blocks, was started directly after completion of the
main laboratory, in parallel with the instrumentation of both
clay body and liners. These works were the opportunity to
initiate an bilateral cooperation between CEN/SCK and ANDRA, the
French Agency for Radioactive Waste Management.
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16. These works were performed without any major difficulty,
creep phenomena in unfrozen clay being of lower magnitude than
expected. Even several years after completion of the works, the
lining behaviour is very fair, the pressure acting on the lining
is much lower than the overburden, displacements in the clay
mass are limited. The instrumentation allowed for the first time
the determination of essential parameters such as the total
convergence of the clay wall, 7Z, and the thickness of the zone
of influence of the excavation progress, 5 times the radius.

IN SITU AND LABORATORY TESTING (ref. 3)

17. Several in situ experiments were designed and performed
together with ANDRA, LMS (Laboratoire de Mécanique des Solides
of Ecole Polytechnique, Paris) and BRGM (Bureau de Recherches
Géologiques et Minieéres, Orléans); efforts were concentrated on
the determination of deformation moduli (pressuremeter tests),
the application of the convergence confinement theory with
retracting dilatometers, the free convergence of unlined
boreholes and the simulation at small scale of various gallery
linings by means of instrumented tubes in boreholes.

18. The digging works provided also for the first time the
opportunity for sampling ’undisturbed’ clay blocks much more
representative than previous core samples taken from the surface
for laboratory experiments; tests (triaxial compression, creep,
...) were performed in various institutions in Belgium and
abroad, e.g. at LMS, at ISMES (Istituto Sperimentale Modelli e
Strutture, Bergamo, Italy) and at BGS (Nottingham).

19. Mechanical parameters for the clay mass could be
determined (laboratory campaign 1984 - 1986) on this
'undisturbed’ clay, and compared to field measurements. Among
others an elasticity modulus E of around 350 MPa and a c, higher
than 1.0 MPa, indicate a much higher mechanical strength, when
compared with the values obtained ten years before on core
samples, respectively 160 and 0.6 MPa; mathematical modelling,
in total stresses approach and with Cam-Clay models, was
intensively developed at CEN/SCK, LMS and ISMES and good
agreement could be found between numerical simulations and in
situ measurements.

DESIGN AND CONSTRUCTION OF THE TEST DRIFT (ref. 4)

20. Prior to the final design of a larger pilot facility,
with a gallery length of at least 200 m, the construction of
galleries without use of any ground conditioning technique
needed to be demonstrated with industrial dimensions, e.g. with
5 m outer diameter.

21. The construction of an extension of the existing
underground laboratory and accompanying geotechnical
measurements was decided early 1986. High quality concrete
segments were chosen for the lining (design ultimate strength:
55 MPa), safety factors and K, value were adapted in function of
the experience gained during the previous excavation processes,
but the whole overburden pressure was still taken into account
in the calculations. The required thickness decreases then to 60
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Figure 5: Layout of the underground facility at the end of 1987
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cm, which is an acceptable value, for an internal diameter ox
3.50 m.

22. During the entire construction, performed once more
without mechanization from March to December 1987, no major
difficulties were encountered. The executed works, enhanced on
fig. 5, comprises, from the access shaft:

- a connection zone, 5.5 m long, of limited section in order to
reach as soon as possible, a clay mass undisturbed by previous
excavation works;

- the main part, 42 m long, lined with concrete segments (each
ring, 0.33 m long, consists of 64 blocks of about 90 kg weight
separated by wooden plates in order to increase its
flexibility);

- a 12 m long part, experimentally lined with sliding steel
ribs as already used in potash mines, built for ANDRA (ref. 5)
and designed to sustain only part of the total overburden
pressure;

- a 2 m long terminal buffer zone, required to sustain by
friction the axial load coming from the terminal front;

- a 0.15 m thick, hemispherical shotcreted front cask.

23. On average, 5 working days with three 8-hours shifts were
necessary to excavate and to line 2 m of gallery, both in the
main section and in the experimental sliding ribs section.
Reasons for this limited progress rate are to be found in the
impossibility to mechanize the excavation, because of the
limited length to be built, and the limited capacity of the
access shaft, as well in volume as in weight.

24, An intensive observation and measuring programme was
conducted, in order to verify the calculation methods and to
determine the mechanical and hydraulic disturbances during the
excavation progress, as well as the delayed effects; this
programme is often called ’'mine by test’ by analogy with other
field investigation of that type (underground facilities in
Pinawa, Canada or WIPP in the USA). Results of the °’mine by
test’ are extensively described in (ref. 6). Fig. 6 illustrates
the main devices, settlingmeters and pore water pressure cells.

25. Seven rings of the lining were instrumented with total
pressure and load cells as well as convergence bolts. A maximal
stress up to 2.2 MPa is measured, about half the existing
pressure at rest at this depth. Delayed convergence after
construction reaches nearly 1.5Z but needed a long time after
completion of the excavation works to reach a pseudo stability.
Pore water pressure drops very rapidly during the excavation
process, indicating a disturbed zone of 10 m radius or more
around the drift.

26. Settlements in the clay mass were higher than expected,
reaching the following figures:

distance to drift axis 8.1 6.9 4.9 (m)
short term settlement 40 53 107 (mm)
long term settlement 48 63 123 (mm)

explanation for the high displacements could be found in the
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slightly lower mechanical strength, c, reaching only 0.8 MPa at
this level (-223 m) than at the level of the exploratory works
(1.0 MPa at -240 to -246m); water content is also 6 to 7 2
higher at the level -223m.

THE FUTURE: THERMOMECHANICS

27. Many experimental works are running, e.g. the long term
survey of the gallery linings and the shotcreted front, or
scheduled for the next years which will see a new extension of
the underground facilities with the realization of a crossing
chamber at the end of the test drift, followed by the use of
various . mechanized tunnelling techniques for different
configurations. This new available area will give the
opportunity to assess essential aspects like heating of gallery
lining, backfilling around heated sources and sealing of the
repository, which performance has not yet been demonstrated.

CONCLUSION

28. The construction of tunnels for the final disposal of
radioactive waste in Belgium has been demonstrated as
technically and economically feasible. Further developments
considering among others lining interaction, mechanization and
thermal effects still need to be taken into account, together
with many other experiments with nuclear finalities.
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5. Ground investigations for nuclear facilities and
their impact on UK site investigation practice

R. CHAPLOW, BSc, PhD, DIC, ARSM, MIGeol, FGS, and
C. D. ELDRED, BSc, MIGeol, Sir Alexander Gibb & Partners Ltd

SYNOPSIS. The quality standards required for ground
investigations for nuclear facilities, coupled with the
availability of the resources necessary to meet these standards
have provided the opportunity and the impetus for the
development of new and enhanced ground investigation techniques.
These techniques are now finding wide acceptance within the UK
site investigation industry.

INTRODUCTION

1. During the period 1986 to 1991, the authors have been
responsible for carrying out ground investigations and
associated geotechnical studies for nuclear facilities at
Fulbeck Airfield (for the possible shallow disposal of low level
nuclear waste), Sizewell 'B' Power Station (monitoring of
foundation dewatering), Heysham AGR Buffer Dry Store (geological
investigations) and at Dounreay and Sellafield (possible deep
disposal of nuclear waste).

2. As an integral part of these investigations, new
developments have occurred in techniques related to coring and
sampling methods, geophysical logging, permeability testing,
instrumentation systems and quality assurance systems.

3. These developments are finding general acceptance within
the UK ground investigation industry.

CORING AND SAMPLING METHODS

4. Rotary coring has for many years been a standard method
for obtaining samples in rock. Within the UK, rotary coring has
been used to a limited extent for sampling soils and weak rocks,
although percussion techniques and open drive samplers have
tended to be the dominant method employed for sampling such
materials for economic reasons. These percussion methods have
very limited value in glacial till deposits which contain
cobbles and boulders.

5. During the mid nineteen eighties the use of rotary coring
for sampling soils and weak rocks became much more of a standard
with the additional costs associated with these techniques being
regarded as justified in terms of the higher quality achieved.
Conventional double tube barrels were used to obtain 100mm
diameter cores in a wide range of soils, including glacial
tills, using water and bentonite mud as the flush fluid.
Results tended to be somewhat variable, but generally improved
with the more widespread adoption of foam and polymer muds as
the flush.

6. One of the major problems with achieving good core
recovery in weak and friable materials arose as a result of the
methods used for extracting the core from the barrel. The
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results of careful coring were often completely negated by the
careless removal of the core from the barrel resulting in
excessive disturbance of the recovered core.

7. Split inner barrels, the use of Mylar sheeting and
specialist triple tube barrels, especially the French Mazier
barrel were used occasionally, but failed to achieve wide
acceptance.

8. In 1986, when the specifications were being drafted for
the investigations at Fulbeck Airfield, the requirement was
established to achieve continuous core recovery in a sequence of
clays and weak mudstones with thin bands of hard limestone.
Full recovery was an essential requirement in order to
demonstrate with confidence whether or not pathways for
radionuclide migration existed.

9. None of the existing coring systems were considered to
fully meet the stringent requirements of the project and hence
the use of double tube core barrels which were specially
modified to accept an inner rigid plastic tube was specified.
Experimentation within some initial trial holes was undertaken
to determine the optimum relationship between the inner diameter
of the bits and the inner clearance within the plastic tube and
site rules established related to the soil/rock types and
whether the core was to be split for logging or retained as
‘undisturbed samples' for geotechnical or radiological testing.

10. A variety of flush systems were also employed, comprising
air, water, polymer mud, bentonite and foam. By optimising
these variables it was found that a consistently high quality of
core recovery was achieved. This "Coreline" system,
manufactured by Core Drill (UK) Ltd, is becoming an industry
standard where consistently high quality core recovery in
potentially weak, friable or fractured rock is a prime
requirement. The system has been used also with considerable
success for sampling sands and other soils.

11. A controlled system was also developed whereby cores,
within their rigid plastic liners, could be labelled at the
drill site, transported to a covered store where the cores were
split in a specially constructed jig. Half of the core was
photographed and logged in detail by the geologists. The other
half was sealed in heat-shrunk plastic sheeting and transported
to an archive store. 1In this way the cores could be logged,
sampled and tested and yet a complete record of the strata
encountered was always available for reference in the archive.

12. The "Coreline" system is now being used for drilling the
deep exploratory boreholes at Sellafield and Dounreay. Coring
depths of up to two thousand metres are envisaged using a 159 mm
diameter wire-line string fitted with "Coreline" tubing.
Results to date are excellent with consistently high quality
core being recovered in all the formations being encountered.

GEOPHYSICAL LOGGING

13. Even in situations where full core recovery is obtained,
many geological units and formations are visually monotonous.
In such strata, the absence of marker horizons can lead to
difficulties in establishing the geological correlations
necessary to define the extent of faulting or folding to the
detail required for nuclear facilities. These problems become
even more significant if core loss occurs within the boreholes.

14. Down-the-hole geophysical logging was used extensively
during the investigations at Fulbeck Airfield and at Heysham.
In both cases it was found to provide a cost-effective and
efficient way of identifying markers in the geological
succession with a precision and speed not possible by any other
means.
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15. The use of geophysical logging of boreholes is widely
accepted as standard practice in the mineral exploration
industry, but has been less widely used within the geotechnical
industry. The use of slimline logging with a range of sondes
proved to be a very valuable technique at Fulbeck within the
Lias succession, and was subsequently used in the Carboniferous
sequence at Heysham, with equal success.

16. The sondes used at Fulbeck were as follows:

Caliper

Multi-channel sonic log
Gamma-gamma log

Natural gamma
Neutron-neutron
Spontaneous potential
Single point resistivity

17. It has been found that many sedimentary sequences which
are visually monotonous, and hence difficult to log using
standard geological and geotechnical methods, tend to possess
characteristic geophysical signatures. These signatures can be
used to uniquely recognise marker horizons within a visually
uniform sequence. The precision found at the Fulbeck site was
remarkable. There was close correlation between the geophysical
logs and the detailed sequence obtained from detailed geological
and palaeontological studies.

18. Furthermore, it was found that individual markers could
be identified from the geophysical logs, thus enabling the
structure of the site to be defined, and small faults causing
individual bands to be missing from boreholes, or repeated, to
be clearly recognised. The clearest example of the value of the
technique was the recognition of unique markers in two boreholes
drilled 2.5 km apart (Fig. 1). At Fulbeck, the sonic log was
found to provide the best means of recognising geological
markers, whereas at Heysham it was the gamma and neutron logs
which were most effective, hence justifying the use of a range
of sondes.

19. Once the site stratigraphy has been established from
boreholes which have been both cored and geophysically logged,
considerable cost savings can arise from replacing cored
boreholes with open holes plus geophysical logging. At the
Fulbeck site the cost of an open hole plus geophysical logging
was less than half the cost of a cored borehole. Rapid progress
can also be achieved since open-hole drilling and geophysical
logging is significantly faster than core drilling, particularly
with deeper holes.

PERMEABILITY TESTING

20. One of the major objectives of the investigation of a
potential site for nuclear waste disposal is to determine
possible rates of migration of radionuclides in the groundwater.
This requires an examination of the distribution of
permeabilities at the site and of the hydraulic gradients likely
to produce flow. At the Fulbeck site the main problem which was
anticipated with measuring the permeability of the ground was
that the anticipated permeability was several orders of
magnitude below that normally measured in conventional
geotechnical investigations. Conventional geotechnical testing
methods involving the use of pumps and flowmeters were therefore
rejected as unacceptable.

21. The objectives which were established for the testing
programme at Fulbeck were as follows:

22. The techniques to be used must be fully validated on the
basis of theoretical studies and appropriate mathematical
models.
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23. The tests must yield reproducible results and must bear
a close resemblance to actual conditions likely to exist around
a repository. This necessitated the use of low head tests and
the consequent requirement to measure very low flows.

24. The objectives were ultimately satisfied by the
development of two main test procedures. The site was fully
screened by continuous tests in overlapping test sections
isolated using single packers as the boreholes were advanced.
These tests incorporated environmental pressure measurements and
low-head, constant-head permeability tests. Higher permeability
zones were subsequently retested by isolating the section using
double packers and carrying out constant discharge tests.

25. A total of 620 single packer and 80 double packer tests
were completed using the purpose built test systems. These
systems were housed in small caravans which were towed around
the site as required. The small caravans, housing a wide range
of sophisticated equipment and associated microcomputers for
test control, data logging and computation, are becoming an
increasingly common feature of sites where sophisticated
investigations are in progress.

26. The test programme enabled a clear correlation to be
established between the site stratigraphy and the permeability
profile (Fig. 2). The results were reproducible within close
limits, and good correlation was achieved between the two main
test methods, thus providing added confidence that the
conditions at the site had been reliably d?termined.

27. Permeability values as low as 1 x 10710 m/s were routinely
measured in tests lasting only one or two hours.

28. The test procedures adopted for the current
investigations at Sellafield and Dounreay incorporate similar
principles to those used at Fulbeck in that the full depth of
the borehole is first screened with environmental pressure
measurements (EPMs) from which both an environmental pressure
and a permeability value are derived. Full sector tests are
then carried out to detect any flowing zones. Subsequently,
discrete sectors of the borehole are isolated using a double
packer system and tested separately to define the
characteristics of the individual zones, whether flowing or non-
flowing.

INSTRUMENTATION SYSTEMS

29. The accurate measurement of groundwater pressures is a
major part of many investigations at sites of nuclear
facilities. At potential nuclear waste disposal sites, the
determination of hydraulic gradients is a critical part of
establishing the possible rate of radionuclide migration along
groundwater pathways. At other sites the requirements are
somewhat different. For example, at Sizewell, it was necessary
to control the fluctuations in the groundwater pressures beneath
the existing 'A' station during the dewatering of the site for
construction of the 'B' station in order to avoid settlement of
the existing foundations on sand due to an excessive lowering of
the water table.

30. The measurement of water pressures using installed
piezometers is a standard procedure during ground
investigations. However, the need to measure extremely small
variations in piezometric pressures at Fulbeck revealed that
time dependent changes in pressure exceeded the variations in
pressure across the site.

31. At Fulbeck a total of 48 piezometers were installed
throughout the site to monitor groundwater pressures. A range
of instruments were used including standpipes (plastic and
stainless steel), hydraulic, pneumatic and electrical devices.
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An early finding was that those instruments which incorporated
a closed, relatively stiff system, namely the electrical,
pneumatic and hydraulic devices, displayed fluctuations in the
pressure readings which were of a magnitude equal to or greater
than the hydraulic head drop across the site.

32. These fluctuations were demonstrated to be caused by
variations in barometric pressure and hence it was necessary for
all piezometer readings to be routinely corrected to a standard
atmospheric pressure before interpretations could be made.

33. Processing of instrumentation readings to remove the
effects of external factors in order to reveal underlying trends
in the data is becoming a routine procedure, which is greatly
facilitated by the application of various filtering techniques
applied to computer stored data sets.

34. A recent example to illustrate this technique is taken
from the dewatering of the Sizewell 'B' nuclear power station.
The site is located close to the sea adjacent to the existing
'A' station. Dewatering of the 'B' site has taken place within
a deep diaphragm wall, but nevertheless, careful monitoring of
the 'A' site was necessary to ensure that drawdown did not occur
beneath the operating station and lead to settlements of the
foundations. As the site was close to the sea the piezometer
readings were affected by the tides (Fig. 3). It was therefore
necessary to filter out these tidal effects in order to obtain
early warning of any general drawdown effects.

35. The installed piezometers were subjected to hourly
readings over a 24 hour period (Fig. 4) and the readings
compared with published tide tables. It would have been more
accurate to measure actual tide levels, but this proved to be
impractical in the time available. The amplitude of the tidal
effects recorded in the piezometers were less than the tidal
variations and the effects showed a time lag behind the actual
tide levels.

36. Having computed the time lag for each piezometer (Fig.
5), the amplitude factor could also be calculated and
corrections applied routinely to the measured readings (Fig. 6).
The time-lag and amplitude factors varied with the distance of
the piezometer from the sea.

37. The effect of this simple filtering 1is clearly
demonstrated in Fig. 7. The results would have been even more
convincing if actual tide data had been available since
significant fluctuations in tide were known to be caused by
onshore winds. Nevertheless, even using the published tide
tables, the amplitude .of the fluctuations in readings were
reduced such that underlying trends could more easily be
recognised.

QUALITY ASSURANCE SYSTEMS

38. There is an absolute requirement that work undertaken
within the nuclear industry is carried out in accordance with a
Quality Assurance System incorporating written procedures and
appropriate documentation to define how all activities were
undertaken. Such systems have been applied to all the ground
investigations carried out at the potential nuclear waste sites,
and although such systems do not have general application to all
ground investigations, there are certain aspects which are, with
benefit, being applied to general investigation practice.

39. The scale of the investigations undertaken at the nuclear
waste sites and the absolute priority given to quality have led
to the development of a number of positive benefits to the
ground investigation industry in general. The production of
written procedures for a wide range of standard operations have
helped to better define requirements and have acted as check-
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lists. The adoption of new techniques, with the associated
validation work done as part of the development process, have
served to improve the general level of reliability of field
operations.

40. During the field and laboratory activities it has been a
requirement to determine critical parameters using a variety of
independent techniques. Examples have been given above of
permeability measurements undertaken using two separate test
procedures, and the use of a variety of piezometer types for
monitoring groundwater conditions. The use of these independent
methods has helped to provide added confidence in the validity
of the site parameters and has also indicated some of the
limitations and advantages of individual techniques.

41. Finally, the need to ensure that the measurements
provided a reliable determination of site conditions taking due
account of possible equipment malfunctions has provided much
valuable data of the reliability of tests and equipment. Such
data is of wvalue in permitting the appropriate level of
redundancy to be incorporated into the design of future
investigations.

CONCLUSIONS

42. Some of the techniques applied to the investigations at
the nuclear facilities as described in this paper are finding a
more general application in the ground investigation industry.
In particular, the nuclear waste programme is having a
significant impact on general investigation practice.

43. This impact arises from the political and environmental
sensitivity of the nuclear waste programme and the requirement
for the highest quality of investigation practice. 1In these
circumstances, the resources are available to permit quality to
be achieved and for new and improved techniques to be developed.
The value of such major, sensitive projects in advancing the art
and science of ground investigations cannot be overemphasised.
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6. Druridge Power Station—site studies

J. W. SAUNDERSON, BSc, FICE, MASCE, Merz and McLellan,
K. E. SIZER, BSc, MSc, FGS, Wardell Armstrong, and
W. WILSON, BSc, MSc, MEng, MICE, MIHT, FGS, Mott MacDonald Power

SYNOPSIS. Site studies were undertaken between 1979 and 1988 in connection with a
proposal to construct a nuclear power station on the coast in south east
Northumberland. The studies described in the paper were part of a wide range of
investigations undertaken by the Central Electricity Generating Board. Two potential
sites were identified and it was established that the selected site could accommodate
two PWR stations similar in size to Sizewell ‘B’, although no firm proposals for the
development were made at the time of the studies, and none exist at present.

SITE SELECTION.

1. In 1979 there were only a limited number of known sites in England which
satisfied the criteria set by the Central Electricity Generating Board (CEGB) for the
construction of a nuclear power station. The CEGB therefore undertook a number of
preliminary site selection studies in order to increase its portfolio of potential sites
which could be considered when the demand for increased generating capacity had
been established.  (Nuclear Electric plc have now taken over the CEGB’s
responsibilities for generation by nuclear power).

2. The System Planning Department of the CEGB commissioned Merz and
McLellan and William Armstrong and Sons, (now practising as Wardell Armstrong), to
carry out initial studies to identify any potential sites between Cresswell village and
Hauxley Head, (Fig.1).

3. William Armstrong’s brief was to report on the location of coal mines as the
area contains many underground mines and opencast pits, some still in operation
today. With this information the two consultants identified two sites which were
neither sited over abandoned underground mine workings nor had been worked by
opencast mining. During this desk study phase of the initial investigations a paper by
Anson and Sharp (ref.1) gave a valuable insight into the rockhead levels, which have
been affected by glaciation to form two ‘buried valleys’, one under each of the
identified sites. The absence of opencast mining in these areas was not accidental as
the deeper thickness of glacial till overlying the coal measures made it less attractive
for opencast working, particularly in the 1950-60 period when opencast pits were
typically much shallower than now.

Civil engineering in the nuclear industry. Thomas Telford, London, 1991 61
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4,  Anson and Sharp had obtained their data from a study of the results of
exploratory boreholes sunk to assess the potential for opencast coal mining. It is
unusual to have such data available when studying a ‘green field’ site. Moreover large
opencast mines in operation nearby also afforded a unique opportunity to observe the
stratigraphy of the upper 150 m of the drift and solid geology.

5. Merz and McLellan was then authorised to arrange a preliminary ground
investigation in the autumn of 1979 on each of the two sites in order to assist in
selecting the preferred site. Seven boreholes were sunk in each site to form a traverse
across the suspected ‘buried valleys’. A hydrographic survey was also undertaken to
assist in cooling water studies. The programme for the ground investigation was
carefully arranged to minimise interference with harvesting and sowing. The
programme for the off-shore survey was determined by the salmon sea-netting season,
which is unique to the north east coast of England.

6. In parallel with the field work further desk studies were undertaken to
establish the capacity of local sources of construction materials and to investigate road,
rail and sea access for normal and abnormal construction traffic. A preliminary study
of the seimicity of the site was carried out with the assistance of Dr RE Long of
Durham University. Meteorological data was collected and consideration was given to
risk of flooding on the site. As the result of these initial studies one of the sites, now
referred to as Druridge Power Station, was selected and the stage was set for a series
of much more comprehensive investigations.

PRE-APPLICATION STUDIES

7. At the end of 1982 the CEGB decided to proceed with the design of the
Druridge Power Station in sufficient detail to enable the statutory application to be
made for consent to build the station. Many organisations, both internal and external
to the CEGB, were involved in these design studies, all under the coordination of the
Corporate Strategy Department of the CEGB. This paper only describes some of the
activities of the firms represented by the authors. Merz and McLellan acting as lead
consultants, together with Wardell Armstrong and James Williamson and Partners,
(referred to hereinafter as ‘the consultants’), were asked to collaborate to extend the
work undertaken during the initial studies. The consultants worked closely with and
under the direction of the CEGB’s Generation and Construction Division who
provided much of the basic data necessary for the conceptual design of civil
engineering aspects of the station. Seismic hazard studies were not included in the
consultants’ brief as the subject was then being studied on a nation-wide basis by the
Seismic Hazard Working Party set up by the CEGB.

DESK STUDIES

8.  The consultants’ first task was to study all the data which had been collected in
1979/80 and to supplement it with further desk studies, culminating in a report which
outlined the recommended more detailed site investigations necessary to fulfil the
brief. Whilst the desk study report was presented in May 1983, desk studies continued
for another twelve to eighteen months in a number of subjects, some of which are
described in the following paragraphs.

Geography

9. Thesite is located in a relatively featureless coastal plain which is drained by a
number of rivers flowing from west to east through steep sided valleys. The district
surrounding the site is sparsely populated compared with the Tyne and Wear
conurbation to the south.
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10. British Rail’s east coast main line runs close to the site and a number of
sidings off the main line serve the opencast and deep mines. The main road routes
radiate from Newcastle, including the A1(T), which passes the site, about 8 km to the
west. Blyth Harbour and the Port of Tyne are the main local ports, with Warkworth
harbour to the north of the site near Amble, being one of several minor ports serving
the fishing industry.

11. There are a number of local sites of historical interest, although none on the
proposed power station site. The nearest Site of Scientific Interest is located about
1km to the south. The coastline attracts numerous birds, particularly during the
autumn and spring. Druridge Bay is a well used and relatively un-spoilt recreational
beach of considerable importance to the locality.

Mining

12. The site selection studies had indicated that there was no recorded mining on
the majority of the Druridge Power Station site. However, extensive opencast and
underground mining had taken place in the surrounding area which extended into the
boundaries of the site. Detailed records of previous mining activities where examined
at the Mining Records Office in order to gain the maximum amount of information on
the geological structure and stratigraphy of the site and surrounding area. These were
supplemented by archive material held by the Northumberland Records Office on the
historical development of this part of the Northumberland Coalfield.

13. The site is almost surrounded by previous opencast mining sites, now
backfilled and restored to agriculture. The oldest is the Druridge opencast site to the
east which extracted the Bottom Yard secam at shallow depth, (Fig 2 and 3). The site
was restored in 1954. The Radar South site was located to the west and mined five
seams from the Top Bensham down to the Main of Broomhill. This sequence of strata
was anticipated to underlie the Druridge Power Station site. The opencast mine was
fully restored in 1963.

14. Radar North was located to the north of the minor road which forms part of
the northern boundary to Druridge site. The opencast mine extracted the same seams
as Radar South and was restored by 1974,
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15. The opencast mining records indicated the distribution and pattern of minor
faulting in the vicinity of the site and the general location of two significant faults which
traversed the site. The southerly downthrowing Grange Moor fault formed the
southern boundary of both the Druridge and Radar South sites and could be
interpolated as lying close to the southern boundary of the power station site. A
northerly downthrowing fault intersected both opencast mines and was expected to
cross the central part of the power station site.

16. Previous underground mining took place to the south of the Grange Moor
Fault. Ferneybeds Colliery worked the Bottom Yard seam in the early 1900’s to the
south west of the site; the mine was abandoned in 1924. Mining took place by room
and pillar methods with subsequent extraction of some pillars prior to abandonment.

17. Underground mining also took place between 1944 and 1968 from Ellington
Colliery located to the south of the site. Four seams were extracted, from the
Ashington down to the Bottom Yard, using longwall methods which involve almost
total extraction of the coal.

18. Workings from Ellington Colliery also extend off-shore beneath Druridge Bay
and extraction is progressing northwards through the area east of the power station
site. The upper two seams, the Main and Bottom Yard, are worked by room and
pillar methods because of the shallow cover to the sea bed. The deepest seam, known
as the Brass Thill, but also called Main of Broomhill (Fig.2) is mined by longwall
methods at some distance off-shore. Mining in the Bottom Yard seam was progressing
shorewards adjacent to the site during the course of the studies.

19. The detailed information provided by this data enabled specific features to be
addressed in the site investigation and facilitated planning the overall investigation
strategy.

Geology and Geotechnical Properties

20. Existing information indicated the near-surface solid geology to be wholly
Carboniferous, the Druridge area lying within the broad subcrop of the Middle Coal
Measures of the Upper Carboniferous Series comprising cyclothems (repeated
sequences), of mudstones, sandstone, siltstones, seatearths and coal seams, as shown
on Fig. 2.

21. Records from the opencast sites gave information about the position and
throw of faults in the area of the workings and enabled the consultants to plan three
possible power station locations within the site for detailed investigation. The most
significant general conclusion which was drawn at this stage was that part of the site,
(for the proposed southern power station unit) was immediately underlain by a 15 m
thick sandstone unit with potential as a favourable founding stratum. The rest of the
site was underlain by mudrock, coals and thinner sandstone units.

22. Rockhead was seen to be overlain by lodgement tills which are generally from
5 to 15 metres thick but which thicken considerably along the rather sinuous line of the
buried channel which travels across the site from north to south. Sands and gravels
had been found between boulder clay horizons in some boreholes but such sands and
gravels were not expected to be laterally continuous. The sand dunes and beach
deposits along the coast were of geologically very recent origin.
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23. An extensive literature search was made to compare and contrast the
engineering properties of the Glacial Till and Coal Measures obtained from the
previous investigation with that recorded elsewhere. Published case histories of the
performance of foundations engineered upon Coal Measure rocks were also
scrutinised.

24. It was concluded that a rigorous programme of drilling and testing would be
needed in the tills, sandstones, siltstone, mudstone, coal and seatearth of varying
thickness and engineering behaviour in order to provide the confidence required in
predicting foundation behaviour for a nuclear power station.

SITE INVESTIGATIONS
General

25. The result of the 1979/80 investigations suggested that the Druridge site might
provide areas for three power station sites The 1986 investigation concentrated on the
southern power station site, which was potentially the best, with the other two possible
sites being examined in lesser detail, but with sufficient information being obtained to
establish the major features of the Druridge site and to allow the variation of
properties between the three power station sites to be correlated and assessed.

26. The investigation was designed to:

(a) Confirm and determine the stratigraphy and structure of the soil and
rock.

b) Determine the hydrogeology of the site and the immediate
surrounding area.

(© Confirm and determine the parameters of the soil and rock as
required for design purposes i.e. their strength for bearing capacity;
their deformation characteristics for settlement calculations; and their
permeability characteristics.

27. The density and location of the boreholes at the southern power station site
were guided by the recommendations of the US Nuclear Regulatory Commission for
‘Site investigation for foundations of nuclear power plants’ (ref. 2). However, the
pattern of boreholes drilled was less dense than that suggested by these
recommendations.

Onshore

28. The onshore investigation was conducted under the consultants’ direction in
1984 by Soil Mechanics Ltd (SML) and their specialist subcontractors. This
investigation included: 11 boreholes in the drift; 63 boreholes into rock using rotary
core drilling methods ranging in depth up to a maximum of 150 m below ground level;
21 open rotary holes drilled through the overburden into rock with no core recovery,
used for in situ testing; a single large diameter bore hole augered through the drift to
rockhead for plate load tests and a well sunk to the base of the sandstone immediately
underlying the southern power station site. Some of the rotary cored holes were sunk
at inclinations of 45°0r 60° to the horizontal in order to locate faults. Extensive in situ
testing was carried out in the boreholes to determine the mechanical properties of the
drift using SPT, Menard and self boring pressuremeters; and in the rock using high
pressure dilatometers (ref.3). Cross, up and down hole geophysics and borehole
geologging was carried out by Auger Geophysical Services and BPB Instruments Ltd
respectively. A programme of groundwater well pumping tests, tracer tests, water level
observations, falling head permeability and packer water pressure tests were carried
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out to assist in the interpretation of the hydrogeology of the site. A separate contract
for a Mini Sosie Survey was also let to Horizon Geophysics Ltd.

29. The investigation confirmed that the structural geology of the site is
dominated by two east-west trending faults: the Grange Moor fault lies on the south
boundary of the site whilst the second fault, named the Central fault for the purpose of
the investigations, bisects the site. Other minor faults were detected or are suspected
to exist. The presence of a buried channel which runs in a north-south direction was
confirmed. No tectonic folding was detected.

30. The hydrogeological investigations confirmed that the rock is overlain by a
blanket of practically impermeable glacial till. Ground water levels in the rock are
artificially depressed by pumping in the adjacent mine workings with a 20 m drop in
ground water level from the north to the south of the Grange Moor fault. Ground
water tracer studies confirmed that ground water flow is generally north to south
following the path of the buried valley to its intersection with the Grange Moor fault.

31. Field and laboratory strengths have been determined for all the main rock
units and soil layers. Examination of the results indicates that the rock strata can be
ranked in order of decreasing strength and stiffness, as follows: sandstones; siltstones;
mudstones; seatearths; coals.

Off-shore

32. The consultants were able to examine mining records and the results of
off-shore ground investigations carried out by the National Coal Board (now British
Coal) as part of their exploration programme.

33. Early in the studies it was recognised that there could be a potential conflict of
interests between the CEGB and the NCB because of the need to locate the cooling
water intake structures in an area where mining might take place. The NCB was
prevented from mining seams which lie near to the sea bed because of the danger of
flooding the workings. Therefore it was important to both the NCB and the CEGB to
establish the nature of the coal seams and their depth in relation to rockhead and sea
bed so that the limits to mining could be determined. This in turn allowed the
consultants to plan the off-shore works, as will be described later in this paper.

34. The data obtained from the off-shore investigation suggests that the
stratigraphy and engineering properties of the rocks are similar to those found
onshore. There is some evidence to suggest that the Central fault found onshore
extends into the off-shore region, but the 1986 results tend to indicate a reduction in
throw with increasing distance off-shore. A significant fault with a throw of about
36 m is believed to be located outside the area shown on Fig.3 and at the extremity of
the area selected for the cooling water works.

Hydrographic Surveys
35. Competitive tenders were invited for an off-shore survey contract which

included meteorological observations, bathymetry, seismic profiling, side scan sonar,
wave and tide recording and beach profiling using land surveying techniques. Soil
Mechanics Ltd were successful in obtaining this contract.

36. The object of the geophysical survey, using seismic reflection profiling, was to
confirm the stratigraphy in the off-shore region in between areas covered either by
exploratory boreholes or by mining records. However in this instance the
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interpretation of the field data did not correlate well with the available information
from other sources and therefore the results were not judged sufficiently reliable to be
used either for design or as evidence in a public enquiry.

37. The bathymetric survey, coupled with beach profiling and side scan sonar
observations was used to plan the location of intake and outfall structures for the
cooling water system and to gain some understanding of the degree of mobility of the
sea bed deposits and beach system. The surveys were repeated at intervals over a
period of nearly a year. Considerable mobility of the sea bed in the inshore zone was
observed, but Hydraulics Research Ltd was able to recommend a limit beyond which
the sea bed level variation should not exceed 0.3 m. This limit was then used to
establish the sill level for the intake and outfall structures. No evidence of littoral drift
was found in the inshore region, the movement of sand being predominantly
onshore/off-shore with little evidence of net gain or loss.

38. The contract also produced tide and wave records for the period between
off-shore salmon fishing seasons in 1983/84. These measurements were to the
CEGB’s specification, to supplement the hydrographic survey undertaken by
Off-shore Environmental Systems Ltd in 1979 during the initial site selection studies
described previously. These data were used in the Board’s cooling water dispersion
studies and enabled them to determine a spacing between the cooling water intake and
outfall structures which would minimise recirculation of heated water.

HAZARD STUDIES
Mining Subsidence

39. The recorded underground mining which took place to the south of the
Grange Moor fault gave rise to surface subsidence. Whilst the effects of such
subsidence should by now have ceased an envelope of the likely surface effects was
constructed. The envelope was based on the recorded limits and depth of mining using
the guidelines set out in the NCB Subsidence Engineers Handbook (1975). The closest
point on the envelope to the Grange Moore fault was 130 m. It was therefore
considered that subsidence had not affected the fault system or the strata to the north
of the fault.

40. North of the Grange Moor fault opencast workings had intersected
unrecorded mineworkings in the vicinity of Widdrington. The borehole investigation
had identified workable seams which were present beneath the site. It was therefore
considered that the possibility that unrecorded mining had taken place beneath the site
could not be discounted.

41. The collapse mechanisms of shallow mineworkings are well understood and
are usually limited by depth to thickness ratio of the seam. The exceptional foundation
loading, and the requirement to minimise load-induced settlements, necessitated
consideration of unrecorded mining at greater depths than normal. This problem was
reduced by the absence of coal seams below the Top of Broomhill horizon arising from
a major washout of the seams by a sandstone channel. Attention could therefore be
focussed on the possibility of unrecorded mining in the group of four seams
encountered in most site investigation boreholes down to S0 m depth.

42. The normal approach to an investigation of unrecorded mining is to undertake
a borehole investigation over an area exceeding the area to be occupied by the
buildings. This would require boreholes on a close spaced grid pattern which would be
pressure tested with cement/PFA grout. The method can be adapted to test four
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seams individually by the use of borehole packers. However, the requirement for
founding seismically qualified structures on rockhead would result in the excavation
and exposure of a large part of the area to be investigated. This offered an alternative
to the investigation whereby if no mine entries were identified from inspection of the
exposed surface, it would only then be necessary to drill and grout around the
perimeter of the excavation to prove the absence of mined roadways.

43. This approach would necessitate construction of a curtain grid of close spaced
investigation boreholes around the perimeter with accurate control of verticality in
order to maintain the grid at depth. This curtain could be combined with
hydrogeological measures proposed for controlling groundwater. The normal method
and the curtain drilling approach therefore have differing cost and programme
implications and remain open for consideration if it is decided to proceed to the
detailed design stage.

44. British Coal’s off-shore mining proposals were examined with respect to the
siting and design of the cooling water system. It was considered that the potential
subsidence effects of the proposed room and pillar workings could adversely affect a
tunnel-based system. The implications for a submerged tube system were less
predictable but it was considered that the worst case theoretical seabed strains could
not be tolerated by a submerged tube. In view of the potential problem the proposed
route of the cooling water system was diverted northwards into an area where it was
considered that off-shore mining would not take place due to the shallow cover on the
Bottom Yard seam.

Spontaneous Combustion
45. The phenomenon of spontaneous heating, leading to combustion, is known to

occur in broken coal exposed to limited quantities of air. The reaction involves the
oxidation of coal surfaces in the presence of moisture. The reaction is exothermic and
consequently, under the right conditions of restricted airflow, heat builds up and the
reaction accelerates. Ultimately the temperature reaches a level where spontaneous
combustion takes place. Once this stage is reached the process is very difficult to
reverse.

46. Spontaneous combustion is more usually associated with poorly compacted
coal stockpiles, coal contained in ships holds during transport and broken residual coal
left in mineworkings. The presence of shallow coal seams within the Druridge Power
Station site, the presence of backfilled opencast workings, together with the possibility
of unrecorded mineworkings, merited consideration of the susceptibility of the coals to
spontaneous combustion.

47. The properties of the coal were investigated by a consultant coal scientist,
Dr DA Hall. Samples of the coal seams were selected from the borehole cores for
analysis of coal quality and rank. In addition five samples were tested for their oxygen
absorption properties using the Static Isothermal Method. The results were compared
with previous tests on various coal seams located throughout the UK which had been
correlated with susceptibility to spontaneous combustion. The results of the analyses
indicated the coals were NCB Rank 702, a relatively low rank which indicates
susceptibility to spontaneous heating. The oxygen absorption results gave "A96" values
(the absorption of oxygen after 96 hours at 30°C) which averaged 375 ml/100 g.
Values in excess of 300 ml/100 g also indicate susceptibility to spontaneous heating.
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48. After comparison with previous test data it was concluded that, given suitable
conditions, the coal seams underlying the site would be very susceptible to spontaneous
heating. Proposals for the southern part of the site were unlikely to expose any coal
seams outcropping at rockhead. Construction on the northern part of the site would,
however, be likely to expose outcrops of the Top and Bottom Bensham seams. It was
recommended that the disturbed outcrop areas should be excavated and removed from
site to produce an undisturbed face of coal and roof strata. Whilst a solid coal face
presents minimal risk of spontaneous combustion, the coal should be sealed off from
contact with air before disturbance and spalling occurs.

49, If the cooling water system were to be constructed by tunnelling methods then
at least one coal seam would be intersected. Similar precautions should be taken to
seal off surfaces of exposed coal and to infill any voids behind the lining system,
particularly where the seam lies above soffit level, so that excessive loosening and
spalling of the coal is avoided.

50. Potential coal-air contacts elsewhere within the site could in theory occur
where coal seams intersect opencast areas around Radar South and Druridge and, if
there are any unrecorded mineworkings, within the mined voids. It is considered that
any coal surfaces above the present water table are in a stable oxidised condition and
that any potential contact with air is very restricted. It follows that activity which is
likely to change this situation or create new coal-air contacts during construction
works, either by excavation, dewatering of the site or by borehole drilling, should be
undertaken with an awareness of the potential for spontaneous heating. Measures to
seal-off any such contacts should therefore be taken at an early stage to minimise the
oxidation process.

Methane

51. Coal Measures are known to contain natural hydrocarbon gases, primarily
methane, within the joints and fissures. The methane has resulted from burial of
carbonaceous materials in the Coal Measure sequence which causes an increase in heat
and pressure. This process leads to coalification whereby the methane-rich volatile
content is driven out of the carbonaceous material into fissures within the coal seam.

52. Methane has been widely encountered in coal mining operations and all
underground mining is carried out under flameproof conditions. Flameproof
equipment and techniques would have to be used throughout the underground
construction works associated with the cooling water system.

53. Whilst methane is predominantly associated with coal seams, where it tends to
be contained by the predominantly argillaceous roof and floor strata, the occurrence of
interconnected faults, joints and fissures throughout the Coal Measures allows the gas
to disperse into the surrounding strata. The possibility of gradual migration of low
concentrations of methane to the power station foundations, particularly where they
are to be founded on rockhead, will therefore have to be considered and adequate
precautions taken.

54. The main problem envisaged would be a situation where low concentrations of
methane entered a foundation structure through a structural joint and accumulated
within an unventilated air space. Methane concentrations in air which exceed
5 per cent by volume form an explosive mixture, but concentrations in excess of
1 per cent within structures are considered to require action. The problem can be
readily avoided by monitoring and adequately ventilating air spaces. Since the site
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studies methane resistant membranes have been utilised to seal building foundations,
and this might be considered for application at Druridge.

Floodin,

55. A search of local history records failed to locate any references to flooding in
the Druridge area, although frequent references were found to flooding in Newcastle,
Morpeth and Alnwick. This negative result may be because a flood at Druridge is not
as newsworthy as in a more populated area. The CEGB had commissioned
Wimpol Ltd to conduct a study of extreme sea levels for various potential sites,
including Druridge, and therefore the consultants’ study was concentrated on flooding
from surface water flows in combination with the marine flooding predictions obtained
from Wimpol’s study. Dr PS Kelway of Walton Systems was retained by the
consultants to undertake the hydrological studies, which used techniques developed by
the Institute of Hydrology, described in the Flood Studies Report (1975) and
subsequent publications.

56. For comparison purposes five methods of predicting the Possible Maximum
Flood (PMF) were used. There has been considerable discussion about the problem of
determining the PMF since the Flood Studies Report was published. Large variations
in the calculated value for the PMF occur, depending upon the assumptions made.
Although the effects of combined freshwater flooding and marine flooding were
studied using an upper envelope value of the PMF it was considered that it would have
been more satisfactory to adopt a Design Maximum Flood derived for a finite
probability level.

57. A plan showing the estimated area of inundation was prepared to illustrate the
conclusion that a ground floor level of +8.5m OD would give adequate security
against the flooding hazard from even the most extreme flood predicted using the PMF
envelope.

58. An examination was also made of the risk that flooding would affect road or
rail communications in the area; locations were identified in the region where
problems might occur.

CONCEPTUAL DESIGN
Site Layout

59. The basic power station layouts were produced by the CEGB (GDCD) with
the intention to adopt a standard layout for all the main buildings for all the sites being
currently considered in the UK. Both an AGR and a PWR design was included in the
studies.

60. The layout of the power stations within the Druridge site will be determined
by two geological factors and one man-made constraint, namely:

depth to satisfactory foundation strata;

proximity to significant faults;

the presence of backfilled opencast mine workings.

61. The relatively shallow depth of the drift (approximately 11 m) over much of
the site allows heavy seismically qualified buildings to be founded through the drift
onto the rock. The drift is an overconsolidated glacial till which will be capable of
allowing lighter buildings to be founded on it.
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62. The main conclusion of the 1979/80 initial site investigation was that one
station could be located east of the buried valley at the southern end of the site and
one, or possibly two to the west of the buried valley. The present investigations have
confirmed that the southern site is viable. The rockhead beneath the southern power
station site is a plateau at approximately -2 m OD. The sandstone is classified as
moderately strong and overlies other strata classified as between moderately weak to
moderately strong, thus providing a suitable founding stratum.

63. On the western side of the buried valley, rockhead is again relatively close to
the surface, but the sandstone which overlies the coal seams is thinner. The area over
which a suitable founding level, with a sandstone depth of cover over the coal seam of
at least 3 m is limited and outwith this area it is considered necessary to found beneath
the two closely spaced coal seams and their seatearths. Due to an increase in plan area
compared with the earlier station layout and the need for adequate clearances for
construction only one station could now be located on the west side of the buried
valley.

64. Faults are known to exist on the site. For preliminary planning and layout
purposed it was advised that for seismic considerations, safety related plant should not
be located closer than about 100 m to a significant fault.

65. It is also desirable to avoid locating heavily loaded foundations over significant
faults in order to ensure that settlement characteristics are reasonably uniform across
the foundation.

66. Taking the above considerations into account the location of the northern
station in a two station development was examined in an attempt to minimise rock
excavation and suit other criteria set by station layout requirements. A total of eight
different locations were examined for the northern station; some were rejected
because they would involve encroachment beyond site boundaries whilst others would
have left insufficient space during construction between the two stations or between the
station and the north or west boundary. The selected locations for the northern and
southern stations are shown on Fig. 3.

67. The base of the opencast mine workings follow the dip of the strata and the
depth of the pits are determined by the seams mined. It was recommended that no
significant structures should be founded on the backfill, and thus the perimeter of the
opencast mine workings effectively constrain the areas available for development on
both the northern and southern power station sites.

68. The factors which control the selection of the power station levels are:

(a) The station level must be high enough to avoid inundation by fluvial
or marine flooding.

(b) The level should be such that the foundations of the more heavily
loaded buildings are in competent strata with an adequate thickness
of these strata between the foundations and weaker underlying strata
such as coal seams.

(c) The cut and fill requirements should be made to balance as nearly as
possible.
(d) In the case of stations with non-recirculatory open circuit cooling

water system, the level of the condensers above mean sea level
influences pumping costs.
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Foundations
69. The conceptual design of the main building foundations was approached in

four stages as follows:

(a) Consideration of the type of foundation appropriate for seismically
qualified structures.
(b) Selection of geologically suitable founding levels.

(@) Idealisation of the foundation loads, foundation layouts and levels,
and geology.
(d) Assessment of the likely settlement, both uniform and differential.

70. To reduce seismic effects concrete raft foundations bearing directly onto rock
were recommended.

71. Using an appropriate PWR reactor load of 600 kN/m? it was considered that
an adequate allowable bearing capacity would be attained provided the rock was
moderately strong ie an UCS value of 12.5 N/mm? to 50 N/mm?2 (ref.4). As well as
rock strength, cognisance was taken of the presence of fractured zones of rock, and
clay filled fractures prior to nomination of geologically suitable founding levels.

72. Use of the Boussinesq equations to assess the stress increase in each layer and
the use of the ‘classical’ one-dimensional method of settlement assessment for each
layer and their summation to yield the total, drained settlement was considered
appropriate. This followed the recommendations of Burland et al (ref.5) and
examination of the rock strata to ensure that they complied with the qualifications
proposed by Burland et al.

73. The modulus values of each of the rock layers was determined using a
correlation of the large diameter plate loading test on the sandstone with high pressure
dilatometer (HPD) tests carried out directly beneath the centre of the plate test, as
well as using borehole geological moduli (ref 3). Thus correlation was extended to the
150 m deep boreholes located beneath the potential reactor sites, where similar
testings had also been carried out. In this manner modulus values for the rock under
each proposed station site were assigned.

74. Typically the maximum calculated settlement is about 24 mm under a PWR
reactor and 26 mm between the twin AGR reactors on the southern site. Slightly
smaller settlements were calculated for the northern site. The maximum calculated tilt
across a reactor foundation diameter is of the order of 1/3750 for a PWR on the
southern site. Most of this settlement would occur during construction. The predicted
foundation behaviour was acceptable in terms of permissible settlement and tilt.

Cooling Water System

75. An open circuit cooling water (CW) system is proposed utilising sea water
from Druridge Bay. The layout of the system within the station boundary is based on
the generic design for Sizewell ‘B’ power station with appropriate adjustments to suit
the station ground level and sea level at Druridge. The system comprises twin
submerged intake structures located about 1.5 km off-shore, a single Sm inside
diameter conduit connecting the intakes to the cooling water pumphouse, which is
located within the station boundary fence, CW culverts to and from the turbine house,
a surge chamber adjacent to the CW pumphouse and a 5 m dia. outlet conduit leading
to a single submerged outlet structure about 0.5 km off-shore. The CW pumphouse
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also houses pumps supplying sea water for cooling auxiliary systems which discharge
into the surge chamber. This system is repeated for each station.

76. The advantages and disadvantages of construction of the CW conduits in
varying combinations of tunnel, submerged tubes and onshore open trench
construction were examined in depth before concluding those options which
incorporated onshore trenches or off-shore tubes did not present an attractive
proposition.

CONCLUSIONS AND ACKNOWLEDGEMENTS

77. The consultants concluded that the site could accommodate two PWR stations
of the type currently under construction at Sizewell. It was further concluded that the
site could accommodate two AGR power stations of about 1300 MW each, but the
arrangement of seismically qualified buildings in relation to known geological faults
needed further study. A list of other topics requiring further study was prepared for
use if consent to build a power station on the site is obtained.

78. We hope that it will be clear from this paper that the initial and Pre-
Application studies were undertaken as a team effort by many people and
organisations within and external to the CEGB. The authors were privileged to play a
part in this effort and acknowledge the contribution made by their colleagues and by
the members of staff of the CEGB, the contractors and other consultants who
participated in the project. The authors thank Nuclear Electric for permission to
publish this paper and British Coal who allowed reference to the mining records and
geological data in their possession.
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SYNOPSIS. To establish design criteria matching the levels of safety
appropriate to any nuclear facility required to withstand earthquakes, it
is necessary to carry out a site-specific seismic hazard assessment.
Since 1982, the Seismic Hazard Working Party (SHWP) has been
responsible, formerly to the CEGB and now to Nuclear Electric, for
developing and applying an overall methodology for such assessments.
The paper describes the praxis of the SHWP and, in particular, the
adoption of Bayesian concepts and use of a logic-tree formulation for
all aspects of hazard model parameterisation. Although these methods
have, so far, been applied primarily to potential power station or storage
sites in Britain, they can be adapted for existing facilities (where
appropriate hazard probability levels may be higher), or for disposal
sites (where they may be lower), and they are applicable in any
seismotectonic environment.

INTRODUCTION

1. Whereas earthquake occurrence is a proper subject for scientific
study, a seismic hazard assessment is an evaluation, with specific
engineering objectives, carried out at a particular moment in the
development of that science. Such assessments, therefore, inevitably
call for judgements to be made on the basis of incomplete knowledge.

2. Seismic 'hazard’ is here defined as the annual probability of
occurrence of an earthquake exceeding a given severity. It is one factor
in the wider concept of seismic ’risk’ which includes the ’value’ of the
elements exposed to the hazard (e.g. property or lives), and the
’vulnerability’ of such elements to damage or loss of function because
of the occurrence of the hazard (ref. 1).

3. Particularly in areas with sparse or short earthquake records, some
have preferred to retain the so-called ’deterministic’ approach to hazard
assessment. However, such an approach effectively accepts
unquantifiable risk levels and precludes comparison or consistency
between sites or between hazards (e.g. earthquake and flood or ground
motion and ground rupture).

Civil engineering in the nuclear industry. Thomas Telford, London, 1991
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4. Almost all earthquakes nucleate on existing (often unknown) faults,
and almost all fault displacements represent past earthquakes.
Depending on the size of the earthquake rupture and its depth of
nucleation, various hazardous phenomena can result:

(i) the fault movement can extend directly, or through connecting
fractures, to ground level or rockhead causing permanent
displacement at that level (i.e. ’ground rupture’)

(ii) the fault movement can give rise to strong shaking as the
earthquake waves arrive at, or travel across, the surface of the
Earth (i.e. 'ground motion’)

(iii) the strain relief caused by the fault movement can affect the
hydrogeological regime in the volume of crust which surrounds
the fault

(iv) secondary, and even tertiary, phenomena can be caused by any
of the above ’primary’ manifestations. For example, ground
rupture can cause tsunamis and ground motion can cause
landslides which, if underwater, can themselves generate
tsunamis.

5. The requirement to consider any or all of these hazards depends on
the acceptability of their consequences for the particular engineering
development.

6. Of these hazards, the engineering implications for power stations
are most severe in the case of ground rupture because the vulnerability
of safety-related structures to this phenomenon is generally regarded as
being almost total, i.e. in effect, "hazard’ is equivalent to ’risk’.

7. For this reason, in the presence of an outcropping fault, the potential
for ground rupture cannot be ignored at the levels of safety required of
nuclear structures, even in a region of modest seismicity like Britain
where, particularly on old bedrock, it is likely that a site large enough
for a nuclear facility will either be crossed by, or be close to, one or
more geological faults.

8. This paper reviews the more important arguments the authors have
used in performing seismic hazard assessments for potential nuclear
sites in Britain. It concentrates on the two hazards of ground motion
and ground rupture.

THE LOGIC-TREE METHOD

9. In many regions, earthquake occurrence appears to be a stochastic
process in space and time, whose very description involves the
parameterisation of intrinsic random variables associated with fault
rupture and seismic wave propagation. As with all such processes (in
particular fluid turbulence, with which seismicity has been compared,
ref. 2), the probabilistic approach is best able to offer adequate
characterisation.
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10. Probabilistic methodologies for ground motion hazard assessment
have been developed and implemented in a number of seismotectonic
environments. Where the understanding of the seismogenic process is
poor (as in Britain), the uncertainties are most appropriately modelled
by a hazard logic-tree, whose branches correspond to judgements on
parameter values and whose nodes represent points at which a choice of
alternatives is made (ref. 3).

11. At every node, probabilities are assigned to each branch. These
probabilities represent the likelihood of that branch bearing the correct
input parameter value. Since the branch options are mutually exclusive
and exhaustive, the conditional probabilities at each node sum to unity.
These conditional probabilities are based on the available data and their
expert interpretation, so as to reflect the relative degrees of confidence
in the respective parameter values held by those engaged in the
investigation.

12. Recourse to the judgement of experts is a Bayesian concept (ref. 4)
that is an integral part of the logic-tree formalism. De Finetti (ref. 5) has
shown that subjective probabilities have a sound mathematical basis,
and, in consequence, the techniques developed for assessing them can
be made rigorous.

13. Increasingly, logic-tree methods are favoured for state-of-the-art
seismic hazard assessments (see, for example, refs. 6 and 7). All
non-trivial contributions to statistical uncertainty are represented within
the logic-tree: the maximum magnitude, focal depth, b-value and
activity rate of each seismic source and the sigma value for each
attenuation relationship. Any individual fault sources included in the
logic-tree are also weighted according to the likelihood that they are
active, to their tectonic style, and to uncertainties in their geometries.
All of these contributions cumulatively produce the confidence bands
on the expected hazard curve. The lognormal spread in ground motion
attenuation is itself an inherent uncertainty which affects the
computation of the annual probability of exceedance, but does not affect
the confidence limits (ref. 3).

THE ROLE OF EXPERT JUDGEMENT

14. The assessment of seismic hazard is fundamentally a
decision-making process, in which expert judgement is exercised in
formulating the methodology and in specifying parameter values for
hazard modelling. For example, some might argue that it is not
important to distinguish between magnitude scales in using an
earthquake catalogue or in using attenuation relationships. Right or
wrong, such decisions are, in effect, expert judgements and should be
recognised as such. The relative importance of expert judgement,
compared with expert knowledge based on geological and
seismological data, varies regionally according to the quality and
quantity of available information. Thus, formal studies of the use of
expert judgement in seismic hazard analysis have been pioneered
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for the eastern United States, where it is held that uncertainties are
greater than west of the Rockies. The use of expert judgement plays a
similarly significant role in British seismic hazard analysis.

15. As in the original eastern US studies, expert judgements may be
combined analytically through the practice of weighting the probability
distributions assigned by individual experts. A number of algorithms
exist for combining these judgements, which vary in sophistication
from simple averaging and self-weighting, to scoring experts according
to performance on test calibration questions. Altematively, collective
judgements may be formed into a consensus through discussion at
plenary meetings. The latter decision-conferencing approach, informed
by extensive sensitivity studies, has been favoured by the SHWP for
resolving methodological issues and assigning probability distributions
for parameter values.

DATA ACQUISITION POLICY

16. In practice, the first exercise of expert judgement concerns the
generation of the database. Because many secondary, interpreted
sources of information, such as maps, catalogues etc., are deficient or
"contaminated’, it is necessary to decide whether or not to accept
passively an existing database without either re-evaluating that database
or actively acquiring new data.

17. Fig. 1 depicts each element of an ideal database in the context of
this decision. The choices, first to use data of a certain type and then to
move from passive acceptance to active acquisition of such data, are
related to ’engineering anxiety’: an amalgam of all those technical,
strategic and social concems which influence the engineer who has to
make decisions. Some of these factors are:

- seismotectonic environment

- relative importance of the data type in modelling the particular
hazard

- quality of existing database

- annual exceedance probability appropriate to the facility (itself
dependent on the vulnerability and value of the facility and on
the consequences of failure)

- lifetime of the facility

- cost of acquiring new data

- regulatory requirements

- public concemn
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18. At a low level of ’anxiety’, the engineer may decide that ground
motion hazard is adequately calculated from some simple treatment of
an existing catalogue of historical earthquakes with little attention paid
to any other data. At the other extreme, as, for example, in studying the
hydrogeological seismic hazard for a long-term high-level waste
repository, observations of regional and local stress and strain assume
high priority while historical earthquakes probably become of far less
consequence.

19. In general, as one moves further away from the site, the passive
acceptance of existing information becomes more acceptable.

20. Decisions should respect the need for all the pertinent hazards at a
particular site to be assessed coherently from the same database.
Wherever possible, computational models must be ’data-driven’ and
there should be no inconsistencies between parameter values used to
calculate the probabilities of ground motion and of ground rupture.

21. For NPP siting studies, decisions are conditioned by regulatory
practice (e.g. ref. 8) requiring assessments to be carried out on a
site-specific basis.

INVESTIGATIVE STRATEGY FOR POTENTIAL NPP SITES IN
BRITAIN

22. The stages of a site-specific investigation, from data collection to
hazard calculation, are shown in Fig. 2 and the following paragraphs
discuss some of the more important aspects of this process.

embli ta: e

23. The problems which can be introduced by using previous
interpretations of earthquakes, both macroseismic and instrumental, are
numerous: the St. Albans earthquake of 27 December 1768, described
by Davison (ref. 9), translates into a landslide in Herefordshire two days
later and a single earthquake off Pembroke on 20 February 1247 gave
rise to a flurry of events reported by various secondary sources as
occurring in the mid-thirteenth century (several of which are associated
with London and with St. Valentine’s day), see ref. 10. As
demonstrated by Ambraseys (ref. 11), instrumental earthquake
catalogues often suffer from comparable errors which are again only
revealed by detailed re-evaluation.

24. Apart from the active reappraisal of known earthquakes and the
seeking of 'new’ historical or palacoseismic events, the only action that
can be taken to extend the seismological database comes from installing
microearthquake networks, as used by the SHWP at Hinkley Point,
Wylfa, Trawsfynydd, Dungeness and Heysham (ref. 12). Such
instrumentation serves a multiple purpose in that it can:

(i) discriminate even very small genuine earthquakes from man-made
events; (ii) yield accurate information on the distribution of small
events in the seismogenic crust, and (iii) contribute to the understanding
of the crustal stress tensor.
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25. Problems also exist with secondary geological information:
geological maps are essentially interpretative documents, compiled
partly by inference, because only some of the information shown will
have been directly observed. They are subject to revision as
knowledge, especially of sub-surface geology, accumulates. Most
geological maps demonstrate an association between the amount of
detail recorded and the proportion of bedrock exposed and the
representation of faults is usually very incomplete Out of seven sites
considered since 1982 for possible nuclear power stations in England
and Wales, only two lie within areas mapped to modem standards.

26. Structural interpretations appearing in the scientific literature must
also be critically evaluated. This has been helped by the introduction of
"fault data sheets’ which require the geologist to study chronologically
all the literature concerned with a specific geological structure and,
thereby, separate observation from inference. Examples of 'faults’,
found under critical scrutiny to be unsubstantiated, are the *Cannington
Thrust’ 7km south-east of Hinkley Point and the 'Colchester Fault’, a
hypothetical north-east trending structure passing about 10km north of
Bradwell and traditionally associated with the 1884 Colchester
earthquake.

27. Where significant geological data are deficient, it is necessary to
acquire additional information by outcrop investigations, by the
interactive use of satellite and aerial imagery, and by interpreting
commercial or public domain geophysical (primarily seismic reflection)
data. In particular in the site vicinity, new seismic reflection profiles
may have to be shot as part of the investigation.

. . i ration
28. The implications of faults, for both ground motion and especially
ground rupture, have placed significant new demands on the way in
which site geology is investigated, in particular where the subcrop is
relatively deep or otherwise inaccessible. Recent experience of
investigations for twelve new facilities has revealed (with some notable
exceptions) civil engineers slow to rise to these new investigatory
challenges, many of which have more in common with petroleum
reservoir exploration and development than with traditional
borehole-dominated, bonus-related, ground investigation practice.
State-of-the-art geophysical analysis procedures will often be required
and there is always a need continually to adapt the investigative strategy
in the light of newly acquired information: both requirements demand
sophisticated data handling and display facilities (e.g. CAEX).
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29. Beyond investigating the position and tectonic history of any site
faults, such faults may need to be sampled for microtextural analysis or
dating. Particularly for these activities, but also for all other aspects of
tectonic understanding, it has proved essential to involve relevant
specialists in determining the evolving investigative strategy.

t

30. Only familiarity with primary sources exposes the uncertainties
inherent in the database. The problems arising from earthquake
location and the nature of evidence suggesting whether or not an
individual fault is active are discussed below. There are, however,
many other less obvious complications arising from data quality and
interpretational uncertainty which need to be recognised and graded
against some near-formal scale. Elements as diverse as geophysical
seismic reflection sections, lineaments seen on satellite imagery (ref.
13) and earthquake focal mechanisms (ref. 14) have all been treated in
this way.

31. One important limitation on knowledge arises from the enormous
time-span of the process. While fault rupture in eveny a major
earthquake lasts for a few tens of seconds (about 107 years), away
from plate boun%a:ies, that earthquake is a response to a process which
can take over 10° years to reveal its full complexity. Seismic hazard
assessment must recognise the time-scales involved, not only in the
earthquake generation process itself, but also in the various elements of
the database which have to be explored to understang that process.
Typically, seismological information spans up to 10V or 10* years for
microseismig networks; up to 10 years for instrumental earthquakes
and up to 10~ years for historical earthquakes. In Brit%in, geodetic
surveys have been relevelled (for some areas) after 10 years,
geomorphological evidence is generally (ouside southern England)
restricted to just the Post-glacial period (10* years) lsaving only
geological manifestations (extending from 10° to 107 years) to pass
beyond the likely recurrence intervals of major fault movements.

32. The significance of these time-scales is demonstrated by Fig. 3
which illustrates the relative capabilities of seismological and
geological evidence to reveal individual active faults in areas with
differing crustal strain and earthquake occurrence rates.

TREATMENT OF EARTHQUAKES

33. Because earthquake sources are best characterised by instrumental
data, it is necessary to convert the principal information resource on
British earthquakes (historical Intensity data) into magnitudes
consistent with those for the instrumental era. The SHWP methodology
for handling historical data is summarised in ref. 15.
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34. In brief, each event is first categorised with respect to the quality
of data. The data are then analysed to prepare an Intensity map (using
an adaptation of the MSK-scale) from which the three required
parameters for the earthquake are obtained:

(i) The location of the macroseismic epicentre (’macrocentre’) is
estimated and the uncertainty on this location assessed.
Associations between earthquakes and specific crustal
structures can only be tested using earthquakes whose locations
are accurately known.

(ii) The magnitude of the earthquake is derived from
magnitude/felt area correlations, first developed by Principia
Mechanica Ltd. (ref.16) from a consistent set of instrumental
surface wave magnitudes for eleven British events which were
later published as part of a wider dataset (ref. 11). The current
versions of these relationships provide a magnitude, now
described as Mg 5 to make the distinction from a true
instrumental surface wave magnitude, as follows:

Mg =-0.217 + 0.967 Log Aqyp (sigma = 0.15) 1)
Mgp =0.898 + 0.814 Log Apy  (sigma = 0.15) 2)

where areas within isoseismals III and IV are expressed in
sq.km.

(iii) Focal depths estimated from Intensity information are much
less reliable than magnitudes and, therefore, the depth of the
earthquake is only broadly categorised, from the ’contours’ of
the Intensity surface, into one of three depth bands.

35. Other procedures are employed for similarly evaluating and
interpreting instrumental earthquakes (ref. 14). Thus, each earthquake
in the final site-specific catalogue is provided with a data quality index,
a location with a grade of uncertainty, a magnitude and a depth.

Completeness of the earthquake record

36. Seismicity statistics and their geographical variations can only be
reliably derived from that part of the earthquake catalogue that is
"complete’.

37. The completeness of any earthquake catalogue must depend on the
production and survival of contemporary records. It will also have been
affected by the distances between recording centres (which, if too great,
might fail to ’capture’ intervening events below a certain size), by the
state of communications between them, and on the present-day
availability of the documentation (see, for example, ref. 17). These
historiographic influences vary both temporally and geographically
from one region to another.
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38. It is possible, therefore, to determine a regional threshold for each
historical period above which the retained earthquake record provides a
complete dataset, see also ref. 18. A typical threshold plot is shown in
Fig. 4. For a coastal site, thresholds offshore will be higher than those
onshore. Similar analyses of completeness thresholds are carried out on
the instrumental database (ref. 19).

TREATMENT OF FAULTS

39. A nearby active fault can have a significant effect on site ground
motion hazard while a fault outcropping beneath a planned facility can,
even at low activity rates and very long recurrence intervals, have an
intolerable impact on site viability.

40. All interpretations of active faults, and the very use of the term
"active", depend either explicitly or implicitly on some observational
time period. However, this time period must not be constrained by any
artificial limitation such as the duration of the historical earthquake
record, or (as enshrined in some regulatory definitions, e.g. ref. 20) the
limit of a specific dating technique.

41. The significance of faults can only be comprehended in the context
of the tectonic history of the region in question. Faults that have moved
in the present phase of this tectonic history (the ’Current Tectonic
Regime’, CTR) must be treated as active. Faults that have not moved
within the duration of the CTR are deemed ’extinct’, see ref. 21.

42. By definition, the CTR has been in operation for as long as current
features of stress and strain have prevailed at the regional scale. There
is no a priori definition for this period, and it must be estimated by
analysis of local geological and tectonic data. For Britain, such an
analysis shows that the CTR is no older than 8 million years (ref. 22).

43. Active faults need only be modelled as distinct sources of ground
motion hazard where the combination of their activity rate and location
perturbs the results from assumptions about the random distribution of
earthquakes through the crustal volume which surrounds the site. At
the probability levels relevant for the design of NPPs in Britain, it can
be shown that beyond 30km from the site ground motion hazard levels
are not sensitive to the inclusion of fault sources (Fig. 5). Even within
this range, for realistic activity rates, the fddition of fault sources makes
a relatively small contribution to the 10" p.a. ground motion hazard,
except when they are very close to the site.
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44. To preclude the modelling of local faults, it is necessary to show
that no geological or seismological, data exist to suggest that they could
be active. However, such information is all too often ambiguous
because of uncertainties in the location of seismological events or in the
ages of geological materials. It then becomes necessary to employ fault
dating techniques (see below) to show that the fault has not moved
under the CTR. Failing this, the fault must be included, as a weighted
seismic source, in the hazard model.

Ground rupture hazard

45. Wherever possible, critical facilities should be sited so as not to
straddle faults. Unless a surface fault can be demonstrated not to have
moved under the CTR (i.e. the fault is extinct), ground rupture cannot
be discounted. The hazard can be quantified, but only with a low level
of confidence. Depending on their proximity, the presence of such
faults may prove to be an exclusionary criterion for nuclear
development.

46. In studying near-site faults, detailed field examination is required
to seek both chronological or cross-cutting relationships (to identify the
youngest fault or faults) and kinematic relationships (to discriminate
primary faults from secondary structures which cannot move
independently). Experience has shown the difficulty of successfully
achieving unambiguous interpretations in areas of structural
complexity: the requisite procedures are idealised in the flowchart
presented in Fig. 6.

47. Ultimately, as shown on Fig. 6, it is necessary to have some
"absolute’ date of last movement to compare with the age of the CTR.
At its simplest, 'direct’ dating requires the identification of a geological
material (such as an igneous dyke, hydrothermal vein or overlying
undisturbed geological formation) that demonstrably postdates the last
episode of displacement. This material is then dated: a process that can
be relatively straightforward for igneous rocks but more problematic for
veins and unconsolidated geological deposits. (Radiocarbon and
U-series methods have been used by the SHWP for this purpose, see
ref. 23). In the absence of such material it becomes necessary to
attempt to date some component of the fault gouge itself.

48. SHWP studies have pioneered investigative techniques for the
direct dating of fault gouge by isolating and radio-isotope (K-Ar) dating
sub-microscopic mineral grains that developed subsequent to the final
phase of movement (ref. 24). Other techniques employed include
palacomagnetic studies of the orientation of the remanent magnetisation
of minerals formed in the gouge (refs. 23 and 25), and electron-spin
resonance investigations to show the age when certain mineral grains
were last ’shocked’ in fault displacement.

49. Without direct dating information, the status of an on-site fault
would be prey (throughout the lifetime of the facility) to changes in the
regional or site database.
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MODEL CONSTRUCTION

50. It is nowhere possible to know enough about all earthquake
sources to characterise seismotectonic understanding solely in terms of
active faults.

51. The crust generates a wide range of earthquakes, from those
corresponding to fracture dimensions of a few metres to 'crustal’
earthquakes involving the rupture of the entire seismogenic layer. As
the fracture dimension becomes smaller so the association of an
earthquake with any one of the increasing number of candidate crustal
faults becomes less certain. Imprecisions in the location of both
seismic events and subsurface geological structure further obscure this
association. Hence, in any seismotectonic synthesis it is necessary to
invoke ’active crustal volumes’, which are considered to generate those
earthquakes not attributed to known active faults.

52. The concept of active crustal volumes is not merely a device for
handling uncertain data. For much of the Earth’s crust, randomly
distributed background seismicity truly reflects distributed strain
release.

53. In practice, scientific endeavours in slowly deforming areas
generally do not provide sufficient data to define fully the parameters of
either active crustal volumes or active fault systems. Under these
conditions the engineering requirements of seismic hazard assessment
are satisfied by a ’seismic source model’: a simplification designed, in
the present case, to analyse the earthquake exposure of a particular site
and, through its logic-tree formulation, able to absorb uncertainties in
scientific interpretations. The seismic source model is made up of fault
sources and area zone sources, corresponding respectively to the
concepts of active faults and active crustal volumes.

54. The simplest seismic source model for ground motion hazard
consists of a single area zone source surrounding the site. As
statistically significant geographical variations in seismicity become
apparent, so this model needs to be partitioned into various area zone
sources. As an example of the way in which seismological data can
inform partitioning, Fig. 7 displays regional geographical variations in
seismic moment release for north Wales.

55. Distant from the site, the need for sub-division and the location of
boundaries between area zone sources become of little consequence.
Close to the site, however, boundaries should be chosen by expert
judgement, using sensitivity studies to balance the available data
against the consequences for the site hazard. Such seismic source
models are tailored for a specific site location. For any other site, the
model boundaries may need to be redefined.

56. While the regional earthquake database is usually sufficient to
define activity rates for area zone sources, other seismological
parameters (b-value, upper-bound magnitude etc.) often have to be
derived from more numerous, consistently treated, datasets collected
from larger relevant areas, such as NW Europe. At low probability
levels, tectonic information assumes increasing importance in
determining activity rates.
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57. Further refinement in the definition of the seismic sources, from
detailed seismological or geological information, would hope to pass
some way towards a model with reliable fault sources as well as area
Zone sources.

58. However, faults can only be introduced into ground motion seismic
source models as and when their activity becomes manifest by the
occurrence of earthquakes or revealed by the uncovering of geological
evidence for their displacement under the CTR. The acquisition of such
evidence depends on the intensity and duration of the investigations, as
well as on the seismotectonic environment, and practical constraints
ensure that only an incomplete picture of active faults can be drawn.
However, in an area deforming as slowly as Britain, the first faults to be
recognised as active will not necessarily be the most active faults.

59. The seismological parameters attributed to fault sources will
usually have to be assessed from geological data.

60. The seismic source model for enumerating ground rupture hazard
consists of a single fault source. In such a calculation, the ground
motion attenuation relationship is replaced by one relating rupture area
to earthquake magnitude.

61. All SHWP hazard computations, including sensitivity studies, have
been carried out using the program PRISK (ref. 26).

THE RESULTS OF SEISMIC HAZARD ASSESSMENTS

62. Where required, the ground rupture hazard is expressed as the
best-estimate curve linking displacement at rockhead or at ground level
to its annual probability of exceedance.

63. The ground motion hazard can be expressed either as the
best-estimate curve linking free-field peak horizontal acceleration to its
annual probability of exceedance (preferably supported by a family of
similar curves at constant confidence levels), or as uniform risk spectra,
see Fig.8.

64. In either case it is important that ground motion hazard curves are
accompanied by the results of sensitivity studies exploring the
consequences of plausible post-assessment data, for example, the
occurrence of a significant regional earthquake or the discovery of
evidence of activity on a nearby fault.

65. The methodology described in this paper has been applied, with
many sensitivity studies, to potential NPP sites in Britain. Robust
results for site-specific peak horizontal accelerations at 104 pa.
probability of exceedance have ranged from less than 15%g to more
than 25%g.
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Discussion

G. TROTT, W.S. Atkins Consultants Ltd, Warrington

The seismic hazard studies in Paper 7 are aimed at
producing curves of peak ground acceleration against
probability of exceedance. What consideration has been
given to the form of the ground motion which was used
in subsequent structural analysis/design; in particular
in terms of frequency content and time for strong
motions.

Is the use of artificial time histories generated
from a design spectrum a reasopable or unduly
conservative approach?

P. ISGAR, Nirex Ltd, Didcot

How long did the ground remain frozen after the release
of freeze? What power was required to drive the
refrigeration plant? How quickly could the associated
surface works be built in the freeze-affected area?

G. VACIAGO, Rendel Geotechnics, London

The evidence on fault activity and seismological
observation presented in Paper 7 (Fig. 3) suggests that
as well as encountering the difficulties with proving
fault activity suggested in the paper, engineers may
find the existing database inadequate for a
statistically significant analysis of hazard at a site
in terms of ground motions. Would the Authors comment?

B. LEACH, Allott & [Lomax, Manchester

I wish to raise the question of economics in
investigative work. The initial role of a sound
understanding of the structural geology at these sites
has been highlighted by David Mallard. At some sites
the establishment of the geology would be relatively
easy; at others it would be extremely impressive to
reach a satisfactory understanding, and at the limit
there will be sites where it would be virtually
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impossible to do so. Where do the economics take over,
where do you draw the line on expenditure?

I. P. FORBESTER, SDRC Engineering Services ILtd,
Warrington

Does Mr Chaplow feel that the selection of the Dounreay
and Sellafield sites is based on good geological
grounds, or has it been based more on areas that would
be sympathetic to a repository being built near them?
As a result of this, is not the industry being forced
into a much higher cost option with more engineering
difficulties?

B. O. SKIPP, Soil Mechanics Ltd, Wokingham

Advances in site investigation and geotechnics have
been stimulated by the nuclear industry since its
inception. Witness the work on soft-rock creep and the
engineering classification of soft rocks such as the
Mercia Mudstone. Now new techniques are being further
progressed, but can the site investigation contractors
and consultants cope intelligently with the increased
amount of geological and geotechnical data? I was
impressed by the graphics shown by Mr Isgar to
illustrate what can be done. How does Dr Chaplow view
this whole issue of information handling and treatment?

D. DE BRUYN, Paper 4
About the freezing groups used during the shaft

construction: three groups, each with a power of 250
000 kcal/hour (about 290 kW) were used. The freezing
was stopped for the construction of the underground
laboratory immediately after the concrete plug (2.50 m
thickness) was poured in place (mid 1983). 1In the
whole clay mass around the gallery temperatures were
already positive at the end of 1984 (1.5 years after
construction), and were stabilizing at the end of 1986
(3.5 years after construction).

The surface works (hoist system, etc.) being limited
in size and in foundation area, were built at the same
time as the shaft excavation works.

R. CHAPLOW, Raper 5
In reply to Mr Forbester, the Sellafield and Dounreay

sites were selected by Nirex on the basis of a wide
variety of factors including social considerations.

The purpose of the geological investigations being
undertaken at the site is to characterize the
geological conditions as part of the process which will
allow Nirex to select the preferred site.
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DISCUSSION

To Mr Skipp, information handling and treatment is
an important aspect of the investigations. Nirex
are currently undertaking a study aimed at
identifying the requirements for establishing a
database for storing and handling geological
information. Data being collected at site are
routinely being obtained and stored in digital
format to facilitate future interpretation.
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8. Seismic analysis and design practice for UK
nuclear installations

J. P. NEWELL, MSc, MICE, and G. P. ROBERTS, BSc, WS Atkins
Engineering Sciences

SYNOPSIS. Many UK nuclear installations that have been
designed during the 1last 15 years have been required to
withstand a seismic event. Designers, prime contractors and
equipment suppliers have therefore been required to consider
seismic Toading as a major load case on these projects.

This paper draws upon experience of seismic qualification
programmes on a number of contemporary UK nuclear
installations. The various methods available for the seismic
qualification of civil works are’ explained and guidance is
given on the choice of appropriate qualification methods.
Approaches to the qualification of M&E equipment are also
summarised.

SEISMIC DESIGN PHILOSOPHY

1. The seismic design philosophy for UK nuclear
installations is founded on a probabilistic approach to the
assessment of the seismic hazard. A deterministic approach is
used to define the seismic loading and response of the
structure. The structure is then designed to meet defined
performance criteria.

Risk assessment

2. New nuclear installations are designed to withstand an
earthquake with a probability of exceedance of 10* per annum.
This is commonly known as the ‘safe shutdown earthquake’ (SSE).
The requirements for power reactors are described in ref. 1.
A safe design is ensured by a conservative calculation of
structural response and an assessment of stresses against code
allowable values. Ref. 2 is an example of this philosophy.

3. Existing plant which was not seismically designed is
generally assessed on a case-by-case basis having regard to the
possible consequences of failure. The available design margins
inherent in the structure are identified and a justification
for the safe performance of the structure is formulated.
Although the method has not yet found commonplace application,
the concept of ’‘constant risk’ or ’‘constant probability of
failure’ (ref. 3) may be helpful.
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Safety case preparation

4. A structured approach is taken to the justification of
the safety of nuclear installations and this is contained in
the ’‘safety case’.

5. Owing to the vulnerability of structures to seismic
loading, it is important that a detailed safety case is
prepared at an early stage. A programme of timed safety case
submissions is required by the independent assessment authority
at each stage of design release.

6. Designers and contractors can therefore expect to be
required to prepare detailed qualification reports which
describe their approach to seismic qualification. These are
independently assessed to ensure that an appropriate approach
has been adopted.

Performance requirements

7. It is particularly important in seismic design to ensure
that the performance requirements of structures are clearly
defined and this should ideally be completed early on in the
project.

8. Performance criteria are generally defined on a project-
specific basis. In most cases, structural performance
requirements fall into one of the following categories

(a) elastic design

(b) Tlimited ductility

(c) no structural collapse
(d) no seismic requirement.

9. The majority of new nuclear installations are designed
to elastic stress limits at the SSE Tevel.

Load combinations

10. Seismic analysis is often regarded as a specialist
activity which cannot be covered by the conventional design
office. The treatment of the seismic loadcase should however
be an integral part of the design process and the seismic
loading should take its place alongside the other types of
loading that the structure is required to withstand.
Appropriate load combinations must be considered and these are
defined in the design codes of practice.

Design codes

11. British design codes of practice do not currently provide
specific guidance on seismic design. American codes tend to
be used for UK nuclear installations and these include ACI 349
and ASME III.

12. British codes, such as BS 8110 and BS 5950, may be
applied, particularly where an elastic design is required at
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SSE level. American codes offer the advantages of defining
load combinations which include seismic Toading and providing
guidance on design for ductile structural response.

Beyond-design basis events

13. The SSE forms part of the normal design basis. Reserve
strength is required beyond this level to ensure that the
structure does not suffer failure ’just beyond the design
basis’. This is sometimes referred to as the ‘cliff-edge’ or
"seismic margin earthquake’ condition. Once designed to the
SSE 1level, the structure is then checked to identify the
seismic design margin. A safety case is often made if an
available margin of 40% on earthquake ground motion can be
demonstrated. See, for example, ref. 2.

SEISMIC QUALIFICATION OF CIVIL STRUCTURES

14. The seismic qualification of civil structures is carried
out by analysis. Generally, the simplest method should be used
that will adequately predict the seismic response. Almost
invariably, trade-offs are made between the level of modelling
detail and the appropriate resources that are available within
the overall project programme.

Modelling aspects

15. It is essential to define’at the outset the scope and
level of detailed design information that will be required from
the seismic analysis. For example, seismic design forces in
the seismic load resisting system may be required from the
primary structure analysis, whereas secondary structures may
require floor-level accelerations for localised design
purposes. These considerations determine the type of
mathematical model of the structure that will be required.

16. A prime objective is to represent the global mass and
stiffness distributions of the structure, since the global
dynamic response of the structure is governed by these factors.
The dynamic characteristics of secondary structural elements
tend not to affect the global seismic response and these may
generally be omitted from the structural model. Beam finite
element models are most generally used, but detailed plate
finite element models of complete buildings have also found
application (ref. 4).

17. In most cases, the best approach to structural modelling
is to utilise a two-stage procedure (refs. 5 & 6). In the
first stage, the global seismic behaviour of the structure is
represented and in the second stage the localised response of
structural elements is modelled. This is sometimes known as
the global/local modelling approach. An example of this
approach is illustrated by the global (multi-stick) model of
a complex concrete shear wall building shown in Fig. 1.
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ik

Fig. 1. Stick model of shear wall building

Analysis methods
18. Seismic analysis is carried out by one of the following
methods:

(a) static analysis
(b) equivalent-static analysis
(c) dynamic analysis

19. Static analysis is the most conservative approach. The
acceleration response of the structure is calculated from the
peak of the ground response spectrum and is multiplied by a
"static coefficient’, typically 1.5. Seismic forces are then
calculated by multiplying the structural mass by this
acceleration.

20. Equivalent-static analysis treats the structure as a
single degree of freedom system. The natural frequency of the
single degree of freedom system is calculated and the
acceleration is determined from the ground response spectrum
at this frequency. Seismic forces are calculated by
multiplying the structural mass by this acceleration. A static
coefficient may also be applied.

21. Dynamic analysis may be carried out by hand calculations,
finite element modelling or problem-specific computer programs.
Analysis may be carried out by response spectrum or time-
history methods and may be Tinear or non-linear.

22. Most commonly, a linear finite element analysis using the
response spectrum method is employed. This approach is
generally the most efficient of the methods mentioned here in
producing realistic seismic design forces in a form suitable
for the designer.

DEFINITION OF THE DESIGN GROUND MOTION

23. The design ground spectrum in the UK has been defined as
standard response spectra for hard, medium and soft generic
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site types (ref. 7), scaled to a peak ground acceleration (pga)
value from seismic hazard studies.

24. The design ground motion is taken to apply at ground
surface level in the free-field; ie distant from any buildings.

Hazard curve

25. The seismic hazard curve, derived in the seismic hazard
studies, relates pga to probability of exceedance. The 10*
per annum (SSE) design level horizontal pga lies in the range
from 0.15g to 0.25g for the UK (ref. 7).

26. Design horizontal pga values of 0.20g and 0.25g have been
used in the UK, together with a vertical component equal to
2/3 of the horizontal component.

Response spectra
27. The design ground motion hard site spectrum scaled to
0.25g pga is shown in Fig. 2 on tri-partite plot axes.
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Fig. 2. UK hara site response spectrum scaled to 0.25¢g

Accelerograms

28. Artificial accelerograms can be generated to provide
ground motion data for input to time-history analyses of the
structure. Three independent accelerograms are required for
the three coordinate directions. Suitable accelerograms are
generated with computer programs, such as THGE. A typical
artificial accelerogram is shown in Fig. 3, which matches the
spectrum shown in Fig. 2.

103



EARTHQUAKE ENGINEERING

0.25

+VE PEAK
0.250

O ZOm—>TMrMOO>

0.00 I MMNAM oA

-VE PEAK

-0.250

0 2 1 6 8 10 12
Time (Secs)

A el GUMGRLOT (¥ AInG) vorsion 00, BB 13:3)

Fig. 3. Artificial UK hard site accelerogram

29. It is common practice to use a single set of 3 artificial
accelerograms which envelope the design response spectrum, to
carry out a structural analysis (ref. 8). For complex 3D
structures, particularly if a non-linear analysis is performed,
it is prudent to check the sensitivity of the seismic response
by using additional accelerograms.

SOIL-STRUCTURE INTERACTION STUDIES

30. Geotechnical conditions at the site can induce a
modification of the design ground motion. Additionally the
presence of a massive building can affect the ground motion in
the vicinity of the building. In such conditions, a site
response analysis and a soil-structure interaction (SSI)
analysis is normally required to define a modified input ground
motion. These types of analysis are described in refs. 9 & 10
and the general principle is illustrated in Fig. 4.

31. In the case of a hard rock site, neither type of analysis
is generally required and the free-field ground motion may be
input directly to the structural analysis.

Site response

32. In the site response analysis, the free-field ground
motion is applied to the top of a 1D shear beam model of a
geological section through the site, as shown in Fig. 4. The
shear modulus and damping ratio of each layer of soil or rock
are required as input to the analysis. The variation of these
parameters with seismic strain amplitude are also required,
however such data requires specialist geotechnical testing.
Generic dara are often employed in the absence of site-specific
test data. The geotechnical properties of the 1D deconvolution
model should represent the free-field site conditions.
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TR

Fig. 4. Soil-structure interaction analysis

33. The base level of the model is typically located at the
depth of the deepest available borehole and must be
sufficiently deep so as not to be affected by any SSI effects.
This base Tevel is regarded as bedrock level, or equivalent.
The ground motions are ’‘deconvolved’ through the 1D model to
calculate the motions at base level. Computer programs such
as SHAKE and FLUSH are commonly used for this purpose.

Soil-structure interaction
34. An SSI analysis is typically required for soft and medium
sites, and tends to be a specialist activity.

35. The compliance of the ground can cause rocking of the
building on its foundations, giving rise to Targe displacements
towards the top of the building. Such dynamic behaviour is
normally the governing condition for the sizing of seismic gaps
between adjacent structures, particularly when considering
beyond-design-basis events. It is also important in the
generation of secondary response spectra for the qualification
of plant and equipment.

36. SSI analyses are normally of the following types:

(a) impedance methods
(b) finite element methods

37. The simplest and most common SSI approach is the
impedance method using frequency-independent springs and damper
elements to represent the ground. The shear modulus
information required to calculate the spring and damper
constants is based on the strain-reduced values derived from
a site response analysis.
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38. More complex analyses may also be carried out using 2D
and 3D SSI models, which enable layered sites and complex
foundation shapes to be represented.

Modelling aspects

39. Owing to the natural variability of ground conditions at
a site, sensitivity studies are carried out for a range of
geotechnical properties. The shear modulus, which represents
the ground stiffness, is usually varied in the range 50% to
200% of the best estimate value (ref. 8). If justified by the
quality of the site investigation, this range may be narrowed
to 67% to 150% of the best estimate value.

40. Depending on the particular site conditions, the
Poisson’s ratio for ground below the level of the water table
should be chosen carefully. Whilst the presence of pore water
does not affect the propagation of shear waves (horizontal
ground motion), it can have considerable bearing upon the
propagation of compression waves (vertical ground motion). For
this reason, separate analyses tend to be necessary for the
horizontal and vertical direction SSI analyses.

DESIGN INTERFACES

41. The seismic analysis is normally divided into a number
of successive stages. Some stages reflect natural interfaces
between different engineering disciplines and others provide
for analytical convenience. Design conservatisms are
introduced at each interface which, when compounded, lead to
over-design resulting in significantly increased capital cost.

42. The geotechnical engineer provides an assessment of the
properties of the ground for input to the SSI analysis. His
assessment of the shear modulus values must be realistic,
rather than pessimistic, to ensure that the natural frequencies
and response spectra of the soil-structure system are predicted
with confidence. Any shift in the spectral peaks would be
reflected in possible over or under-design of the structure.

43. An interface is often introduced, for design convenience,
between the structure and the foundation. This enables the
foundation to be designed in detail to resist the global
seismic forces imposed by the structure, which are often
derived from a separate fixed-base analysis of the structure.

44, Owing to the heavy plant content of most nuclear
installations, the interface between the plant and civil
structure is important. The plant imposes a mass Toading onto
the structure, which affects its seismic response. Some plant,
such as major cranage, is both heavy and flexible. In these
cases, it is necessary to model the dynamic flexibility of the
plant in addition to its mass within the civil analysis.
Secondary response spectra calculated at this interface are
nearly always a source of conservatism.
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DESIGN OF PRIMARY STRUCTURE

45. The primary structure is normally designed from a
structural analysis model, rather than from an SSI model which
only requires a coarse representation of the structure. SSI
effects are usually embodied in a modified ground response
spectrum for input to the structural analysis, as indicated in
Fig. 4.

Foundation design

46. Basemats are normally designed using a plate or grillage
finite element model on an elastic foundation. Elastic
continuum and Winkler spring methods are both used to represent
the compliance of the ground. Continuum methods offer a number
of advantages, including the modelling of a layered site, but
such methods require additional computational effort.

47. An equivalent-static analysis of the foundation is
carried out with the seismic forces from the structure applied,
together with the other imposed load conditions, such as wind,
thermal, live and dead load. It is important to ensure that
the seismic moments and shears in the basemat are calculated
separately for the three spatial components of earthquake
loading. The seismic actions in the basemat are then combined
by the SRSS or 100:40:40 combination rule prior to combination
with the basemat actions from the other load cases.

48. Redistribution of earth pressures due to localised
basemat uplift must be incorporated in the design. Twist
moments should be combined with the two orthogonal direct
moments using, for example, the Wood-Armer method to derive
design moments for top and bottom reinforcement.

49. Piled foundations under seismic loading require special
attention to ensure that lateral loading at the pilehead can
be accommodated in addition to the conventional axial loading.
Unless raking piles are used, the natural frequency of the
structure-foundation system in the sidesway mode tends to be
very low, leading to large relative deflections between the
structure and the surroundings. Pile group effects must also
be considered.

50. Conventional earthworks are normally designed using an
equivalent static approach (ref. 3). Stability is commonly
the governing criterion and Tiquefaction should also be checked
if a build-up of pore water pressure is possible.

Design of walls

51. In-plane and out-of-plane moments and shears are required
for the conventional design of walls. In-plane actions are
most readily obtained from a finite element beam ’stick’ model
representation of the wall. A fine mesh of plate finite
elements may also be used, but this requires considerable post-
processing of the calculated edge stress distribution. Shear
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lag effects in concrete walls must also be accommodated within
the mathematical model.

52. Out-of-plane actions are normally assessed by hand on the
basis of a two-way spanning panel under lateral loading. The
Tateral loading is obtained by multiplying the panel mass by
the spectral acceleration corresponding to the natural
frequency of the wall panel and also by a ’static coefficient’.
Out-of-plane actions must also include for the effects of
inter-storey drift and equipment attached to the wall.

53. This approach 1is conservative because the loading is
based on the secondary response spectrum at the floor level
corresponding to the top of the wall, rather than at the
middle. The secondary spectrum itself embodies some
conservatism. A further conservatism arises from the
assumption of a uniform lateral loading distribution across the
face of the wall.

Design of floors

54. Floors are designed primarily to resist vertical, out-
of-plane seismic loading, in combination with normal floor
loads. In addition, diaphragm action must be considered,
wherein horizontal seismic tie or strut forces are transferred
from one vertical load-bearing member to another.

55. Hand calculation methods are normally used, but detailed
plate finite element models are also employed if secondary
response spectra are required for the qualification of floor-
mounted equipment. The seismic loads applied from any fixed
equipment on the floor must also be included in the floor
design.

Steel frameworks

56. The natural frequencies of steel-framed buildings tend
to lie towards the Tow-frequency end of the ground response
spectrum. Such structures are therefore vulnerable to
amplification of the response spectrum in this frequency range
by SSI effects.

57. Steel roof structures and in-structure plant support
frames are commonly designed with seismic forces derived from
secondary response spectra. Such structures generally appear
to be over-designed, owing to the Tlevel of conservatism
embodied in secondary vresponse spectra. Whilst steel
structures have an inherent capability for ductile energy
absorption, elastic instabilities and end-connection failures
must be guarded against by design.
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QUALIFICATION OF PLANT AND EQUIPMENT

58. Equipment qualification is carried out by shake-table
testing or by analysis, and utilises secondary response spectra
calculated by either time-domain or frequency-domain analysis
methods.

Generation of secondary response spectra

59. Secondary response spectra are calculated at main floor
levels in the building and, particularly, at the mounting
positions of essential equipment.

60. Time-domain and frequency-domain methods are both used
in practice to derive secondary spectra from the ground
response spectra. The two techniques are equivalent, although
the time-domain method is the more conventional method. The
spectral peaks are normally broadened by 15% in frequency to
allow for minor modelling sensitivities.

61. Sensitivity analyses are carried out to determine, for
example, the effects of different site conditions and material
properties on the secondary response spectra. The secondary
spectra from these sensitivity analyses are normally enveloped
together to provide conservative design spectra for plant and
equipment. Arguably, the spectra corresponding to variations
in assumed ground conditions might best be quoted individually
to avoid over-design of major plant items. Indeed, care should
be exercised in enveloping spectra together to reduce the
effect of compounded conservatisms.

62. The three spatial components of the earthquake response
are normally combined prior to issue of the secondary response
spectra to plant designers. The stresses in the-plant are then
analysed and the stresses due to the three directional
secondary response spectra combined again. This again is a
conservative approach which can be improved by retaining the
spatial components of the seismic responses in the plant, until
the final stress analysis stage.

Qualification by analysis

63. The qualification of equipment by analysis follows in a
similar manner to that of the building. Cranes, pipe runs,
vessels and cable racking systems are common examples of
equipment qualified by analysis.

64. Holding-down bolts and anchors are designed by analysis.
Experience of equipment performance during earthquakes shows
that equipment exhibits an inherent ruggedness, provided that
it is adequately restrained. The effects of long-term loss of
preload must also be allowed for in designing fixings anchored
in concrete. Contractors experience some considerable
difficulty with post-drilled concrete anchors where provision
has not been made at design stage for reinforcement-free
pockets.
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Qualification by shake table testing

65. Shake-table testing is normally required for electrical
equipment to demonstrate that a required functional performance
has been met.

66. Full-scale testing is performed by subjecting equipment
to base motions which conservatively simulate the specified
secondary response spectrum motion. This normally takes the
form of shake-table testing to a specified ‘required response
spectrum’ (RRS). A 'test response spectrum’ (TRS) is developed
from the measured shake-table motion and this is required to
envelope the RRS.

67. The TRS normally envelopes the RRS by a substantial
margin, as illustrated in Fig. 5.
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Fig. 5. Typical TRS and RRS from shake table testing

RE-ASSESSMENT OF EXISTING STRUCTURES

68. The seismic re-assessment of existing structures centres
on the definition of acceptable performance requirements.
These are based on the function of the structure in relation
to its contribution to plant safety and may also have regard
to the desired future 1ife. The starting point for a typical
approach is described in refs. 8 and 11.

69. Typically, structures not designed to contemporary SSE
levels will not have sufficient inherent design margins to
withstand normal loads in combination with the SSE, where this
is assessed by the conventional design methods described above.

70. In such cases, the conservatisms in the conventional
analysis and design assessment process may be minimised by
reducing the number of interfaces in the analysis, or by the
use of more complex analysis. For example, non-Tinear time-
domain analysis may be used to quantify the amplitudes of
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seismic movements and the nature of post-elastic behaviour.
A safety case is then put forward on this basis.

71. The offshore structure shown in Fig. 6 was re-assessed
for its resistance to seismic loading. The conventional
response spectrum analysis method, using a linear analysis,
indicated that the structure would fail by pull-out of the
raking piles. Non-Tinear time-domain analysis indicated that
the structure would, however, retain its lateral stability,
because pull-out failure of the raking piles would be a
transient phenomenon offset by additional shear mobilised
through the deck into the vertical piles.

Fig. 6. Seismic re-assessment of an offshore structure

CONCLUSIONS
72. The current seismic analysis and design practice for UK
nuclear installations has been summarised.

73. It is important to define performance criteria for
structures and equipment early in the project programme. The
design should then be targetted on these performance criteria.
Seismic design must be documented in a safety case, which is
most successfully prepared at an early stage.

74. The current seismic design practice for UK nuclear
installations 1is conservative. Conservatisms arise in the
specification of the ground motion, by division of the seismic
analysis into distinct stages and at interfaces between
different engineering disciplines.

75. These conservatisms offer the opportunity to re-assess
the seismic capability of existing structures by the use of a
rationalised approach utilising more realistic, but often more
complex, analysis.
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9. Alternative approaches to the design criteria for
earthquake forces applied to structural sub-systems

D. KEY, PhD, BSc, FICE, FIStructE, Research, CEP Consulting Engineers

SYNOPSIS

Present practice in the UK nuclear industry can result in
gross overestimates of the seismic design forces in many
secondary or tertiary structures. Outlines of three
alternative design approaches are presented, two of which are
based on the use of response spectra and the third is based
on solution in the frequency domain.

CURRENT NUCLEAR INDUSTRY PRACTICE FOR UNCOUPLED SECONDARY
SYSTEM DESIGN

1. For a primary structure, the response to ground motion
is normally calculated by direct analysis of the structure on
its own. Where a secondary structure is to be added time
history analysis is used to produce a ’‘floor response
spectrum’ (FRS) at the point of attachment, which describes
the behaviour of the primary structure alone. This FRS is
then used as a basis in producing the design FRS (DFRS) for
the secondary structure.

2. To allow for uncertainty in estimating modal
frequencies, and other modeling uncertainties such as the
soil properties, the peaks of the DFRS are widened and some
enveloping introduced (ref.l). Further enveloping of the DFRS
for a secondary system may be introduced to cover the effects
of multiple supports. Where the secondary system is an item
of plant which is designed for installation in more than one
location, further enveloping again may be introduced into the
DFRS to cover multiple locations and even multiple sites.
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3. This practice introduces substantial conservatism into
the design. Chen (ref.2) gives a comprehensive summary of
current practice in the analysis of secondary systems and
identifies a number of inherent problems in the uncoupled
method: -

(a) Interaction between the primary and secondary system is
not accounted for. This will occur where the secondary
structure is large in relation to the primary structure,
and/or the natural frequencies of the two are close.
Hence it is only acceptably accurate within certain
mass, modal frequency ratios and damping limits outside
which it cannot be used.

(b) Multiple supports are difficult to deal with. Cross
correlations between support excitations are often
inaccurately considered or neglected. Response is
separated into ’‘pseudo static’ and ‘dynamic’ parts
leading to difficulties in modal combination.

(c) Closely spaced modal frequencies involve complicated
cross correlation calculations.

(d) 1If tertiary structures are introduced they can only be
Cealc with by introducing further levels of
conservatism.

(e) Each level of enveloping introduced into the DFRS
incorporates unrealistic levels of conservatism into the
design.

(f) DFRS are based on time history analysis and accordingly
are expensive to produce.

(g) The final degree of conservatism built into each systenm
is never known and an accurate computational model of
the final system is never produced.

(h) Non-classical damping which occurs where the primary and
secondary structures have different damping levels
cannot be accurately dealt with. Chen (ref.2) gives an
example where the neglect of off diagonal coupling terms
in the damping matrix can lead to errors in the
secondary response spectrum of over 100%.

4. The advantages of this approach are:-

(a) Design of each primary or secondary system is
compartmented so that it can be completed independently
(although this is only achieved by ignoring dynamic
interaction).

(b) Design of singly supported secondary systems is simple.

(c) The use of response spectra is common practice in the
industry so that engineers are accustomed to its use.

5. An example is given in (ref.3) of the use of uncoupled
reponse spectrum methods for the design of a pipework system
for ground shaking applied to the primary structure. Various
uncoupled response spectrum analyses are compared with a time
history analysis. The over-prediction of moments in the
pipework from using response spectrum analysis runs to over
1000% while in a few cases there is actually an under
prediction.
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REQUIREMENTS FOR A SECONDARY SYSTEM DESIGN METHOD

6. Igusa and Der Kiureghian (ref.4) list six principal
requirements and comprehensively discuss previous work which
they conclude does not meet them. The (IDK) requirements
are:-

(a) Multi degree of freedom (MDOF) primary and secondary
systems can be modeled.

(b) Multiple points of attachment can be modeled.

(c) Multiple tuning of modal frequencies is possible.

(d) Dynamic interaction between primary and secondary
systems i.e. coupling is accounted for.

(e) Cross correlation between modes can be included.

(f) Non classical damping - i.e. different damping in the
primary and secondary system - can also be modeled.

7. The three coupled design methods which are examined in
the following sections all meet the IDK requirements (except
that the first two only deal with coupling insofar as it
affects the secondary structure) with varying degrees of
accuracy and ease of implementation.

THE GUPTA-JAW IN-STRUCTURE RESPONSE SPECTRUM (IRS) METHOD

8. This method is described in Gupta and Jaw (ref.5) and
Gupta (ref.6). Seismic input is defined by the response
spectrum of ground motion and this is used directly without
conversion to a power spectrum or time history. Separate
eigensystems for the primary and secondary structures are
computed in the normal way and an iterative process is used
to generate the complex eigenvalues and eigenvectors for the
combined primary and secondary structure. This can then be
used to derive the response of the secondary system and takes
account of coupling between the two (insofar as it affects
the secondary system). Reference (6) compares results from
the conventional (uncoupled) response spectrum method and
results from the coupled approach with ‘exact’ results from
time history analysis using nine differing structures and
these are summarised in Table 1.

TABLE 1
Percentage errors for coupled and uncoupled analysis

COUPLED UNCOUPLED

MEAN ERROR | STD. DEV MEAN ERROR STD. DEV.

DISPLACEMENT 3.0 6.9 58.0 44.1

I/S SHEAR 11.2 9.9 116.1 46.9

9. This method is appropriate where the secondary system
can be accurately modeled but this is often not the case in
practice where a design specification for the secondary
system is required. For this circumstance Gupta and Jaw have
extended the coupled analysis to develop response spectra at
the interconnecting supports for the secondary structure
which they refer to as ‘in-structure response spectra’ (IRS).
These spectra are plotted for varying secondary structure
mass and damping.
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10. Because these IRS are calculated in the normal way for
response spectra, that is representing the response of a
single degree of freedom oscillator at each point of
connection and appropriate degree of freedom, they do not
take account of any static constraint between the main and
secondary structure. This is illustrated in Figure 1. The
effect of static constraint on the response of the secondary
system can be significant. Gupta and Jaw propose a method
using correlation coefficients which define the correlation
between the support displacements at the various connecting
degrees of freedom. Theoretically the computation of these is
straightforward but involves transmittal of large amounts of
data to the user of the IRS. To overcome this a simpler
approximate method is developed.

11. The Gupta-Jaw IRS method presents an efficient
computational approach which, according to the comparative
studies in reference (6) is of an acceptable accuracy,
comparing favourably with conventional uncoupled methods and
the IDK method discussed in the following section. However
the computational procedures are complex and in practice are
likely to be used as a "black box" procedure by design
engineers. Limitations to the method are firstly that
approximations are involved in the method for calculating the
combined eigensystem and the correlation coefficients. From
the studies reported in reference (6) the approximations
appear to have little effect on the accuracy of the
eigensytem but the approximate correlation coefficients which
are frequency dependant appear to be less reliable especially
where there is tuning of modal frequencies between the
primary and secondary structure. The second limitation is
that the effect of coupling is only considered in one
direction, that is its influence on the reponse of the
secondary structure. The effect of the secondary on the
primary structure is not considered.

-— -—
e — oy
i wy - ~— AN
AW -— = AN
— ——
P—
(a) RESPONSE SPECTRUM (b) MODEL FOR MULTIPLY
MODEL CONNECTED SUB-
STRUCTURE

FIGURE 1 COMPARATIVE MODELS FOR FLOOR RESPONSE
SPECTRUM COMPUTATION AND FOR MULTIPLY
SUPPORTED SUB-SYSTEM
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THE IGUSA-DER KIUREGHIAN (IDK) RESPONSE SPECTRUM METHOD

12. Igusa and Der Kiureghian (ref.7) develop a combined
system of analysis for multiply supported secondary systems.
Ground motion inputs can be in the form of response spectra,
time history or power spectra. The complex eigensystem of the
combined structure, primary and secondary, is derived from
the individual eigensystems using a perturbation method. Like
the Gupta-Jaw method an iterative approach is used and some
second order approximations are made. The combined
eigensystem can then be used to derive the response of the
secondary system to the specified ground motion input.

13. Reference (7) gives an example where the method is used
to calculate the seismic response of a 4 DOF secondary system
attached to a 3 DOF primary system. Using secondary to
primary mass ratios of from 0.001 to 0.05 errors in
acceleration response of up to 14.3% and up to 6.9% on
bending moment occur, using time history analysis of the
combined system as datum.

14. Asfura and Der Kiureghian (ref.8) extend this method to
to produce IRS solutions comparable with those in the Gupta-
Jaw method. This method uses random vibration theory to
generate ‘cross oscillator, cross floor spectra, (CCFS) to
account for pseudo static effects in the secondary system.
Interestingly in connection with the use of random vibration
theory reference (8) states, "A smooth ground response
spectrum, such as that used in the design of nuclear power
plants, represents the peak response of an oscillator to an
ensemble of ground motions. The proper framework for analysis
using such spectra, therefore, lies in the theory of random
vibrations."

FREQUENCY DOMAIN RANDOM VIBRATION ANALYSIS OF MULTIPLY
SUPPORTED STRUCTURAL SUB-SYSTEMS

d

15. The theory of random vibration dynamic analysis of
linear structures is well established, for example in
references (9,10,11). The theory is generally based on the
use of a stationary input so that a question arises on its
applicability to seismic analysis. Studies of analysis
treating the strong motion segment of ground motion as
stationary (refs.12,13) have shown that a response can be
calculated to an acceptable level of accuracy. This process
uses numerical adjustments to the response which compensate
for the limited duration of the strong motion duration.

16. An alternative methodology which can be used where the
input is strongly non stationary is to use evolutionary power
spectral input (refs.14,15) but this is not dealt with here
on the grounds that adequate accuracy can be achieved with
the assumptions of stationarity and introducing a correction
factor for duration.

17. Random vibration methods use a power spectrum of ground
motionh as input. This is a frequency based representation of
the ground motion power. Vanmarcke (ref.16) gives an
extensive discussion of the value of a power spectrum
approach compared with the response spectrum alternative;
some of the main points made in this discussion are, in
brief:-
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(a) Any phenomenon that is sensitive to motion duration such
as inelastic action or low cycle fatigue is poorly
predicted by response spectrum methods.

(b) An unknown degree of conservatism enters into the
analysis of MDOF linear systems when the modal ordinates
of design response spectra - unlikely to occur
simultaneously- are combined.

(c) The use of peak ground acceleration which is widely used
to scale response spectra is a poor indicator of ground
motion severity.

(d) Response spectrum methods are unsuited to dealing with
the spatial variability of ground motion.

(e) Stochastic representation - power spectra - are better
able to deal with the foregoing problems (a) to (d4).
Additionally they offer improved accuracy in dealing
with the influence of local geology and in relating the
spectral properties of ground motion to source
parameters and source to site distance.

(f) The use of random vibration methods offers the most
efficient means of deriving the response in
probabilistic terms - mean and distribution - which is
of value in low cycle fatigue and reliability studies.

18. The power spectrum or power spectral density (PSD) of
an acceleration record a(t) derives from the Fourier
transform

L]
[ a(e) e 1vt g¢ (1)
]

A(w)

A(w) = Fourier amplitude spectral value

w = angular frequency (rads/sec)

(ad
"

duration (seconds) of the accelerogram

The PSD of the accelerogram is defined by:

G(w) = Az(w) (2)
Aw

19. Equation (2) represents the one sided (positive
frequencies only) PSD function which indicates how the
"power" (energy per unit time) is distributed over the
frequency range. Reference (16) shows the close relationship
between the integral of the PSD function over the frequency
range and the Arias Intensity which is a more efficient
indicator of the capacity of a ground motion to cause damage
than peak acceleration.

20. A commonly used (smooth) design PSD is the Kanai-
Taijimi (ref.17) spectrum which is defined:

G(w) = [ 1 + Asé(w/wg)zl G, (3)

2.2 2, 2
1- + 4
( [w/wg) ] Eglu/ug)
where g = viscous damping (0.6 for firm ground)
w_ = natural ground frequency (12.7 for firm ground)

G, = scaling factor

0
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Equation (3) represents the response of a single degree of
freedom system to a ’‘white noise’ excitation. However the
definition of a design PSD may equally well be derived non-
analytically from analysis of a number of appropriate ground
motion records. The scaling parameter Gy may be derived from:

G, = 0.141 a2 £

0 max g (4)
2,0.5
4
wg(l + Eg)

where amax = peak value of time based record

21. Ground motions are commonly defined in practice by
response spectra so that it is useful to note that methods
exist for deriving compatible PSDs from specific response
spectra (refs.13,18,19) and vice versa.

RECEPTANCE ANALYSIS OF SECONDARY SYSTEMS

22. Solution in the freguency domain can be based on
solving nodal equations of force, displacement, velocity or
acceleration. Usually the most convenient parameters are
force and displacement and these are used here in the form of
receptance which is defined:

RAij = displacement at i due to a
force at j for structure A

23. In the following, receptance is used in the dynamic
sense, associated with a frequency w ., Calculations for
receptance are straightforward once the eigensystem for the
structure is known, only as many modes as necessary being
calculated. The RMS response, oy, may be calculated
from:-

2 5
on(im)l dw (5)

ol -y lGx(m)l do = 2] G(w)
© 0

where Hyo(iw) = Complex frequency response function
G(w) = power spectral density of forcing
function
Gyl(w) = Output power spectral density
function

Peak response is approximately 3 o, but may be estimated more
accurately from o, and the moments of Gy(w) (ref.20). In
addition the distribution of peak response can also be
obtained.

24. Ground motion is definzu as stationary over a period of
time 1. For low damping and low frequency structures equation
(1) needs to be modified by a duration correction factor B(t ,u
,7T) so that:
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2 _ " ]
oy 2£ | cx<w>| B(§,w,1) du (6)

where, for low damping

B(E,w,T) = 1+e_2£wot(cos2wot + gi sinzwot (7)
w2
[s]
Ew t
-e’ o (2cosw°t coswt + 2w sinwot sinuwt)]
wO
ept e So ion to linked structures

25. Figure 2 shows the basic model of a primary system and
attached secondary structure. The general solution for this
model in the frequency domain can be shown to be:

A
((R*) = (REI{F} = -F (R} (8)

where the suffix ‘o’ refers to the location of the
forcing function.

NODAL
FORCES

1 Fy 1

F
2 2 2
FORCING é 5
FUNCTION
navd 3 Fs 3
. H -—
e A B
[ ! i
I | | {
5 I‘ n-1 éFn-I; n-1 l ‘
F
n n n
MAIN STRUCTURE ) SUB
STRUCTURE

DISPLACEMENTS AT NODE { = x;

FIGURE 2 STRUCTURE AND SUB-STRUCTURE
FOR RECEPTANCE ANALYSIS
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Alternatively, solving in x

1 A (9)

[(R*] (R = (1] {x} = <F (R}

B -
33!

26. For further structures being added to A, B, or A and B,
receptance values RA*B for the new nodes can be calculated
using (4) or (5) and the process repeated. Once a structure
is defined the matrix to be stored is N x N x NF where N is
the number of attachment degrees of freedom and NF the number
of values of required. NF may be reduced for most practical
cases by using the integration expressions given by Vanmarcke
(ref.21).

Discussion

27. Comparisons of the three methods presented are
illustrated in Table 2. All three approaches comply with the
six IDK requirements (paragraph 6) except that in the Gupta
and IDK methods interaction is only dealt with in terms of
its effect on the sub-system and not on the primary.
Frequency domain/receptance analysis (FDRA) appears to be the
only one which can deal with multiple hierarchies of sub-
systems.

28. At the user interface for singly supported sub-systems
the Gupta and IDK methods provide the designer/supplier or
‘user’ with straighforward information in familiar terms of
response spectra. The same option is available for the FDRA
method. For a user prepared to use FDRA methods data would be
supplied in the form of a frequency based power spectrum of
excitation and receptance.

29. At the user interface for multiply supported sub-
systems information supplied for the Gupta and IDK methods
would be response spectra plus cross correlation data. For
the FDRA method the data would comprise power spectra for
each degree of freedom plus receptances and cross receptances
for all degrees of freedom.

30. In terms of computing resources the comparison lies
between the iterative procedures for producing the combined
eigensystem which are embodied in the Gupta and IDK systems
and the solution of the interaction equations in the FDRA
method for each frequency required.

31. Advantages of the FDRA method over the other two are:

(a) A comprehensive model of the whole primary and all
hierarchies of sub-systems can be built up.

(b) Sensitivity checks for each sub-system will establish
whether its effect on the primary is trivial or not and
in the event that it is trivial it can be dropped from
the model.

(c) The over conservative enveloping used with response
spectra can be dispensed with. Because the FDRA approach
uses probabilistic methods uncertainy can be dealt with
in a probabilistic manner instead of adding layers of
conservatism.

(d) Defining ground motion by a PSD has advantages
(described in paragraph (17)) over the reponse spectrum
definition.

(e) Response can be described in a probabilistic manner -
mean and standard deviation which is advantageous for
reliability and risk assessment studies.
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User Inter- Earthque
information action input
Primary] Eigen- Combined No
Gupta/ system | system complex Respons
) : RS spectrt
Jaw Sub- Eigen- |Slgensystem
by iteration| correlation Yes
system | system coefficients
Primary| Eigen- |combined No Respons
oK system | system complex spectru
Sub- ] eigensystem | IRS PSD, ti
u Eigen= |y iteration| correlation Yes history
system| system coefficients
Primary| Eigen- %g&:rface Feedback from Yes
system | system | receptances.| User to prime
FDRA PSD
Sub- | Eigen- | LNEEYface  1psp (compat.IRS) ves
system| system | receptances . |receptances

TABLE 2 comparison of three sub-system analysis methods
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10. The influence of shaking table characteristics on
seismic qualification testing methodology

C. A.TAYLOR, PhD,]. M. W. BROWNJOHN, PhD,
and A. BLAKEBOROUGH, PhD, Earthquake Engineering Research
Centre, University of Bristol

SYNOPSIS. 1In seismic qualification testing using servo-
hydraulic shaking tables, several factors limit the test
response spectra which can be achieved. The most important
of these are the performance characteristics of the table
itself, particularly at low frequency.

INTRODUCTION

1. Electromechanical equipment in nuclear related
facilities often has to be shown to be capable of functioning
during and after earthquake shaking. Such seismic

qualification can be done using analytical modelling, but in
many cases involving complex equipment, physical testing is
the only reliable qualification method. Testing generally
involves shaking the equipment on a shaking table which is
controlled to produce table motions representative of those
which the equipment is likely to experience at its installed
location.

2. The required shaking is usually specified in the form
of response spectra. These are derived from numerical
analysis of the response of the building structure to
earthquake ground motions, taking into account interactions
between primary, secondary and higher order structural
systems within the building including, where appropriate, the
equipment itself. The required response spectra represent an
infinite set of acceleration time histories, each with
different time domain characteristics but each having the
same response spectrum. It is the job of the test house to
produce shaking table acceleration time histories which
envelop the required response spectra. This is not a simple
task, being influenced by many parameters relating to the
performance characteristics of the shaking table system and
equipment under test. These factors lead to practical limits
on the range of testing which can be achieved. A sound
understanding of these limitations can help the design
engineer ta specify sensible required response spectra,
particularly when dealing with secondary, tertiary and higher
order structural interaction effects which can lead to over
conservative response predictions.
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3. The aim of this paper is to review some of the factors
affecting achievable test spectra. The nature of response
spectra is discussed following which the basic elements of a
typical servo-hydraulic shaking table system are described.
The important system characteristics are then identified and
their influences on system performance discussed.

THE NATURE OF SEISMIC QUALIFICATION TESTING

4. 1In general, the aim of a seismic qualification test on
an item of equipment is to prove that the equipment will
function satisfactorily during and after experiencing an
earthquake. Test procedures are detailed in various national
standards (e.g. IEEE 344 (ref. 1), IEEE 323 (ref. 2)) and
client specific standards.

5. 1In the UK, seismic qualification generally involves two
main stages; exploratory testing and seismic testing.

Exploratory Testing

6. An exploratory test is one in which the test equipment
is shaken either by low amplitude, frequency band limited,
random accelerations or by low amplitude, sinusoidal motions
sweeping in frequency over a specified bandwidth at a
specified rate. The objective of these exploratory tests is
to determine the equipment's natural frequencies and
associated damping characteristics. These tests are of low
amplitude since it is generally undesirable to risk damage to
the test equipment prior to the second (seismic) stage of
testing. Consequently, the damping measured in exploratory
tests may be lower than that present in the higher level
seismic tests when significant non-linear behaviour may
occur.

7. 1In a typical exploratory test, input accelerations will
be measured on the platform of the shaking table. Response
accelerations, in the same direction as the input
accelerations, will be measured on the test equipment. For
random excitation, the table motions are adjusted typically
to an rms level of 0.05g to 0.2g and the equipment shaken in
a single degree of freedom at a time for around three to five
minutes, data being recorded continuously over this period.
The data are then processed using standard spectral analysis
techniques (see for example ref. 3) to yield transmissibility
plots which show how the amplification of acceleration at
various locations on the test equipment varies with
frequency.

8. Sine sweep testing involves a similar procedure except
that the input signal is controlled to give a specified peak
input acceleration at all frequencies, typically 0.05g to
0.2g. The sweep usually ranges from 1lHz to 40Hz at a rate of
two octaves per minute. Sine sweep testing is a little more
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difficult to carry out than random testing because of the
need to monitor and adjust continuously the level of the
driving signal to the shaking table to ensure the correct
peak input accelerations are achieved, compensating as
necessary for shaking table system resonances. Random
excitation also needs to compensate for these resonances, but
in general this can be done by shaping the frequency content
of the input signal prior to the test, taking into account
the shaking table's frequency response function.

9. Random excitation testing is usually quicker than sine
sweep testing, since all frequencies are active at all times.
Relatively cheap, digital spectrum analysers are now
available which can generate the appropriate, compensated,
random driving signal, and acquire, process and plot the
response data in real time.

Seismic testing

10. Seismic testing forms the main stage of the seismic
qualification procedure. It involves subjecting the test
equipment to earthquake-like base motions representative of
those it will experience at its particular installed
location, or locations. These motions are usually specified
in the form of a Required Response Spectrum (RRS). This
defines the maximum dynamic response to the input motion of
any simple, damped, single degree of freedom structure having
a natural frequency within the specified frequency range of
the spectrum. Fig. 1 illustrates a typical velocity response
spectrum. From this spectrum, an SDOF structure with natural
frequency of SHz and damping of 5% critical would have a peak
velocity response of 0.22 ms~l. The definition and important
characteristics of response spectra are discussed later. For
UK conditions, the duration of shaking in a seismic test is
usually specified at between ten and twelve seconds.

11. Seismic testing wusually involves shaking the test
equipment several times (typically five) with a
multicomponent earthquake (i.e. one having uncorrelated
motion in two orthogonal horizontal components and in the
vertical component) which represents the maximum level of
shaking at which the equipment should continue to operate
satisfactorily without any action being taken by the
operator. This is often termed the Operational Shutdown
Earthquake (OSE) and is usually around 20-25% of the Required
Response Spectrum. Functional tests of the equipment may be
carried out during and after each shake as directed by the
client.

12. The OSE tests are then followed by a larger shake at
100% of the RRS (with any additional margins as specified by
the client), wusually termed the Safe Shutdown Earthquake
(SSE). This is the maximum level of shaking following which
the equipment should be capable of being shut-down safely.
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In some cases, the SSE may be followed by an overtest of up
to 160% of the RRS. Functional tests may be carried out as
before. Normally, the shaking table accelerations in each
component of shaking and appropriate response accelerations
on the test equipment are recorded. Those from the table are
processed to yield the actual response spectrum of the table,
known as the Test Response Spectrum (TRS), which must envelop
the RRS. Similar processing may also be done for the
equipment response data.

13. It is the responsibility of the test house to generate
shaking table acceleration time histories which yield an
acceptable TRS. This is a complex procedure which is greatly
influenced by the dynamic characteristics of the shaking
table itself and by the dynamic interaction between the table
and the test equipment. The latter interaction is different
for each item of equipment and so it is difficult to
generalise the compensatory action which must be taken.

14. Obviously, the shape and frequency content of the RRS
are the most important factors influencing the form of the
table accelerations. Many items of equipment are used in
multiple locations, each location having different RRS's. In
such cases, it is common practice to construct a composite
RRS which envelops the individual RRS's. This composite RRS
is then used to define the table accelerations, thus reducing
several potential tests to a single test. It should be
recognised that this procedure can lead to high acceleration
table motions which may be grossly conservative (ref. 4).

RESPONSE SPECTRA

15. As indicated above, the required response spectrum
(RRS) is the most significant factor controlling a seismic
qualification test. It is therefore important to understand
the key characteristics of response spectra if rational
testing is to be achieved. This section presents a brief
overview of the derivation, characteristics and use of
response spectra.

Definition of response spectra

16. Fig. 2 shows a simple, single degree of freedom
structure consisting of a rigid transom beam of mass, M, and
two massless columns, each of stiffness K/2. A viscous
dashpot connects the transom to the ground, providing a
damping characteristic, C. The sole degree of freedom of
this oscillator is the horizontal displacement, x, of the
transom relative to the ground. The oscillator has an
undamped natural frequency, w, (radians/second), and damping
factor, z, expressed as a fraction of critical damping. If
this oscillator is subjected to an earthquake ground
acceleration, it will wvibrate at its damped natural
frequency. Fig. 3 shows how an oscillator (with a natural
frequency of 5Hz and damping of 5% critical) responds to a
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typical earthquake. The oscillator responds vigorously at
certain times during the earthquake when the frequency
content of the ground motions is close to the natural
frequency of the oscillator. The oscillator's displacement
response, is calculated by solving numerically the Duhamel
Integral (ref. 5).

17. A displacement response spectrum for a given
earthquake ground motion is constructed by calculating the
absolute maximum relative displacement responses of a set of
simple oscillators having different natural frequencies but

the same damping ratio. These maximum responses are termed
Spectral Displacements, Sqr and are plotted against
frequency. A range of curves is usually produced for

different damping ratios. Response spectra were originally
introduced in the 1940's (ref. 5) as a simple means of
calculating the seismic response of simple structures. The
maximum spring force, Fg, in the columns of the oscillator is
given simply by the product of the spring stiffness and the
spectral displacement for the oscillator.

18. A pseudo-relative velocity response spectrum, S, can
be defined as

Sy = wSy cee (1)
and a pseudo-acceleration response spectrum, S,, as

Sy = wSy = w2s 2

a v a cer (2)

19. The pseudo term is used since S, and S; calculated in
this manner are not the same as the corresponding exact
values calculated by solving the appropriate form of the
Duhamel Integral. However, in the frequency range from 1Hz
to 30Hz, the pseudo and exact spectral values are almost
identical, and therefore the pseudo values are acceptable for
engineering purposes.

Some important characteristics of response spectra

20. Fig. 4 shows how the example simple oscillator
responds to a 1g amplitude sinusoidal input motion. The
displacement of the oscillator gradually increases in an
exponential manner, controlled by the level of damping, until
steady state response is reached. If the frequency of the
input motion coincides with the natural frequency of the
oscillator, the steady state response will be the resonant
response. It is easily shown that the number of cycles, N,
to reach 99% of the steady state response is given by

N = - (loge 0.01)/(2nz) cee (3)

where z is the fraction of critical damping. Thus an
oscillator with 5% damping takes about 14 cycles to reach
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steady state (Fig. 4). This means that 1low frequency
oscillators subjected to 10 to 12 seconds of random motion
are less likely to reach resonance than high frequency
oscillators.

21. At this point, it is worth examining some other
important features of real response spectra. Studies of
response spectra of actual earthquakes (ref. §5) have
indicated general bounds of spectra relative to the peak
ground displacement, velocity and acceleration. Referring to
Fig. 1, at low frequencies the spectrum tends to the peak
ground displacement. This is because the spring stiffness of
the oscillator is very low and effectively isolates the
transom mass from the ground motions. Thus, the absolute
position of the mass is constant and therefore the peak
relative displacement of the mass to the ground is simply the
peak ground displacement. At high frequencies, the
acceleration response tends to the peak ground acceleration
since now the spring stiffness is very large and the
oscillator effectively behaves as a rigid block on the
ground. This acceleration 1limit is often termed the Zero
Period Acceleration (ZPA). Over the intermediate frequency
range, the dynamic response of the oscillator is significant
and the statistical studies have indicated that for typical,
non-stationary, random earthquake motions, spectral
accelerations for a 5% damped oscillator are of the order of
2.5 to 3.0 times greater than the peak ground acceleration.
This compares with a factor of 10.0 for the steady state,
resonant conditions for a pure, sinusoidal input (Fig. 4).

22. Now consider a RRS which is reasonably broadband in
nature, but has a high acceleration amplitude at 1low
frequencies (Fig. 6). The broad frequency band will lead to
spectrum compatible acceleration time histories which are
reasonably random in nature and similar to real earthquake
ground motions. But, in view of the 1low amplification
factors discussed above, the time history must contain very
high amplitude, low frequency components. For example, if a
5% damping RRS demands say 6.0g at 1Hz, which is not
uncommon, the time history typically needs to contain about
2.0 to 3.0g at this frequency if the 6.0g spectral response
is to be attained over 10 to 12 second period. The
corresponding displacement is approximately +/- 200mm. This
places great demands on the shaking table hydraulic system
since a considerable amount of oil (possibly 400 litres per
minute for a single axis of shaking) needs to be delivered to
achieve such displacements. As has already been noted, at
higher frequencies (e.g. above 30Hz), the spectral
accelerations will tend to the zero period acceleration,
which in this case is the peak table acceleration of 3.0g.
Thus, there is 1limit to the ratio of the 1low frequency
spectral acceleration to the ZPA.
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23. Required response spectra having large spectral
acceleration demands at high frequency are easier to achieve.
In this case, the oscillator has ample time to approach
resonance and the displacement demand, and hence oil flow,
are small.

24. From the above discussion it will be seen that care
must be taken to specify realistic required response spectra,
particularly at low frequencies.

SERVO HYDRAULIC SHAKING TABLES

25. Most shaking tables used for seismic qualification
testing are driven by servo hydraulic actuator systems,
since hydraulic actuators offer the best solution to the
combined requirements of large force, velocity and stroke.
This section describes the important features of such
systems.

26. Fig. 5 shows a typical simplified servo hydraulic
actuator system driving a simple, single degree of freedom
shaking table, or platform.

Actuator arrangement
27. The actuator consists of a piston rod contained within

a cylinder. Each end of the rod is supported by a linear
bearing. The piston rod has an annulus at its middle which
separates the cylinder volume into two chambers. By applying
a differential pressure across the annulus (and allowing oil
to flow into and out of the two chambers), the piston rod can
be made to move backwards and forwards. The oil flow is
controlled by an electrical servo valve which connects the
high pressure supply line (typically at 180-210 bar) and the
low pressure return line of an hydraulic pump alternately to
each chamber, causing the piston to move to and fro.
Clearly, the force generated by the actuator is equal to the
product of differential pressure across the annulus and the
area of the annulus. A 50kN actuator will have an annular
area of approximately 35 em? and minimum working pressure of
around 140 bar.

Hydraulic oil supply

28. O0il is supplied by a high pressure pump whose delivery
is usually rated in litres per minute. A 400 litre per
minute pump may cost in the region of £100,000 and therefore
additional, short term flow capacity is often provided in the
form of cheaper, nitrogen charged accumulators. These
consist of a steel cylinder containing a rubber bag connected
to the higﬁ pressure supply line. On the other side of the
bag is pressurised nitrogen. When the hydraulic pump is off,
the nitrogen forces all oil out of the accumulator and the
nitrogen pressure 1is at or slightly below the minimum
actuator working pressure. When the pump is switched on, the
hydraulic pressure in the supply line increases, forcing oil
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into the accumulator and compressing the nitrogen. When the
supply pressure reaches its maximum working pressure, the
nitrogen is at this pressure too. Should the pump alone not
be able to supply enough o0il flow to the actuators, the
supply line pressure will drop, leading to a differential
pressure across the oil in the accumulator which causes the
nitrogen to force oil from the accumulator into the supply
line. This tends to maintain the flow in the supply line
until the accumulator discharges. As this happens, the
nitrogen volume increases and its pressure decreases, leading
to a gradual pressure drop in the supply line. Should the
oil flow demand drop below the pump capacity again, the
accumulator will start to recharge. Accumulator sets offer
an economical method for increasing oil flow over a short
period.

29. 0il flow capacity should be sized to ensure that the
oil pressure will not fall below the minimum working pressure
of the actuator (typically 140 bar), otherwise the actuator
will not be able to generate full rated force for the
duration of the test. Note, however, that if the supply line
pressure can be maintained at the maximum working pressure
(typically 180 bar) then the force generated by the actuator
can be 30% greater than its rated force.

System compliances

30. An important factor influencing the dynamic
performance of a servo-hydraulic system is compliance, or
flexibility, in the mechanical and hydraulic parts. An
hydraulic actuator contains a spring in the form of the
compressible o0il column within it. In series with this are
other springs such as the flexible couplings between the
actuator and the platform and reaction block, and the axial
spring stiffness of the piston rod.

31. Considering a single actuator driving a mass, M, it
can be shown that the hydraulic natural frequency, fgy, is
given by

fy = A/m Vv (N/MV) cee (4)
where A = piston area
N = bulk modulus of oil
V = enclosed volume of the cylinder
32. To minimise the effects of actuator resonance, it is

necessary to have a high actuator frequency, which implies a
large piston area and short stroke (and hence small cylinder
volume) . For seismic testing purposes, actuator resonances
tend to lie within the test frequency range, due to the large
stroke required.
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Test specimen resonance

33. A further complication arises if the test specimen has
natural frequencies in the test range. In this case, the
resonating specimen can tend to drive the shaking table,
reducing system performance. This is similar to primary-
secondary structure interaction and is more significant the
greater the mass of the test specimen. Fig. 6 shows how test
specimen resonances can affect the frequency response of the
shaking table, causing a 'peak and notch' effect in the
amplitude response around the natural frequency of the test
specimen. The solution to this problem is to introduce
damping either by hydraulic means (e.g. a bleed orifice
between the inlet and outlet parts of the actuator) or by an
electronic compensation circuit. A significant problem here
is that each test specimen has different, and sometimes
non-linear, resonance characteristics and therefore it is not
a simple task to develop a general control system capable of
compensating for all test specimen / shaking table
interactions. Most tests require some adjustment of the
shaking table system to achieve optimum performance.

Performance envelopes

34. The shaking table performance is limited by actuator
stroke (i.e. displacement) at 1low frequencies, actuator
velocity at intermediate frequencies, and actuator force and

payload at higher frequencies. The velocity 1limit is
controlled primarily by the flow capacity of the servo-valves
and also by the pump and accumulator flow capacities. At

higher frequencies the table performance 1is acceleration
limited, the peak acceleration being equal to the maximum
actuator force divided by the payload mass.

Optimum table motions

35. To achieve severe required response spectra, the
shaking table control motions must be consistent with the
response spectrum and servo-hydraulic performance

characteristics discussed previously. To extract the maximum
performance from the table it is essential to ensure that the
system hydraulic pressure remains as high as possible and
does not fall below the minimum working pressure at which the
actuator force rating is defined. This implies that the
actuator velocities should be controlled to ensure that there
is a uniform oil flow demand over the duration of the test.
For an accumulator supplemented hydraulic system, the aim
should be to just exhaust the accumulator at the very end of
the shake. A uniform oil flow is achieved by minimising the
ratio of the peak velocity to the root mean square (rms)
velocity in each direction of shaking. This results in a
velocity history similar to that of Fig. 7. The frequency
content of this history is fairly constant with time, with
the effect that low frequency oscillators have time to build
up to the necessary response spectrum levels.
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CONCLUSIONS

36. When generating response spectrum compatible time
histories on a shaking table, it is important to appreciate
certain key features of response spectra. Firstly, the

response spectrum of an acceleration time history is the
locus of the maximum absolute responses, plotted against
frequency, of a set of simple oscillators having different
natural frequencies but the same damping value. If an
oscillator is to approach or reach resonance, and hence the
response spectrum attain a maximum value, it must be exposed
to base motions at its natural frequency for sufficient time.
In the case of a typical UK earthquake motion lasting up to
12 seconds, to achieve high spectral accelerations at low
frequencies (e.g. below 2.0Hz), the resulting time history
must have a high acceleration amplitude, 1low frequency
content for most, if not all, of its duration. Thus, the
time history will have a high peak acceleration and, as a
consequence, the response spectrum will have a high =zero
period acceleration. When specifying required response
spectra, care must be taken to ensure that low frequency
spectral accelerations are consistent with the original
earthquake ground motions and that the maximum spectral
acceleration is in sensible proportion to the zero period
acceleration.

37. High acceleration amplitude, low frequency motions
have large displacements which lead to heavy oil flow demands
in servo-hydraulic shaking table systems. On the other hand,
high amplitude spectral accelerations at higher frequencies
are easier to achieve, since the oscillators have more
opportunity to reach resonance. Corresponding displacements
are small and hence the oil flow demand much reduced.

38. In general, maximum shaking table performance is
achieved from time histories which have a 1low peak
acceleration to rms acceleration ratio and have stationary
frequency content over their durations. Such motions avoid
sudden surges and place a steady demand on oil flows which a
servo-hydraulic system can most easily to cope with.
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11. Seismic soil-structure interaction analysis of
embedded multiple buildings using the hybrid
continuum impedance approach

M. CHATTERJEE, A. L. UNEMORI and R. GOEL,
ASD International, Inc.

SYNOPSIS.  Seismic Soil-Structure Interaction (SSI) analysis has been
performed for a site with deeply embedded multiple power block structures.
The new method employed combines the computational advantages of the
Continuum Impedance Approach together with the Substructure
Deletion/Boundary Element Method to accurately predict the 3-Dimensional
seismic response of structures.

ABSTRACT

1. Traditional seismic SSI analysis using Finite Element meshes for
structures and surrounding soil proved to be quite expensive for consideration
of higher frequencies and full 3D interaction effects. To limit this
computational cost, various simplifying assumptions need to be made with
respect to boundary definitions and mesh sizes, which affect the response
results adversely.

2. The hybrid method described in this paper completely eliminates the
need to use Finite Element meshes to model the foundation and soil, and in
fact, provides a higher frequency seismic motions in a full 3D environment.
This, in turn, has also eliminated all boundary-related problems.

3. This paper describes the theoretical background of the method employed
in the hybrid CLASSI/ASD program for embedded single and multiple
foundations, the advantages with respect to both computation and accuracy
over conventional FEM methods, and the overall procedure for use of this
method. Results of parametric study of seismic SSI analysis performed for a
nuclear power plant in various soil conditions are present.

4. The special application of this program for arbitrary directional waves,
as well as the reduction in responses due to wave scattering and embedment is
found to be beneficial in reducing predicted seismic responses. The effects of
including the adjacent structures in the SSI analysis on the overall response of
the subject structure are found to be significant in softer soils.

5. This paper also provides a brief summary of the program's application
for SSI analysis to various layered soil media and different embedment
depths.

INTRODUCTION

6. The primary objective of this analysis is to calculate the seismic soil-
structure interaction (SSI) response of a standard plant Reactor Building
embedded in soil sites, including the effects of embedment, soil property
variation and adjacent control and turbine buildings. The SSI computer
program CLASSI/ASD is used to achieve this purpose.

Civil engineering in the nuclear industry. Thomas Telford, London, 1991 139
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7. Since CLASSI/ASD code uses basically the continuum impedance
approach, it is believed that it will simulate the three dimensional wave
propagation effects accurately. Furthermore, CLASSI/ASD uses the
Substructure Method, which has the advantage that once the impedance and
scattering problems have been solved, they do not have to be repeated if the
properties of the structure are changed in the design process. Similarly, if the
seismic environment is changed the impedance functions and dynamic
structural properties do not have to be recalculated.

8. Six cases of soil structure interaction analysis for three site conditions
are performed in this analysis.

ANALYSIS METHODOLOGY
General Theory

9. CLASSI/ASD uses the frequency-dependent Continuum Impedance
Approach to model the essentially semi-infinite soil medium, and a
Substructure approach which subdivides complicated soil structure interaction
problems into more manageable parts.

10. The half-space is first analyzed using a Hybrid Integral Equation
Formulation (or sometimes referred as Substructure Deletion Formulation)
which combines the source distribution and the mixed distribution of
singularities respectively over the top foundation surface and the embedded
foundation surface. On the top foundation surface where the geometry is
simpler, the free-surface Green's function which satisfies the free-surface
boundary condition of a uniformly layered viscoelastic half-space is used in
constructing the source integral equation relating the surface displacements
and tractions.

11. On the soil volume occupied by the embedded foundation where the
geometry can be represented by rectangular blocks, the Stoke's fundamental
solutions (the full space 3-D Green's functions) of elastodynamics in an
infinite elastic space are used in constructing the mixed integral equation
relating displacements and tractions along the embedded foundation-soil
interface. A matching condition is then followed by imposing the force
equilibrium and displacement compatibility conditions over the top foundation
surface. From this the force-displacement relationship (the impedance matrix)
of the deleted half-space can be easily deduced.

12. Figure 1 presents a conceptual illustration of the Hybrid method
implemented into CLASSI/ASD. The impedances for the embedded
foundation in a layered viscoelastic half space is derived as a sum of two parts
— (1) Impedances of a layered viscoelastic half space before the soil is
excavated, and (2) Impedances of the volume of soil occupied by the
embedded foundation.

Calculation of Impedance Matrix

13. The impedance matrix describes the frequency-dependent force-
displacement relationship of the foundation(s). In CLASSI/ASD the
foundation boundary surfaces of S; (top surface) and S¢ (embedded surfaces)
are discretized by equal numbers of elements, Ny and Ne. The unknowns are
asstmed to be at the center of each element, and to have a constant value over
the element. Integrations associated with the Green's functions over the
element area are carried out by using the 4-point Gaussian quadrature
formula. The harmonic time factor e!®t will be omitted hereafter for the
clarity. The resulting sets of linear algebraic equations for the top surface and
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the embedded surfaces of the foundation can be written respectively, in matrix
form, as

f
h fol | wf wf [\u
= / e K . K e
N C -
where {flM fc} = nodal forces acting on surfaces S and S, respectively
[kijl = impedance matrix of surface i due to forces acting on

surface j
{u[},{ue} = nodal displacements over surfaces S; and S, respectively

superscripts h and f are used to differentiate between the half-space and the
embedded foundation-soil interface.

14. The matching conditions are then satisfied by substituting equation (1)
into equation (2). The force-displacement relationship on surfaces S is
obtained subsequently as

-1
h f
9= k] kb [rid+ ki pug @
The impedance matrix for the embedded foundation at surfaces S¢ is therefore
given by

e =it it] i) el o[t @

The total rigid body foundation impedance matrix about a foundation
reference point is therefore obtained as

Tr .
[K(w)] = [a] [KZC} {a] (5)
where [a] = (3Ngx6) rigid body motion influence matrix representing the

geometry of the foundation-soil interface w.r.t. the foundation
reference point

Calculation of Scattering Matrix
15. Scattering, as defined in CLASSI/ASD, is the massless foundation

response under the action of a unit harmonic seismic incident wave in the
absence of the superstructure.

16. Using matrix notation, the resulting force acting on the foundation-soil
interface due to unit amplitude input motion can be written as

(6 = k& tug) ©
where
{ug} = (3Nex1) free-field motion vector along the embedment depth
due to unit-amplitude control motion applied at grade level
17. Assuming that the foundation is rigid, massless, and perfectly bonded
to the soil along the foundation soil interference S, the resulting generalized
forces acting on the foundation reference point can be written as
{F} = [a]T{f) (7
18. Knowing {F}, the rigid-body foundation impedance matrix, [K], as
described in equation (5), the normalized frequency-dependent scattering
vector, {S}, can be easily found by solving
{F} = [K] {S} (3)
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lation of the Soil re Interaction
19. The fundamental calculation in soil-structure interaction analysis using
substructure method in the frequency domain is the calculation of the
foundation motion by means of the Fourier synthesis given by:

W= £2U @ ¢ do
2n )
In this equation, u(t) denotes the response in the time domain, while U(w)

represents the frequency response of the foundation displacement. The latter
is calculated according to the governing equations of motion given by:

o g + [ @) + [X @) (U @) = (o)

where
[Mo] = (6x6) mass matrix of the foundation

[MB (w)] = frequency-dependent mass matrix of the superstructure
subjected to base excitation

{F* (w)} = (6x1) generalized foundation driving force vector due to
seismic input motion
20. The different interaction effects are clearly separated in equation (10).
The interaction effects between the foundation, superstructure, and soil
(impedance) are represented by the corresponding bracketed terms on the left-
hand side of the equation. The effects of scattering of the input motion is
included in the term on the right hand side. The total foundation motion,
{U (w)}, is therefore representative of each of the appropriate soil-structure
interaction effects.

21. After the unknown, {U}, is determined for each frequency, the
complete deformation and/or stress analysis of the superstructure may be
accomplished by simply applying {U} as the base excitation parameter. Once
all required responses have been calculated in the frequency domain, Inverse
Fourier Transform techniques are used to calculate the equivalent response in
the time domain.

(10)

Interactions Through the Soil Between Adjacent Structures

22. The procedures described in paragraphs 19-22 can readily be extended
to analyze the interactions through the soil between adjacent structures. The
governing equations of motion, in this case, are still given by equation (10)
except that the bracketed terms on both sides of the equation must be
redefined. For structures that are not connected to each other and rest on
separate foundation mats with N foundations, the mass matrices, [Mg] and
[Mb(w)],consists of a total of N block diagonal matrices, each of which is
(6x6) in size. The coupling effects between the foundations appear in the
(6Nx6N) found_ation impedance matrix, w_hich has the following form:

[K1][Kig] ** [KiN]
[K21|[Ka2g] *** [Kan]

(K] =

(Kl K+ (Ko .

The foundation motion, {U}, is now a 6N vector composed as
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T
LT T T}
(U} = <{U1> (Ua) - {Un) (12)
The driving force vector is also expanded to (6Nx1) and has the form
T
1[ %) T [ x T | % T\
) = \{F1) (R} - (R

for each of the wave forms considered.

(13)

ANALYSIS CONDITIONS
Design Ground Motion

23. The design ground motion is defined by three artificial statistically
independent acceleration time histories. They represent three othogonal
directions of the earthquake motion (H1 and H2 are two horizontal
components, VT is the vertical component). They are also assumed to be
vertically propagating plane shear and compressional waves. Scaling factors
are used to yield a 0.15g maximum acceleration for all three directions in the
operating basis earthquake (OBE) analysis. Each time history has a duration
of 22 seconds and is digitized at 0.01 second time steps. The global X and Y
axes correspond to plant 0° - 180° and 90° -270° directions, respectively. Z
axis is the vertical direction. A 2% damping response spectra of these
acceleration time histories are also calculated. These input motions are
assigned to grade level in the soil column analysis using the SHAKE
computer program (Ref. 1) as well as in the SSI analysis using
CLASSI/ASD.

Soil Conditions

24. Three design soil profiles were used for the analysis, namely UB45,
VP3-45 and VP5-45 representing soft, medium and stiff soil characteristics,
respectively. For all three sites, the soil deposit depth is considered to be
45.73m (150 ft) and the ground water table is located at 0.61m (2 ft) below
grade. Soil column analysis using the SHAKE program was performed in
order to take into account the soil nonlinearities in the seismic analysis.
Analysis results in terms of the iterated strain-compatible soil properties and
the computed deconvoluted motions (maximum accelerations) within soil
layers are used to define shear wave velocity, damping ratio, Poisson's ratio
and the free-field motion scaling factors for use in the subsequent
CLASSI/ASD analysis. Table I. exhibits the soil properties considered in SSI
analyses. The soil material damping considered in CLASSI/ASD is assumed
to be that of hysteretic type. The complex shear modulus is therefore defined
as G*=G(1 + 2i &), where & is the critical damping ratio of the soil.

25. Table II. summarizes the maximum zero period accelerations at the top
of each layer in each of the three soil properties in the free-field subjected to
0.15g-OBE-H2 control motion at grade. As can be seen, the ZPA profiles are
consistent with the expected responses. That is, in general, the effects of
deconvolution decreases with increasingly stiff soil.

Free Field Motion

26. The description of the free-field motion at a site, involves several
aspects. In the first place, a complete description of the motion at a point,
usually on the ground surface must be provided.

27. For embedded foundations, the variation of the wave motions over the
ground surface as well as into the soil along the foundation-soil interface must
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also be given. The assumption of vertically propagating shear or
compressional waves, however, drastically simplifies the problem. In this
case, if the motion at a point on the ground surface is given, then all other
points on the ground surface would experience simultaneously the same
motion.

28. For the purpose of the present analysis, the variation of free-field
motion with depth is represented by a scale factor to the input motion at
ground surface using the results of SHAKE's deconvoluted motion
(maximum acceleration) at each soil layer along the embedment depth. This
assumption is essentially equivalent to that considered by Chen [Ref. 2] in the
case of vertically propagating shear waves. Furthermore, since the non-linear
soil properties are obtained by an identical analysis, the assumption is deemed
to be appropriate.

SSI Analysis Cases

29. A total of 6 cases are considered in the present SSI analysis. They were
chosen such that the effects of the three selected soil profiles (UB45, VP3,
VPS5) as well as the adjacent control and turbine buildings to the seismic
response of the Reactor Building can be studied. The 3 components of the
ground input motions are input simultaneously in each of the analysis case
since they are statistically independent.

ANALYSIS MODELS
Superstructure Models

30. The site plan of a standard plant is shown in Figure 2. The plan
orientations are identified by 0°-180° and 90°-270° directions. Adjacent to the
Reactor Building (R/B) along the 0°-180° direction is the Control Building
(C/B) and Turbine Building (T/B). These buildings are supported on separate
basemats and are embedded to different depths as shown in Figure 3. The
C/B and T/B are included in 3 analysis cases as described in paragraph 30
with the purpose to evaluate the effects of structure-to-structure interaction on
the reactor building response as function of soil stiffness.

31. The Reactor Building complex is represented by a lumped mass
concentric stick model as shown in Figures 4a and 4b. The components
included in Figure 4a are the building walls, reinforced concrete containment
vessel (RCCV), reactor shield wall (RSW), reactor pedestal, and basemat.
Coupling between those structural components is represented by spring
elements. Figure 4b shows the model for the reactor pressure vessel (RPV)
and its internal components along with the connections to the building
structures. The Reactor Building model basically consists of two uncoupled
models in the X-Z and Y-Z planes since the lateral-torsional coupling has been
found insignificant. The only differences in terms of schematic repre-
sentations between the X-Z and Y-Z plane models are (1) the two sticks
representing the building walls above E1.18.5 (60.7 ft) in the X-Z plane
combine into one stick in the Y-Z plane, and (2) the rotational spring between
the RCCV top slab (node 90) and the basemat top (node 88) is present only in
the X-Z plane.

32. The primary objective of this analysis is to obtain seismic response for
the Reactor Building. The Turbine Building response is of no concern but its
effect on the Reactor Building through the structure-to-structure interaction is.
For this reason, the model for the Turbine Building is rather simple. The
turbine pedestal is represented by a single lumped mass stick and building is
represented by a 3-lumped mass stick with the foundation mass lumped at the
base. The model is assumed rigid in the vertical direction. The horizontal
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frequency is 1.27 Hz for the pedestal and 5 Hz for the building. The total
weight for the Turbine Building complex considered in the model is about
142,800 tons (314,000 kips).

Foundation Models

33. The foundation is assumed to be rigid. Although no foundation is
perfectly rigid, the stiffening effects of the superstructure does, in reality,
justify the use of such an assumption. Specifically, each foundation is
modelled separately to its individual embedment depth. The top foundation
surface is discretized using 25 rectangular subregions while each of the
foundation-soil interfaces is discretized using 5 rectangular subregions.
Therefore, a total of 50 elements (150 degrees of freedom) is used in the
numerical discretization for each foundation as shown in Figure 5. Dasgupta
[Ref. 6] demonstrated that the well posedness of the Substructure Deletion
formulation can be guaranteed when the number of degrees of freedom
associated with the top foundation surface is equal to those associated with the
foundation-soil interfaces.

RESULTS AND DISCUSSION

34. The two major parameters which were varied among the 6 cases were
(1) the 3 soil profiles (UB45, VP3, VP5) described and (2) the single (R/B
only) foundation and multiple (R/B, C/B, T/B) foundation.

Results of the Soil Structure Interaction

35. The maximum Zero-Period Accelerations at selected critical points in the
Reactor Building Superstructure are presented for all 6 cases as tabulated in
Table III. The nodes selected correspond to the locations are (refer to Figures
4a and 4b), 88—Top of Foundation Basemat; 18—RPV Internals-Shroud
Head; 33—RPV/Mainsteam Nozzle; 70—Top of RSW; 71—RPV Support;
89—Top of RCCV; 92—Diaphragm Floor; 95—Top of R/B; 100—Upper
Pool Slab; 104—Lower Portion of R/B; 107—Refuelling Floor. It is evident
that the amplitude of the spectral acceleration at this point is significantly
reduced, especially at the high frequency range as compared to that of the
corresponding free-field motion. This is primarily due to the soil-structure
interaction effects.

36. Similar comparisons between the free-field input motion and each of the
corresponding foundation motions at the top of the basemat reveal comparable
reductions in the foundation motion due to soil structure interaction effects.

Effects of Foundation Soil Property

37. Cases 1, 2, and 3 were performed primarily to investigate the effects of
the variations in soil properties for the UB45 (soft) site, VP3-45 (medium)
and VP5-45 (stiff) sites on the single foundation R/B structural response.
Figure 6 provides a comparison of the X-direction response of the R/B for
each of the UB45, VP3-45 and VP5-45 soils for the single embedded R/B
foundation system. Similarly, cases 4, 5 and 6 were performed to investigate
the effects of the variations of soil properties for the UB45, VP3 and VP5
sites on the X-direction response of the R/B when multiple foundations (R/B,
C/B, T/B) are considered.

38. It has been seen that the maximum X-direction Zero Period
Accelerations increase, in general, with increasing soil stiffness. This trend
was expected, since as was observed in the SHAKE analysis, the effect of
deconvolution decreased with increasing soil stiffness. Therefore, with all
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other things being equal, the amplitude of the deconvolution motions are, in
general, larger for stiffer soils.

jacent Buildin

39. Cases 4, 5 and 6 were performed primarily to investigate the interaction
through the soil between adjacent structures. Specifically, the effects on the
dynamic response of the R/B due to the presences of C/B and T/B for
different soil properties are considered.

40. The maximum X-direction accelerations in the soil and superstructure
for both the R/B along and the R/B, C/B and T/B multiple-foundation system
for UB4S5, soil profile were plotted. For the softest soil profile, the effect of
including the C/B and T/B tends to increase the response at top of the R/B by
approximately 37%. However, increases in the responses of the RPV,
Internals and RSW/PED are much higher. Also, by contrast to the
comparison for the soft soil (UB45), the effect on the response of the R/B for
the multiple foundation analysis for soil profiles VP3 and VPS5 is, in general,
considerably lower than that of the single R/B.

41. This is primarily due to (1) the observation that the maximum
accelerations increased more significantly with increasing soil stiffness for the
single R/B foundation than for the multiple foundation, and (2) the effect of
the structure-to-structure interaction is expected to be less significant in the
stiffer soil sites. '

42. Note also that the maximum X-direction acceleration at the top of the
basemat (Node 88) was found to be consistently larger for the multiple
foundation system than that for the single R/B foundation. This is attributed
to much higher mass of the multiple foundation system (total weight:
359,000 tons) compared to that for the R/B along (total weight: 192,000
tons).

43. As to the comparison of the acceleration response spectra, it was
observed that the multiple foundation analysis exhibits a high peak at a
frequency of 5.0 Hz at the foundation basemat level for the soft soil profile
(UB45 - CASE 4). This is due to the effects of structure-to-structure
interaction, or the so-called through-the-soil interaction. Specifically, two
major factors contribute to these effects. (1) The interaction effect due to the
structural impedance of the adjacent T/B superstructure which is of
comparable inertia to the R/B. Since the dynamic characteristics of the R/B
superstructure demonstrates that there is no fixed-base model with a
frequency close to 5.0 Hz, evidently these strong responses are caused by the
existence of the T/B, which having a fundamental frequency at 5.0 Hz,
manifests itself in the form of relatively large peak spectral acceleration in the
foundation response of the R/B at the same frequency. (2) The interaction
effect due to the coupling between rocking and horizontal responses through
the foundation impedance. This interaction effect is due to the X-direction
alignment of the multiple foundations and the simultaneous inputs of the
horizontal and vertical ground motions considered in the present analysis.

44. To summarize, as observed from the present analysis results, the effect
of the adjacent buildings on the response of the R/B consists of the following
important factors, (1) direction of alignment between adjacent buildings, (2)
structural inertia of each building, and (3) stiffness of the underlying soil
medium.
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SUMMARY AND CONCLUSIONS

45.

Presented herein are the results of the seismic soil-structure and

structure-to-structure interaction analysis of the standard plant Reactor
Building embedded in 3 selected soil sites. Basically the effects of soil
structure interaction on the dynamic response of the Reactor Building due to 3
different foundation soil properties as well as the adjacent control and turbine
buildings are investigated through a series of parametric studies.

46. The main conclusions drawn from the present study for this specific
soil-structure system are:

1.

IMPEDANCES FOR EMBEDDED IMPEDANCES OF LAYERED,
FOUNDATION IN LAYERED, = VISCOELASTIC HALF SPACE
VISCOELASTIC HALF SPACE BEFORE SOIL IS EXCAVATED

in using the Substructure Method of Analysis, it is very important to
obtain an accurate foundation response (at the basemat level) since the
evaluation of the entire superstructure responses are based on the
computed foundation motion.

the presence of the foundation embedment significantly reduces the
foundation responses in all of the 3 global X-, Y-, and Z-directions,
especially at high frequencies.

. the effect of the soil stiffness is quite important to the response of the

Reactor Building for both single and multiple foundation system. In
general larger responses are predicted for harder soil

. the effect of including the C/B and T/B, in general, tends to increase

the response of the R/B in all of the global X-, Y-, and Z-directions.
For the case of the soft soil site (UB45), the increase in the global X-
direction response is especially noticeable. This is solely due to the
through-the-soil interaction effects. For the medium (VP3) and stiff
(VPS) soil sites, however, reductions in the maximum Zero Period
Accelerations (ZPA) are seen in most of the horizontal -X degrees of
freedom in both Reactor Building walls and RCCV above grade level.

when considering the effect of structure-to-structure interaction, not
only the direction of alignment of these structures and their
corresponding structural inertias, but also the variation of the soil
stiffness interaction effects are more pronounced in the softer soil
sites.

IMPEDANCES OF SOIL

VOLUME OCCUPIED BY
= |EMBEDDED FOUNDATION

(BOUNDARY ELEMENT

(CONTINUUM SOLUTION) METIIOD)

= __ 1

FIGURE 1

CONCEPTUAL ILLUSTRATION OF HYBRID METHOD IN CLASSI/ASD
USING SUBSTRUCTURE DELETION AND BOUNDARY ELEMENT METHOD
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TABLEI
SUMMARY OF SOIL PROPERTIES FOR SSI ANALYSIS

: SHEAR WAVE VE
FRITICAL DAMPING RATIO|  POISSON'S RATIO (M/SEE:C) LOCITY
LARGE UNIT
ELEVATION WEIGHT
M) TON/M”)| uB45 |vp3-45 |vp5-45 | upas |VP3-45 [vp5-45| uB4s |vp3-45 |ves5-45
0~ .61 1.92 |.008 |.o0o6 |.005 .38 .38 .38 301 549 891
61 ~ 3.05 1.92 |.022 .011  |.007 .48 .42 .38 285 541 884
3.05 - 6.10 1.92 ].037 .018 |.010 .48 .42 .38 270 532 875
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Discussion

R. L. BRUCE, ABB Impell ILtd, Warrington

I would like to congratulate Professor Key on
advocating a power spectral approach, which offers many
advantages over the response spectral approach.
However, the accepted problem with the power spectral
method is the difficulty in representing the
non-stationarity of the input and output motions. I
can see three ways in which the non-stationarity can be
modelled in this method. Information from the computed
output spectra coupled with an assumed envelope for the
response can be combined with statistical extreme value
theory to predict maxima. Secondly, Monte Carlo
simulation can be applied to the power spectrum. The
resulting time history can then be enveloped and the
maximum extracted. Thirdly, the power spectrum used in
the paper can be replaced by the complex valued Fourier
spectrum. This retains the phase information, and as a
result models the envelope of the input motion which is
carried through into the response.

Would Professor Key comment on which of these methods
he advocates (if any), and whether he sees any mileage
in the other methods?

C. A. TAYLOR, University of Bristol

Regarding the question of generating realistic sets of
phase angles for use in Fourier spectrum based
analyses, one solution is to generate response spectrum
compatible time histories and to use the phase contents
of these. There is a direct relationship between
velocity response spectra and Fourier spectra; the
zero-damped velocity response spectrum is the Fourier
amplitude spectrum. Care must be taken to ensure that
peak acceleration to peak velocity ratios etc. are
sensible by selecting an appropriate set of phase
angles.
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J. R. MAGUIRE, 4

I note from Paper 11 that Class I verification studies
have been carried out. For this particular boiling
water reactor, have any full-scale measurements been
carried out, post-construction, to validate the
analysis? 1If not, what alternative validation has been
carried out?

B. COURTIER, W. S. Atkins Consultants Ltd, Epsom

The cross-section of the station analysed by Mr Unemori
showed a very deep excavation. Such an excavation in
soft soils would change the soil properties. Did Mr
Unemori investigate the effect of the stress history on
the soil properties.

D. SHEPHARD, NNC Ltd, Knutsford

I observe that one of the significant advantages of the
response spectrum approach is that it enables the
primary system analysis to proceed in the absence of
detailed knowledge of the secondary system. Professor
Key’s recommended revised approach takes account of
both primary and secondary systems simultaneously; how
could this be reconciled with the practical situation
where designs endure while the analysis is in progress?

C. I. ROBERTSON, Sir William Halcrow and Partners,
Rosyth

The Authors of Paper 8 make reference to conservatism
arising from the combination of responses to the
different spatial components of the earthquakes, before
the issue of secondary response spectra. How would the
Authors like this matter to be addressed in the future?

J. H. MILLS, Allott & Lomax, Manchester

A comment and two questions. The comment is that
Newell’s and Key'’s papers confirm my prejudices that
earthquake loading, and in particular floor response
spectra, are a self-inflicted wound. It is a wound
that the industry can do without, and one that the
industry must solve.

On the theme of interfaces, the recommendation to use
the simplest model possible brings with it the
introduction of a further interface within the analysis
process itself. Would the Authors of Paper 8 please
comment ?

Do Paper 10’'s comments on the difficulties with servo
systems apply to shake tables in general, or the
Bristol Table in particular?
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DISCUSSION
G. N. TROTT, W. S. Atkins Consultants Ltd, Warrington

Could Mr Unemori please confirm how the
strain-dependent soil properties are incorporated into
the CLASSI-ASD analysis? Are the primary
non-linearities posed on an equivalent linear approach
using a one-dimensional program such as SHAKE?
Further, have the secondary non-linearities due to
structure-soil interaction been incorporated into the
analysis?

J. P. NEWELL, PRaper 8

Our Paper explains that conservatisms in the seismic
analysis and design process arise at interfaces between
different organizations involved, between engineering
disciplines and at convenient points in the analysis
.procedure. We advocate the use of the simplest
analysis approach that will provide a realistic
estimate of seismic response, and this may include the
elimination of unnecessary conservatism arising at
interfaces. The choice of an appropriate seismic
modelling method for a particular project will depend
not only on those considerations but also on factors
such as cost and programme requirements.

D. KEY, Paper 9

In reply to Mr Bruce, the three methods proposed for
dealing with non-stationarity are all valid approaches
which lead to fairly extensive computation. The
alternative proposed in the Paper (equations (6) and
(7)) requires negligible computer resources and is well
within acceptable limits of accuracy. However, as
computating costs reduce and speeds increase it may
become desirable to use one of the methods you propose,
especially if the probability distribution of response
is required.

The solution to Mr Shepherd’s problem is in the
design management process. If reasonable margins
for primary-secondary interaction are allowed, based
on sensitivity calculations (which follow directly
from the proposed method of analysis), the combined
primary-secondary model can be monitored as the
design evolves. For the final design, all the
actual margins will be known.
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12. Design and construction of the primary
containment for the Sizewell ‘B’ PWR

J. IRVING, BSc, FICE, PWR Project Group, Nuclear Electric plc, and
R. CROWDER, BSc, ACGI, MICE, Special Projects Division, Taywood
Engineering Ltd

A) SYNOPSIS. The primary containment structure for Sizewell
'B' PWR 1is the result of a number of years intensive
development and design by Nuclear Electric (formerly Central
Electricity Generating Board) and their design consultants
Nuclear Design Associates (NDA). This paper identifies the
significant features of the design, and the main stages of
construction achieved thus far.

B) INTRODUCTION

1. Development of the PWR has been active in the UK since
1979, and in 1981 a decision was taken to adopt the standard
nuclear unit power plant system (SNUPPS) concept developed in
the United States for prototype plants at Calloway (Missouri)
and Wolf Creek (Kansas).

2. From the very early days it was a condition of using the
Westinghouse plant that the UK adaptation of the system should
be "licensable in the country of origin". The UK licensing
authority, the Nuclear Installations Inspectorate (NII)
therefore required that the design and construction
specification for the primary containment should be broadly
based on US codes with particular reference to the ASME Boiler
and Pressure Vessel Code Section III Division 2.

3. The Sizewell PWR primary containment is defined as the
outer shell structure and base slab of the reactor building
and is designed for a life of 40 years. It must fulfil a
number of important structural functions during this period
whilst subjected to the loads and loading combinations set out
in table 1.

4. The containment is the last principal barrier between a
possible, though highly unlikely, reactor accident and the

outside environment. It is therefore essential that this
structure should be of the highest quality of design and
construction, The primary containment is classed as a

Category 1 structure, and as such, must withstand a Safe
Shutdown Earthquake (SSE), and subsequently permit the reactor
to be safely shut down and cooled. Concurrent with the SSE,
the structure must also be capa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>