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ABSTRACT

WP-Cave is designed as an egg-shaped underground structure for

intermediate storing and final disposal of high-level nuclear waste.

Its height, when storing 1600 tonnes of spent fuel, is about 250 m and

its diameter 110 m at mid-height. The waste storage has a compact

layout and is surrounded by two engineered barriers. The innermost

one is a 5 m-wide shield consisting of a mixture of bentonite clay and

sand which has a low hydraulic conductivity. This shield is surrounded

by a so-called hydraulic cage, which initially drains the storage rock

mass and, in the long-term diverts, the ground water flow past the

storage. In this way an initial dry supervision period can be maintain-

ed. After sealing-off the storage and after water-filling, a stagnant

chemical environment is established inside the bentonite-sand barrier

preventing the disposed waste from being dissolved and from migrat-

ing to the geosphere.

The development of WP-Cave has continued steadily since 1975 when

the concept was born. In December 1983, the National Board for

Spent Nuclear Fuel decided to provide a fund of &.!> MSEK for further

basic research on WP-Cave. The project, which started in May 198^,

has been guided by a Project Board of ten scientists and nuclear

waste managers. The programme, as outlined by the Project Board,

has considered R & D questions with specific relation to the WP-Cave

such as: properties of low-graded bentonite mixtures, function of the

hydraulic cage, full-face boring of the storage, geomechanics of the

storage and the bentonite-sand barrier, dry ventilation of the storage,

temperature distributions and thermal stresses. An initial safety

analysis has also been conducted.

One main objective of the project was to identify those issues which

might invalidate the basic principles of the concept. The results

achieved so far have not indicated any such issue but have instead

confirmed that the principles of WP-Cave are sound.

From the rock mechanics point of view, it is considered feasible to

construct a WP-Cave by smooth excavation for either of the two

layouts studied, one with a bottom cone in the bentonite-sand barrier

and one without.



The hydraulic conductivity of low-grade bentonite mixtures has been

measured in laboratory tests and found to be higher than expected.

This is a drawback in as much as it means that the filling-up time of

the cave will be about 100 years after closure, which is a much

shorter time than was originally estimated. The ground water flow

through the storage in the steady-state after re-saturation is,

nevertheless, so low that diffusion becomes the dominating transport

mechanism for radionuclides out through the bentonite-sand shield.

This is the result of the combined effect of the hydraulic cage and of

the bentonite-sand barrier on the ground water flow. Other properties

of bentonite-sand mixtures, as well as of the barrier system, have

been measured to meet expected conditions. Tests of gas

conductivity, for instance, confirm that only low gas pressures would

build up inside the bentonite-sand barrier.

The calculated temperature in the bentonite-sand barrier is rather

high for a WP-Cave with the dimensions given in the study. This can

be amended by adjusting the tonnage of stored spent fuel, or by

increasing the dimensions of the WP-Cave.

The initial safety analysis is based on the estimates of the most likely

chemical environment inside the bentonite-sand barrier and in the

surrounding rock mass. This analysis indicates that a compact

storage, such as that presented, would allow for the safe isolation of

the spent nuclear fuel and would fulfil l the radiation protection

criterion of 0.1 mSv/year now used for protecting the public around

nuclear power stations in Sweden.



1. INTRODUCTION

The concept WP-Cave was born in 1975 as a new idea for an

underground, engineered, safe disposal of high-level nuclear waste.

The development of the concept has continued steadily during the

last 10 years, but, up until December 1982, exclusively within the

sphere of the Boliden Group. The research work was then mainly

carried out by Chalmers University in Gothenburg and by the

University of Luleå in Luleå.

The development work on WP-Cave has been based on the following

distinguishing features:

a dry, intermediate storage which can be converted for final

disposal

a storage in a compact configuration in a central rock mass

a bentonite-sand barrier which encloses the waste within a

man-made shield of low hydraulic conductivity

a hydraulic cage which surrounds the bentonite-sand barrier and

which in the long-term serves to by-pass the ground water flow

and reduce the hydraulic gradient across the waste storage

In December 1982, the National Board for Spent Nuclear Fuel,

Sweden, decided to fund a tentative scientific evaluation of the

concept. The results were positive but also indicated some weak

points in the design. Some possible modifications were proposed in

order to overcome these weaknesses. Parts of the design were revised

in accordance with the results of the study.

One year later, in December 1983, the National Board for Spent

Nuclear Fuel decided to continue the basic research into WP-Cave

and allocated a fund of ^.5 MSEK for the first stage of a proposed 3-

stage research and development programme. The results of this stage

of the work are summarized in this report.



2. LAYOUT, FUNCTIONS AND DESIGN CRITERIA

2.1 General

WP-Cave is designed as an egg-shaped structure, see Figure 2.1. The

dimensions are determined by the storage capacity. A WP-Cave

which will hold about 1600 tonnes of spent nuclear fuel is estimated

to have a diameter of 110 m at its widest and a height of about 250 m

from top to bottom, see Figure 2.1. It is meant to be located at such

a depth that due consideration is given to glaciation effects and

protection against surface explosions and sabotage attempts. These

criteria are estimated to be met when locating the top part of the

bentonite-sand barrier at a depth of 200 - 250 m below the surface of

the earth.

The storage is excavated in rock and is surrounded by a bentonite

clay-sand barrier with a width of about 5 rn. The bentonite clay is

known to have a very low water conductivity. Outside the bentonite-

sand barrier, a so-called hydraulic cage is constructed which, in the

long-term, is meant to conduct most of the ground water past the

storage at some distance from the bentonite-sand barrier.

The WP-Cave method is based on flexible, engineered barriers which

can be adapted to various rock qualitites. One main requirement

which must be fulfilled, is that the strength of the rock and the in-

situ stress situation must allow for construction of the inner part (the

storage) as well as the bentonite-sand barrier. Another major require-

ment is that the ground water flow in the rock mass after excavation

must be sufficiently low to keep the radionuclide transportation from

WP-Cave to the earth's surface within stated limits. These

requirements on rock quality are modest and it would, therefore, be

possible to find suitable rock in several places, thereby allowing

flexibility in locating the WP-Cave.

The underground storage has a direct connection, through tunnels and

shafts, with the service plant on surface. This installation mainly

consists of the building for handling the spent fuel, but also of offices

and workshops for the operation of WP-Cave. However, the surface



installations are not meant to be specific to the WP-Cave concept

but should follow the design principles of surface installations being

developed in other projects.

Top part 200-250 m
below earth's surface^

h
25 m 110 m 25 m

1. Ventilation shaft
2. Shaft for construction of hydraulic cage
3. Transportation of canisters
4. Main shaft for excavation and refilling of slot
5. Drillholes in hydraulic cage
6. Annular tunnels
7. Bentonlte-sand barrier with a thickness of 5 m
8. Heat exchange station
9. Pump station

Figure 2.1 WP-Cave design



2.2 Structures

2.2.1 Bentonite-sand barrier

The storage will be surrounded by a well-compressed layer of

bentonite clay mixed with a friction material such as sand.

The bentonite-sand barrier is installed for two different purposes.

Firstly, it cuts off all joints carrying ground water and isolates the

inner rock mass from the outer rock mass. Secondly, it delays the

long-term migration of radionuclides from the storage to the ambient

ground water.

The barrier is excavated and refilled according to the "cut-and-fill"

mining method which starts at the bottom and advances upwards.

Five to ten metre high parts of the rock are excavated, whereafter

the opened space is refilled, and so on. After completed construction,

the inner rock mass will rest on and be sideways supported by the

bentonite-sand mixture.

The excavation can be carried out either via vertical shafts from the

surface, as shown in Figure 2.1, or from a spiral ramp, as shown in

Figure 2.2. When excavating from the spiral ramp, adits are made at

suitable intervals from the ramp to the bentonite-sand barrier. The

method depicted in Figure 2.1 uses the most advanced mining method

available today and is described in Chapter 5 in more detail.
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Figure 2.2 Design when the bentonite-sand barrier is excavated and refilled
from a spiral ramp

The width of the barrier is determined by the '-.pare required for

excavation and refilling equipment and fur the purpose of the project

studies has been assumed to be 5 metres.



Different bentonite grade mixtures can be used to refill different

parts of the barrier. In the bottom, a hi^' friction material is

required, i e a low grade bentonite mixture. A 10% bentonite grade is

considered appropriate. The cylindrical part can be refilled to

advantage with a somewhat higher, 2096, bentonite grade. If required,

from a hydraulic conductivity point of view, the top cone can be

refilled with a high-grade mixture containing 50% bentonite. This

part of the bentonite-sand barrier will, however, also have to be

adapted to requirements on a sufficiently high gas conductivity.

The total volume of the bentonite-sand barrier in the design shown in

Figure 2.1 is about 350 000 m^. With the above-mentioned bentonite

grades, the amount of bentonite clay needed would be about

90 000m3.

2.2.2 Hydraulic cage

Outside the bentonite-sand barrier a hydraulic cage is constructed,

see Figure 2.3. The hydraulic cage consists of two parts. One part

comprises tunnels around the bentonite-sand barrier and the other a

number of vertical holes drilled from one tunnel to another. The

tunneis, together with the holes, form a hydraulic cage based on an

idea similar to that of Faraday's cage in an electric field.

The hydraulic cage has two functions. Firstly, it drains the rock mass

between the hydraulic cage and the bentonite-sand barrier during the

construction and operation periods or until the storage is finally

closed and sealed. Secondly, it short-circuits the groundwater flow

when the WF-Cave has been filled up with water, thereby

substantially reducing the ground water flow through the storage.

The cage can either be constructed from horizontal annular tunnels,

Figures 2.1 and 2.3, or from a spiral ramp, Figure 2.2, depending on

which method is chosen for excavation and refilling of the bentonite-

sand barrier. All tunnels, drifts or ramps are constructed with

dimensions as required by the excavation work. The drill holes must

have a diameter large enough to limit the risk of clogging in the long-

term. A diameter of 150 mm has been assumed in the design.



1. Shaft for construction of hydraulic cage
2. Drillhole in hydraulic cage
3. Annular tunnels in hydraulic cage
4. Bentonito-sand barrier
5. Rock mass between hydraulic cage and bentonite-sand barrier

Figure 2.3 Hydraulic cage when constructed from horizontal annular
tunnels



2.2.3 Storage space

The storage space has a layout as shown in Figure 2A. It consists of a

number of radial channels sloping from the centre to the periphery.

INNER SHAFT ;-HEAT
i EXCHANGER

OUTER A
SHAFT

SECTION B-B

OUTER
SHAFT

INNER
SHAFT

CANISTER
CHANNEL

O S 1Om

SECTION A-A

Figure 2.4 Storage layout

The storage has two functions. Firstly, it allows for storing the

canisters loaded with spent fuel elements in such a way that they are

also available for inspection and control after storing. Secondly, the

layout provides for the removal of heat from the canisters by forced

or natural air circulation.

The diameter of the canister channels will be chosen in order to give

ample space for the cooling air circulating in the storage. In the

project studies a 1.5 m diameter has been used.

The vertical inner and outer ventilation shafts are designed for raise

boring. Their diameters will be determined by the ventilation require-

ments but are assumed to be in the range 2A - ^.0 m.

The total volume excavated in the storage has been estimated to be

75 000 m3.



The canister channels are designed long enough to accommodate

three canisters. There are twelve channels at each level, see Figure

2A, and the design has fourteen different levels. The total storage

capacity is thus 504 fuel canisters (containing 1600 tonnes of spent

fuel).

Each channel is equipped with a rail system on which the canisters

can slide during insertion and withdrawal. All access openings to the

central shaft are sealed with a radiation shield when not in use.

2.2.4 Fuel to be stored

The WP-Cave is designed to be able to store even young, 3-5 years

old, spent fuel from BWR (Boiling Water Reactors) as well as from

PWR (Pressurized Water Reactors).

The thermal power of spent fuel decreases with time, as shown in

Figure 2.5. The initial thermal power in the fuel being stored in one

WP-Cave is estimated to be maximum 1500 kW.

DECAY HEAT
VV/tU

10
10 tOO 1000 10 000

YEARS AFTER REACTOR DISCHARGE

Figure 2.5 Decay heat in spent fuel from PWR and BWR. Burn up is 38 000
MWd/tU for PWR and 36 000 MWd/tU for BWR fuel
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2.2.5 Canister design

In the WP-Cave concept, the two outer barriers, the bentonite-sand

barrier and the hydraulic cage, are designed for the long-term

isolation of the storage. The requirement on canister l i fe is set at

1000 years. The canisters are to be made of carbon-steel which is

estimated to have sufficient corrosion resistance.

The canisters are presumed to host fuel elements in the shape they

have when taken out of the reactors. The design is shown in Figure

2.6. If the fuel elements come from a BWR station, the maximum

number of elements possible to insert in one canister is estimated to

be 17 and in the case of a PWR station, about 7. In the case of BWR

fuel i t was thought possible for one canister to contain close to 3.2

tonnes of spent fuel giving a total of about 1600 tonnes of spent BWR

fuel for the chosen storage layout, Figure 2M.

BWR FUEL ELEMENT CANISTER

4 383 mm 4 500 mm

139 mm 900 mm

Figure 2.6 WP-Cave canister. Approximate outer dimensions are length 4.5
m and diameter 0.9 m



2.2.6 Ventilation system

The storage is planned to have a rather comprehensive ventilation

system for the transportation of the heat released in the fuel, from

the storage to the open air at the surface.

The ventilation system consists of three separate systems which are

inter-connected by two heat exchanger assemblies, see Figure 2.7.

Al l systems use air as the heat-carrying medium.

The three systems are:

1. Primary system fans and heat exchangers

2. Intermediate system fans

3. Secondary system fans and heat exchangers

The primary system fans and heat exchangers are enclosed in an

internal ventilation room inside the bentonite-sand barrier. The

primary fans force the air down through the outer ventilation shafts

and back to the ventilation room via the fuel storage positions and

the primary side of the heat exchangers.

. SECONDARY SYSTEM

INTERCOMT£ SYSTEM

P R M W SYSTEM

Figure 2.7 Ventilation system

The intermediate system fans are enclosed in the external ventilation

room outside the bentonite-sand barrier. They force the air through



the secondary side of the primary system heat exchangers and back

to the external ventilation room via the secondary system heat

exchangers.

The secondary system fans and heat exchangers are installed in a

ventilation building at the surface. The secondary system circulates

the ambient air through the secondary side of the secondary heat

exchangers.

The ventilation system is expected to be used for a surveillance

period of at least 100 years, or as long a period as is required in order

to keep the temperature in the canisters and in the bentonite-sand

barrier within prescribed limits.

When the cooling period is completed, all ventilation equipment is

taken out and the heat transport from the fuel to the ambient rock

will continue within the storage by natural convection.

2.2.7 Receiving station at surface

The receiving station has not been a concern of the research and

development work within the WP-Cave studies since designs

developed in the KBS project in Sweden can be adapted to suit the

requirements of WP-Cave for services on site.

2.3 Construction and Operation

2.3.1 Construction period

The construction of a WP-Cave is estimated to take about 5 years.

The work will have to start with construction of the hydraulic cage.

During the construction period the main function of the cage will be

to drain the rock. A drainage pump station is installed in the bottom

part of the cage. The cage will drain the rock mass on its inside

thereby creating good, dry conditions for excavating and refilling the

bentonite-sand barrier. In later stages of excavation, the cage will
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prevent water from the surrounding rock mass getting into contact

with the bentonite-sand mixture until the storage is sealed and

pumping is stepped. The excavation and refilling of the bentonite-

sand barrier is described in Chapter 5. Parallel to this, the storage is

excavated using raise boring and full-face drilling techniques.

The essential function of the bentonite-sand mixture during the

construction period is to serve as a support for the opened rock walls.

This is the came function as that of refilled sand in cut-and-fill

mining.

2.3.2 Waste emplacement period

A canister leaving the receiving station is placed in a cask and

transported to the right storage position. This cask or unit is lowered

into the ground via the main transportation shaft and horizontally

transported into the centre of the cave. A special lift works in the

central shaft of the storage. The transportation unit stops at the lift

platform. The platform with the transportation unit is lowered to the

correct canister channel and the end of the transportation cask is

docked to the end of the canister channel. The canister is lowered

slowly into its right position in the canister channel. The transportat-

ion cask is then lifted and hoisted to surface for a new storage cycle.

The operations in the central shaft are remotely controlled. Further-

more, the transportation cask is so equipped that the canisters can

also be recovered and transported to surface.

The hydraulic cage will continue to function as a drainage system.

The ventilation system has to operate throughout the waste emplace-

ment period. The air temperature will be kept at *fO°C immediately

behind the heat exchangers and rise to about 60°C in the canister

channels. The central shaft will be supplied with air from the heat

exchangers and thus be kept at ^0°C. The maximum temperature

limit is set at 60°C in case any personnel should need to go in for

inspection and control.



2.3.3 Supervision period

This period is assumed to last 100 years from the moment the first

canister is stored. If required, the period could be extended for at

least another 100 years.

Two conditions will have to be fulfilled during this period. Firstly,

when steady-state conditions have been obtained, the fuel

temperature must be kept below 350°C in order to prevent any

chemical oxidizing reaction which could convert the uranium matrix

into a more water soluble form.

Secondly, the spent fuel is kept stored for as long as is needed for the

decay heat to decrease so much that heat transportation through the

rock mass only wiil be sufficient. The time needed will also be

determined by the maximum temperatures which can be allowed in

the bentonite-sand mixture.

During the supervision period the maximum temperature in the

storage is still limited to 60°. The maximum temperature rises in the

storage rock mass and in the bentonite-sand mixture from the virgin

temperature 10°C are expected to be 50°C and 15°C respectively.

The supervision period allows for control and verification of the

function of the WP-Cave. Information is compiled which forms the

basis for the decision to seal the storage.

2.3.4 Sealing of storage

When the storage is converted for final disposal, all unnecessary

equipment is removed (e g heat exchangers). The internal air circ-

ulation channels and shafts will have to be left open so that a

continuous transportation of heat can be maintained. Some open

spaces in the storage, e g the central shaft, will have no function in

heat removal, however, and these parts can be refilled with a

material with suitable properties for sorption or chemical condition-

ing of the ground water in the storage.

When considering the amount of oxygen in the air in the storage and

the corrosion effect of this on the canisters, it might be appropriate
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to purge the storage with an inert gas, or to water-fill it, prior to

sealing. The purpose would be to establish a reducing environment

from the outset.

When finally leaving the storage, all drifts through the bentonite-sand

barrier will have to be properly sealed. This goes for all trans-

portation tunnels and all access openings from the excavation, i e

adits from the spiral ramp or vertical shafts to the surface. When

those sealing operations have been completed, the pumps in the

bottom part of the hydraulic cage are stopped and removed. Finally,

the remaining communications to surface, drifts and shafts, are

sealed-off.

The WP-Cave is left for the ground water to regain its original level

and natural flow at the site.

2.3.5 Long-term function

The first phase in the long-term function will be the filling of the

hydraulic cage and the storage space inside the bentonite-sand

barrier with ground water. When this has been completed, as a

planned operation or by natural inflow, the long-term function of the

hydraulic cage will start. The main mechanism determining the

ground water flow will be the regional ground water gradient. Huring

the first years, there will be also a thermally-driven flow. The effect

of this, however, has not been investigated within the present

project. During the filling-up time, if dependent on natural inflow,

any gas or air inside the storage will have to migrate out through the

bentonite-sand barrier. The top part of this barrier has to be

sufficiently permeable to provide for such gas penetration.

The canisters are designed to withstand penetration for at least 1000

years. After that it is assumed that they will gradually collapse. The

migration of radionjclides from the waste will be restricted by

sorption in the inner rock mass, the bentonite-sand barrier, the

external rock mass and by the containment of the water inside the

barrier. The combined effect of the hydraulic cage and the bentonite-

sand barrier will limit the through-flow of ground water to the extent

that diffusion will be the main mechanism of radionuclide transport

to the external rock.



2.4 Design Data

The most important data used in the conducted studies are compiled

below.

Fuel: BWR and PWR

Storage layout:

Each canister channel is long enough to contain 3 canisters

Each horizontal level has 12 canister channels.

The storage has 14 levels.

The distance between two adjacent levels is '+.5 m when the

diameter of the canister channel is 1.5 m.

Storage capacity:

504 canisters each containing about 3.2 tcnnes of spent fuel.

The tonnage capacity is about 1600 tonnes of spent fuel.

The thermal power capacity is an initial power of maximum

1500 k W.

WP-Cave dimensions:

Bentonite-sand barrier height is about 250 m and its outer

diameter at mid-height is 110 m.

The bentonite-sand barrier is 5 m thick.

The top part of WP-Cave is located at 200-250 m below earth's

surface.

The hydraulic cage has a diameter of 150 m at its mid-height.



3. SEMINAR ON WP-CAVE

3.1 General

The seminar on WP-Cave was held at Saltsjöbaden on 7th and 8th May

198^. It was attended by 30 persons from USA and Sweden. The

participants are listed in Table 3.1. The majority of the participants

represented various scientific fields involved in the development of

the WP-Cave concept. Some participants represen tea management in

different areas of nuclear activity.

Table 3.1 List of participants at the Saltsjöbaden seminar

Bergman. Magnus Itasca Consulting Group Inc
Bergman. Sten G A Independent Consultant
Board. Mark Itasca Consulting Group Inc
Bjurström. Sten Swedish Nuclear Fuel and Waste

Management Co
Börgesson, Lennart University of Luleå
Fairhurst. Charles University of Minnesota
Forsström. Hans Swedish Nuclear Fuel and Waste

Management Co
Grenthe. Ingmar Royal Institute of Technology
Grundfelt. Bertil Kemakta Konsult AB
Hallenius, Tore Boliden WP-Contech AB
Hedman. Tommy Swedish Nuclear Fuel and Waste

Management Co
Johansson, Gunnar Chalmers University of Technology
Josefson. Lennart Chalmers University of Technology
Liljanzin, J-0 Chalmers University of Technology
Lindqvist, PA University of Luleå
Malmqvist, Lennart Boliden AB
Nilsson, Larsgunnar University of Luleå
Olsson. Tommy Swedish Geological Survey
Pettersson. Stig Swedish State Power Board
Pusch, Roland Swedish Geological AB
Rolander. Olof Boliden WP-Contech AB
Rundqvist, Gerhard National Board for Spent Nuclear Fuel
Runesson, Kenneth Chalmers University of Technology
Rydell, Nils National Board for Spent Nuclear Fuel
Sagefors, Ivar Boliden WP-Contech AB
Stephansson. Ove University of Ldeå
Stille, Håkan Royal Institute of Technology
Sträck, Otto Itasca Consulting Group Inc
Svemar. Christer Boliden WP-Confech AB
Åkesson. Bengt Chalmers University of Technology



The main aim of the seminar was to discuss design, performance and

safety issues in order to get a starting point for the research and

development work. It was especially pointed out that a vital objective

of the seminar was to solicit opinions on the problems which have to

be solved, to outline the development activities and to make

priorities amongst these.

The seminar was organized in two sections. The first consisted of

technical presentations and the second was devoted to group discuss-

ions for identifying research and development issues.

3.2 Technical Presentations

All papers presented at the seminar have been compiled in Ref 3-1.

The main topics concerned the compact layout of the storage

excavated in rock, the excavation of the surrounding bentonite-sand

slot, the requirements on the refilling material of bentonite-clay and

sand mixture, the heat distribution in the rock mass and the function

of the hydraulic cage.

3.3 Seminar Working Groups

In the second stage, six working groups were organized. Their

conclusions, including the identification of research and development

topics, were presented in summary as follows:

3.3.1 Working group 1 - Attractive features of WP-Cave

1» All-round barriers are important in both the short and long-

term isolation of the spent fuel.

2. The hydraulic cage is an innovative feature of this concept

which has a more general application than in WP-Cave

alone. One question raised was the usefulness of placing WP-

Cav» in rock with high hydraulic conductivity in order to
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ensure adequate dilution of the long-lived radionuclides

which will eventually migrate from the storage through the

outer barriers.

3. Supervision of the storage is a concern of the public which

can be satisfied and which maintains the possibility of

benefiting from subsequent developments in waste handling

and disposal.

k. The 3-dimensional symmetry of WP-Cave makes it feasible

to describe WP-Cave in terms of a 3-dimensional mathe-

matical model with respect to rock mechanics and ground

water flows.

3.3.2 Working group 2 - Heat balance and ventilation including

thermal deformations and stresses

1. Local temperature distributions calculated within and

around a canister in an inclined channel.

2. Temperatures, deformations and stresses in the rock mass

inside the bentonite-sand barrier as well as outside.

3. Ventilation and heat exchange analyses in the storage during

the dry supervision period.

3.3.3 Working group 3 - Rock mechanics and rock excavation

The group considered different problems to be studied for two

alternative layouts of the bentonite-sand barrier. The group was of

the opinion that the rock mechanics analysis already presented, i e

that of excavating a totally surrounded barrier, should be compared

with the situation if the barrier is made with no bottom cone, see

Figure 3.1. Depending on which of the two alternatives was consider-

ed, the list of problems varied somewhat.
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Bentonite-sand barrier with bottom cone

1. Excavation of the interior and the bentonite-sand barrier

and refi l l ing and excavation of sloping parts of the barrier.

2. Rock mechanics stability analysis.

3. Rock mass characterization for possible site.

*f. Monitoring of all stages of construction.

5. Order of excavation of interior and bentonite-sand brrr ier.

6. Fracture initiation in bottom cone of bentonite-sand barrier.

-BENTONITE-
SAND BARRIER -

50m BWC/CS-CFM

Figure 3.1 Two alternative designs of the bentonite-sand barrier. Left hand
side alternative with bottom cone. Right hand side alternative
without bottom cone

Bentonite-sand barrier without bottom cone.

1. Mining of the interior and the bentonite slot.

2. Rock mechanics stability analysis.

3. Rock mass characterization for possible site.

t*. Rock mechanics analysis for the ventilation stage.
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3.3.4 Working group 4 - Requirements on bentonite-clay and sand

mixtures

1. The composi t ion and density of the mixture must result in a

lower hydraul ic conduc t i v i t y than that of the surrounding

rock mass.

2. The support ing ab i l i t y of the mix ture on the rock walls must

be suf f ic ient to prevent rock fa l l or dis integrat ion of the

adjacent rock.

3. The swel l ing pressure o f the mix ture must be su f f i c ien t ly

low in order not to cause displacement of adjacent rock

uni ts.

<f. The clay must have swel l ing and self-heal ing qual i t ies.

5. The mix tu re must be mechanical ly and chemical ly stable, i e

erosion by f lowing ground water must be at a min imum and

ion exchange or chemica l a l te ra t ion by the act ion of ground

water cannot be al lowed to s igni f icant ly a f fec t the major

physical propert ies of the mix tu re .

6. Gas conduct iv i ty must be suf f ic ient ly high to prevent the

build-up of gas bubbles.

3.3.5 Working group 5 - HydroJogy

1. The efficiency of the hydraulic cage is a key problem. It was

found important to optimize the cage design also from a

hydraulic point of view. The k-value (hydraulic conductivity)

for the cage has to be calculated with a higher degree of

accuracy than in the calculation nade prior to the seminar.

Bore hole diameter and spacing in the cage also affects

efficiency.

2. The alternative with no bottom cone in the bentonite-sand

barrier will also have to be studied from a hydrological point

of view.
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3. The concept should be studied for different hydrogeological

conditions.

4. Time periods have to be studied, e g saturation time for the

cage, saturation time for the bentonite-sand barrier, and

ground water filling time of the interior after sealing of the

storage.

5. Analyses of the effect of gas pressure on the bentonite-sand

barrier during the water filling period, and in the long run,

due to hydrogen production during the corrosion of steel.

6. Analysis of the effect of stress redistribution on the

hydraulic conductivity of the rock mass.

3.3.6 Working group 6 - Requirements on design

The WP-Cave has several features which contribute to a high safety

potential for the concept as long as the storage can be constructed so

as to maintain the functions of the different systems. The hydraulic

cage, in combination with the bentonite-sand barrier, gives a very

small through-flow of water. The residence time of water in the cave

should be very long and likewise for the radionuclides which are

dissolved in the water. With negligible through-flow, the amount of

radionuclides that can be dissolved is limited. There will be plenty of

time for ions in solution to diffuse into the rock walls and be

absorbed by the rock. The radionuclide migration mechanism from

the storage and through the bentonite-sand barrier will be only

diffusion. Accordingly, only long-lived radionuclides in the spent fuel

will have the possibility to contribute to radioactivity in the rock

mass outside the storage.

A list of topics to be taken into consideration was presented as

follows:

1. Large amounts of concrete cannot be accepted inside the

bentonite-sand barrier.

2. Large steel surfaces in the storage are favourable in the

sense that they contribute to maintaining reducing

conditions. They are negative in the sense that they yield
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hydrogen gas from steel corrosion. It is important to analyse

the chemical environment.

3. The canisters for the spent fuel must be airtight in order to

allow for supervision during the dry period.

4. The water f illing-up period has to be analysed. Al l air or gas

in the storage will be compressed at the top and will have to

penetrate the bentonite-sand barrier.

5. The fuel temperature during the dry period will have to be

calculated in order to analyse possible consequences for the

fuel material.

6. The water circulation pattern in the water-filled cave in the

alternative with no bottom cone in the bentonite-sand

barrier must be analysed. If possible, a design must be found

such that no flow can penetrate through the bottom part and

create a way of escape for radionuclides.

3.* Using Results of Seminar Working Groups

The lists of problems, as well as a number of professional opinions

regarding ways of attacking the problems, were handed over to the

Project fVard, see Chapter k, for priority listing and research and

development programme planning.
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RESEARCH AND DEVELOPMENT PROGRAMME

».1 Project Board

The project has been carried through under the scientific guidance of

a Project Board with members as listed in Table 4.1

Table 4.1 Project Board Members

Mr Nils Rydell, Technical Director, National Board for Spent Nuclear Fuel,
Chairman
Dr Sten G A Bergman, Independent Consultant
Prof Charles Fairhurst, University of Minnesota, USA
Mr Tommy Hedman, M Sc, Swedish Nuclear Fuel and Waste Management Co
Dr Jan-Olof Liljenzin, Chalmers University of Technology
Dr Lennart Malmqvist, Technical Director, Boliden AB
Mr Bertil Mandahl, Manager Technical Protection, OKG AB
Mr Stig Pettersson, Director, Swedish State Power Board
Mr Ivar Sagefors, Senior Consultant, Boliden WP-Contech AB
Prof Bengt Åkesson, Chalmers University of Technology

Co-opted members:
Mr Olof Rolander, M Sc, Boliden WP-Contech AB
Mr Christer Svemar, M Sc, Boliden WP-Contech AB, Project Manager

••2 Aim of Project

At its statutory meeting on May 9th, 1985, after due consideration

given to the lists presented by the seminar working groups, the

Project board adopted the following guidelines for the research and

development stage:

The research and development programme should address

issues specific to the WP-Cave concept.

Research issues should be selected for their importance to

the long-term safety and integrity of the storage and the

possibility of constructing and operating WP-Cave to these

requirements.

The funds available did not permit consideration of all important
aspects of the concept. Further issues will have to be taken up in
future R <5c D stages.
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4.3 Working Programme

Based on the aims of the project, the Project Board outlined a

working programme with headings as listed below- Under each

heading the scientists who have carried out the major part of the

work are also mentioned.

• Mining and full-face boring techniques applied to WP-Cave,

Chapters 5 and 9.

Karl-Erik Rånman, University of Luleå, and Ivar Sagefors,

Boliden WP-Contech AB.

• Properties of bentonite-sand mixtures, Chapter 6.

Lennart Börgesson and Roland Pusch, Swedish Geological

Co, and Ulf Stenman, University of Luleå.

• Function of the hydraulic cage, Chapter 7.

Carl-Lennart Axelsson and Tommy Olsson, Geosystem AB,

and Otto Sträck, Itasca Consulting Group Inc.

• Finite element calculation of alternative without bottom in

the bentonite-sand barrier, Chapter 8.

Per Jonasson, Björsta Data AB, and Ove Stephansson, Steph

Rock Consulting.

• Design of canisters, Chapter 10.

Magnus Andersson, Peter Andreasson, Göran Byström, Hans

E Hjelm and Lennart Josefson, Chalmers University of

Technology.

• State-of-the-Art regarding corrosion behaviour of carbon-

steel inside the bentonite-sand barrier, Chapter 11.

George Marsh, A ERE, Harwell.
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Air ventilation of storage, Chapter 12.

Lars Davidsson and Gunnar Johansson, Chalmers University

of Technology.

Temperature distributions and thermal stresses induced,

Chapter 13.

Lennart Josefson. Lars Reinholdz and Bengt Åkesson,

Chalmers University of Technology-

Ground water filling time of WP-Cave, Chapter 14.

Tommy Olsson, Geosystem AB.

Initial safety analysis, Chapter 15.

Birgitta Andersson, Akke Bengtsson and Bertil Grundfelt,

Kemakta Konsult AB.

• .* Seminar Working Group Issues Not Included

It was not possible to include all headings from the seminar working

groups within the project fund frame. One item, the chemical

environment inside the bentonite-sand barrier, was decided to be

limited to a State-of-the-Art report on what can be expected from

corrosion of canisters constructed in carbon-steel qualities.

Working group 3 proposed that rock mechanics stability analyses

should be carried out on a wider scale than was found possible to

include in the programme. Therefore, no new stability analyses of the

alternative with bottom cone in the bentonite-sand barriet were

considered. Neither did the programme consider such detailed studies

as rock mass characterizations for possible sites.
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5. MODERN MINING EXCAVATION AND RAISE BORING

TECHNIQUES APPLIED TO WP-CAVE

5.1 General

The latest design of WP-Cave (Ref 5-1) is mainly based on the

assumption that well-known mining technology with vertical shafts

and raise boring techniques can be used to advantage in the

co istruction.

5.2 Excavation

Three vertical shafts are the main access ways for excavation and

hoisting of rock. Two of the shafts lead to the surrounding bentonite-

sand barrier and the third shaft is used for the construction of the

annular tunnels from which the rest of the hydraulic cage is drilled.

The shaft for the hydraulic cage must be drilled before the shafts for

the bentonite barrier are made. The other shafts and tunnels for

construction of the interior part of the cave and the shafts and

tunnels for personnel/material and ventilation, will be subject to a

working schedule, see Figures 5.1 and 5.2.

The shaft for the hydraulic cage should be bored to full depth before

preparation of loading stations for the annular tunnels. The hydraulic

cage will be drilled as soon as the tunnels are ready.

The hydraulic cage and the pumping station must be finished before

the filling of the bentonite mixture can be started. The curtain of

drill holes forming the hydraulic cage prevents the water from

entering the slot in which the bentonite-sand barrier will be

constructed.

Good drainage of the rock mass outside and inside the hydraulic cage

simplifies the excavation work and the building of the bentonite-sand

barrier.



The two vertical shafts, mainly used for the excavation and refilling

of the bentonite-sand barrier, will also be drilled to full depth before

loading stations and tunnels can be made.

1. Ventilation shaft
2. Shaft for construction of hydraulic cage
3. Transportation of canisters
4. Main shaft for excavation and refilling of slot
5. Drillholes in hydraulic cage
6. Annular tunnels
7. Bentonite-sand barrier with a thickness of 5 m
8. Pump station

Figure 5.1 Excavation and refilling of slot



Detail A

RAISE BORING OF SHAFT

Detail B

SLOT EXCAVATION-DRILLING IN
INCLINED SHAFTS

Detail C Detail D

i:'. I

. i:

SLOT EXCAVATION-DRILUNG IN
VERTICAL SHAFTS

• s-

MUCKING AND HOISTING OF ROCK.
THE REFILLED BENTONITE-SAND
IS COVERED WITH STEEL PLATES

Detail E Detail F

REFILLING OF SLOT. THE STEEL PLATES
HANG ON THE ROCK WALL GEOMETRY OF T>^ EXCAVATED SLOT

Figure 5.2 Excavation and refilling of slot (details)



The vertical shafts, Pos 1 and 3 in Figure 5.1, lead into the storage

via horizontal tunnels. The storage layout is shown in Figure 5.3.
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INNER SHAFT 1

ii
r HEAT

EXCHANGER

SECTION A-A

^

OUTER
SHAFT

INNER
SHAFT

OUTER 2
SHAFT

CANISTER
CHANNEL

O 5 10m

SECTION B-B
0 S 1Om

Figure 5 3 Storage layout studied

5.3 Bentonite-Sand Slot

The slot is constructed with a mining technique used in Sweden, see

details in Figure 5.2. The shafts will be raise bored on opposite sides

of the slot at 12 places equally spaced around the periphery. The

upper ends of the inclined shafts in the lower part of the slot

terminate in an annular tunnel in the bottom of the vertical part of

the slot, soe Figure 5A.

When all the sloping and vertical shafts for the slot have been raise

bored all the way to the upper end of the top cone, the excavation of

the slot can start, using the smooth blasting technique. This will

minimize damage to the remaining rock walls.
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1. Rock hoisted to surface in man r.haft
2. Slot wall
3 Blasted rock .n slot
4. Mucking out from storage
5. Plates lor covering relilled bentomle-sand
6. Bentonite-sant! barrier

Figure 5.4 Mucking out from slot and from storage

The excavation will be carried out from the bottom towards the top

in well-adjusted steps, in order to keep up with the filling of the

bentonite-sand mixture. Detail D in Figure 5.2 and Figure 5.4 show a

stage in the filling work when the underlying bentonite is covered

with large protection plates. Detail E in Figure 5.2 shows how the

plates hang on the wall during the filling of the bentonite-sand

mixture.

The excavated rock is taken out via a tunnel at the lower and upper

ends of the vertical part of the slot, see Detail F in Figure 5.2 and

Figure 5.4.

The storage consists of a number of holes drilled radially from the

central shaft and sloping down from the central shaft towards the

periphery. The vertical shafts for ventilation of the storage and

cooling of the fuel will be raise bored, see Figure 5.4.
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1. Buk storage room
2. Heat exchange
3. Central storage shaft

Figure 5.5 Artist's view of storage

4. Outer ventilation shaft
5. Inner ventilation shaft
6. Canister channel

5.* Conclusion

By adapting the construction of WP-Cave to modern techniques for

raise boring, drilling and smooth blasting, a good working environ-

ment can be created for the people underground. Also, a minimum of

cracking will occur in the rock wall closest to the excavated

openings.

The hydraulic cage gives the advantage of working in dry conditions

as it takes care of the ground water flow from the surrounding rock

mass.
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PROPERTIES OF BENTONITL-SAND MIXTURES

6.1 General

Bentonite was identified, early on, as a suitable low permeable

material to be used in barriers for isolation of high-level nuclear

waste. In the design of different waste repositories in Sweden and

abroad, mixtures with a high percentage of bentonite have mainly

been used. In several countries, great efforts have been made to

investigate the properties of such high-grade mixtures as well as the

properties of different types of naturally-occurring bentonite

deposits.

In WP-Cave, the bentonite-sand mixture is meant to be used in the

isolating s.ot around the storage. The mixture will then be exposed to

heavy loads where special properties will be required of the mixture,

such as a low compaction coefficient, low shear deformation and low

tendency against creeping. Those properties are better for low-grade

than for high-grade bentonite mixtures, i e the higher the grade of

sand the better the mechanical properties for WP-Cave. It has

therefore been of interest to learn more about the properties of 5%

and 10% bentonite mixtures.

6.2 State-of-the-Art

Initially a State-of-the-Art survey (Refs 6-1 and 6-2) was carried out

in order to outline what is known of low grade bentonite mixtures

from worldwide research and development work and to determine

what properties can be expected. A general reflection stated in the

State-of-the-Art report is that Na-bentonite has superior properties

to Ca-bentonite. There is no doubt that Na-bentonite should be used.

Furthermore it is vital to limit the amount of Ca, which is for

instance, abundant in concrete, in the storage or its vicinity. Other-

wise ion exchange will take place, converting Na-bentonite to

Ca-bentonite. It is reported in the literature that pure Na-bentonite

has a hydraulic conductivity from 10"9 to 10-13 m / s for bulk
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densities from 1.2 to 2.0 tonnes/m-. The swelling pressure has been

reported to vary from 0.1 to 10 MPa for the same bulk density

interval. The salt grade of the pore water has been low in these

measurements. The bulk density has a major influence on the level of

hydraulic conductivity. This means that an optimum can be found by

combining a properly graded sand, i e sand with low pore volume, and

a properly ground bentonite. It was indicated that the hydraulic

conductivity may be as low as 10"^ rn/s for low bentonite grades, as

indicated by laboratory tests conducted by the Swedish State Power

Board. In the mixing of such low grade bentonite mixtures, the

moisture content of the sand is assumed to be a factor of importance.

The water can, in fact, be absorbed by the bentonite which then

forms a film around the sand grains instead of filling the pores in the

sand material. Moreover, creep-properties are negatively influenced

by this phenomenon.

6.3 Scope of Work

In order to supplement other laboratory studies already conducted,

two programmes have been carried out, one on laboratory scale with

samples 50 mm in diameter and one on a larger scale (mega-

permeameters) with samples 800 mm in diameter.

In the "laboratory scale" tests, a sand material with a moraine-like

grading curve and a commercial Na-betonite quality MX 80 were

used in mixtures with bentonite contents of 5%, 10%, 20% and 50%.

The salt content of pore water was considered by using a low salt

grade quality - 0.1% - (AHard water) and a quality with 1% salt

(Forsmark water).

6.k Laboratory Scale Tests

The laboratory scale tests are reported in Ref 6-3.

Grain-size distribution analyses and the Modified Proctor compaction

tests were performed on material with 5%, 10%, 20% och 50%
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bentonite content. The maximum dry densities (I'd) and the corres-

ponding optimum water contents are shown in Table 6.1.

Table 6.1 Optimum water content w in order to get maximum compaction

Max dry density e<j
tonnes/m3

The tests also showed that the dry density at very low water content

is almost as high as at optimum water content, which confirms that

compaction of a completely dry material is very effective.

The swelling pressure of the material with 50% bentonite content

was measured with the University of Luleå oedometers (diameter of

50 mm).

Tests were made with three different densities and with both A Hard

water and Forsmark water. Figure 6.1 shows the results plotted in a

diagram together with results from earlier measurements made on

samples containing distilled water. The swelling pressures of the

samples with Forsmark water are situated close to the interpolated

*f0% line which was expected since the salt content will decrease the

swelling pressure. It is a litt le surprising, however, that the swelling

pressures of the samples containing A Hard water coincide with those

from the same line in spite of the lower salt content. But, altogether,

the results seem to confirm the validity of earlier estimates of

swelling pressure.

The swelling properties of 10%, 20% and 50% bentonite mixtures

were measured at different densities. The mixtures were allowed to

swell in oedometers with a normal load of about 0.5 kPa. Figure 6.2

shows a compilation of the results with the swelling as a function of

the density at saturation. The results probably underestimate the real

swelling properties a little due to measuring difficulties and due to

the very slow process. After 4 months the 50% bentonite had still not

stopped swelling.
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Figure 6.1 Swelling pressure versus density at saturation for different bento-
nite/ballast mixtures
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The other values originate from earlier investigations
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Figure 6.2 Swelling of bentonite/ballast mixtures as function of density at
saturation

The results however, show that the swelling abilities of the tested

materials are very good even if the bentonite content is as low as

10%.



The high pressure deformation properties were measured Ir. a

Rowe-oedometer with an inner diameter of 250 mm. Tests were

made on samples with bentonite contents of 10%, 20% and 50%. Each

mixture was tested at different densities. The vertical stress was

increased stepwise up till the very high stress a v=3200 kPa and the

deformation was measured.

139)

The results can be summarized as shown in Figure 6.3 where the

uniaxial compression modulus (M= ——* ) is plotted as a function of
At y

the dry density. M is dependent of the stress level. In Figure 6.3 V is

calculated using -i a v =(3200 -0) kPa.

The tests were made on dry material to cover the most critical

scenario of a huge block fall during the construction period.
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Figure 6.3 Uniaxial compression modulus versus dry density for different
bentonite/ballast mixtures at different initial dry densities
M =3.2MPa/£
X 10 % bentonite
A 20 % bentonite
O 50 % bentonite

The hydraulic conductivity was measured in the University of Luleå

oedometers on 10%, 20% and 50% bentonite mixtures with different

densities using both A Hard and Forsmark water. The tests were done

on 20 mm thick samples with about the same velocity of water

flowing through the samples. To achieve this, the hydraulic gradient



had to vary between 20 and 20 000. The results are shown in Figure

6.* where the hydraulic conductivity is plotted as a function of the

dry density.
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Figure 6.4 Hydraulic conductivity as function of dry density for different
bentonite/ballast mixtures using different pore water
X 10 % bentonite Allard water
• 20 % bentonite Allard water
A 20 % bentonite Forsmark water
• 50 % bentonite Allard water
O 50 % bentonite Forsmark water

Figure 6.5 shows the measured hydraulic conductivity compared with

values received from other measurements on high density samples as

a function of the bentonite content (Meyer and Howard 1983). The

extremes shown in the figure are the measured or extrapolated values

at pd=1.5 tonnes/ m3 and /'d=2.1 tonnes/m^. The correspondence is

good at the very high density /'d=2.1 tonnes/m3

where Allard water was used as pore fluid.

The average values of the four larger scale hydraulic conductivity

tests with megapermeameters are also shown in Figure 6.5.
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The following three important conclusions can be drawn from the

laboratory scale hydraulic conductivity tests.

1. The curve proposed by Meyer and Howard describes the relation

between the bentonite content and the hydraulic conductivity

of buffer materials with very high density when the pore water

has a very low salt content.

2. Tests on small samples using high hydraulic gradients do not

give a lower estimate of the hydraulic conductivity as

compared to tests on large samples using small hydraulic

gradients.

3. The pore water composition and the density of the material

have great influence on the hydraulic conductivity.

The rate of water uptake of 10%, 20% and 50% bentonite mixtures

was tested using 50 mm high samples with different initial degrees of

saturation. Water was let into one end of the sample via a filter stone.

The amount of water taken up by the sample was continuously

measured. After some time, which was different for all samples, the



sample was taken out and cut into small slices. The water content of

each slice was determined and a diagram, shown in Figure 6.6, was

plotted for all tests. Then the coefficient of water diffusion Dw was

determined according to Börgesson (Water flow and swelling pressure

in non-saturated bentonite based clay barriers. Eng Geol, 21:229-237,

19S5). The results were in near agreement with some earlier

measurements of 100% and 20% bentonite mixtures and the average

values of Dw shown in Table 6.2 can be used for rough calculations.

MXBO:20% FORSMARKWATER Pd 1.82«/m3 * 0 = 10.84% l=72.56h (85-08-08)

O
O
er
u

10 20 30

DISTANCE FROM INLET (mm)

40

Figure 6.6 Example of water content distribution in a sample which has been
wetted from one side

table 6.2 Coefficient of water diffusion Dw for different bentonite-sand mix-
tures

Bentonite content
%

20
50
100

Dw
m2/s

3 10-9

5 10-'°
3 10-'°
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6.5 Larger Scale Megapermeameter Tests

In the larger scale megapenneameter tests (Ref 6-*) a ballast sand

was used with a composition of 20% weight of uuartz filler ( < 0.3

m n), 40% Silversand 36 (0.1-0.5 mm), 30% Silversand 90 (0.5-0.2 mm)

ard 10% Jyllesingel (2-8 mm). The same bentonite quality and water

qi alities as used in the laboratory tests were also used here.

Bentonite grades of 5%, 10%, 30% and 50% were studied.

The tests of hydraulic conductivity show, although not uniformly, a

tendency to decreased hydraulic conductivity with decreased

gradient. This is assumed to depend on lower internal erosion and

lower ability to form transportation paths at decreased velocity of

water flow. The results of the tests are listed in Table 6.3 and the

average values plotted in Figure 6.5.

The results indicate that the bentonite grade will have to be at least

10% in order to give a hydraulic conductivity lower than I0~9 m/s.

From the tests it is considered probable that the conductivity can be

decreased to between 10"^ and 10"^ m/s if the mixing of bentonite

and sand can be improved and if more effective compaction methods

are applied. It is also considered that a proper grading of the

bentonite might improve the conductivity value but this is not known

for certain. The values considered probable would then be in the same

order of magnitude as the expected ones in the State-of-the-Art

report.

Earlier tests of gas conductivity have indicated that there is a

critical gas pressure at which a sudden break through occurs. The

critical pressure is almost as high as the swelling pressure in high

bentonite grade mixtures and the capillary force in low bentonite

gride mixtures. Thus, it was expected that the b-eak through would

occur at the low gas pressure for which the tests were designed. The

results are presented in Table 6.4.



Table 6.3 Resu.'ts of hydraulic conductivity tests in megapermeameters

Sample with 5 % bentonite
Bulk density 2.00 tonnes/m3 (unsaturated)
and bulk density 2.31 tonnes/m3 (saturated)

Hydraulic
gradient

0.16
0.06

Time after start
with gradient, h

19
68
93
117
165
237

Hydraulic
conductivity m/s

3-10-7

5-10-"
3 10-7

2-10-7

2-10-7

8-10-8

Sample with 10 % bentonite
Bulk density 1.90 tonnes/m3 (unsaturated)
and bulk density 2.21 tonnes/m3 (saturated)

Hydraulic
gradient

0.33

0.17

Time after start
with gradient, h

24
48
24
48
96

Hydraulic
conductivity m/s

3-10-9

5-10-9

2-10-»
1 •10-»
2-10-»

Sample with 30 % bentonite
Bulk density 1.90 tonnes/m3 (unsaturated)
and bulk density 2.21 tonnes/m3 (saturated)

Hydraulic
gradient

0.33

0.17

_ . _

Time after start
with gradient, h

24
120
144
168
240
168
216
336
360
384

Hydraulic
conductivity m/s

3 10-'
3-.10-»
2 10-»
1 10-»
7 10-10

2-10-10

2 10-»
8 10-10

6 10-10

6 10"10



One test was also carried out with SFR-material, i e Forsmark ballast and finely granu-
lated GEKO/QI bentonite from Sud-Chemie. The bentonite content was 10 %

Bulk density 2.04 tonnesVm3 (unsaturated)
and bulk density 2.32 tonnes/m3 (saturatsd)

Hydraulic
gradient

4.2

0.83

0.42

0.08

Time after start
with gradient, h

1
2
3
4
5
6
7
1
2
3
4
5
6
7
8
1
2
3
4
5
6
7
8
2
3
4
5
6
7
8

Hydraulic
conductivity m/s

5 10 - 9

4-10-3
4 10~9

4-10-9

4 10-9

4-10-3
5-10-9

4 10-9

4-10- "
9 10-10

8-10-10

3 10-"
2 1O-o
3-10-8

5 10-3
4 10-9

3 10-9

4-10-3
2 10-9

8-10-'° i
8-10-10

710- 1 0

8 10~'°
2 10-9

3-10-10

3-10-10

2-10-9

3-10-10

3-10-10

2-10-9
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Table 6.4 Results of gas conductivity tests >n

Sample with 10 % bentonite
Bulk density 2.21 tonnes/m3 (saturated)

Gas pressure
kPa

30

Time after start
with gas pressure,

3

megapermeameters

h Observations

Break through

Sample with 30 % bentonite
Bulk density 2.21 tonnes/m3 (saturated)

Gas pressure
kPa

50
100
150
200

Time after start
with gas pressure, h

CM
 

C
M

 C
M

 
T

-

Observations

No gas flow
No gas flow

Gasflow which stopped
Break through

One test was also carried out with SFR-material, i e Forsmark ballast and finely
granulated GEKG/QI-bentonite from Sud-Chemie
Bentonite content 10 % and bulk density 2.32 tonnes/m3 (saturated)

Gas pressure
kPa

20
40
60

T'Tie after start
with gas pressure, h

24
96
5

Observations

Gasflov: which stopped
Gasflow which stopped

Break through

As can be seen from the data the existence of a low critical gas

pressure has been confirmed by the measurements. This means that

there will be no risk for the formation of highly compressed large gas

bubbles.

The E-modulus (Young's modulus) was calculated from plate-tests by

the use of the following formula:

d"s

where

P = vertical force
s = setting
d = plate diameter
v = contraction coefficient

As it was not possible to measure a correct value of r, the

value r = 0.3 was used for the evaluation. The results are presented

in Table 6.5.
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Table 6.5 Measurements of E-modulus

Bentonite-sand-grade

5/95
10/90
10/90
30/70
SFR-material 10/90 (Fors-
mark ballast and Sud-
Chemie's bentonite)

Bulk density
tonnes/m3

2.13 (unsaturated)
1.98 (unsaturated)
2.21 (saturated)
1.99 (unsaturated)

1.97 (unsaturated)

MPa

45
85
15
20

110

The E-modulus of the unsatJrated materia! seems to have a maximum

for a bentonite grade of 10%. The reason for this might be that the

grading of the mixture gives an optimal combined effect for the

components without leading to a specially high bulk density.

This would indicate that a mixture with 10% bentonite and with

correct grading of sand and bentonite will, after refilling the slot,

(unsaturated), have a small compressibility and a low hydraulic

conductivity.

6.6 Conclusions

Based on the results obtained in both laboratory scale and mega-
permeameter scale, the following conclusions have been reached.

The two different scales used in the tests have shown no

significant differences due to the sample volumes. This

means that edge effects of the equipment are negligible.

The only difference that has been observed is that the larger

samples could also use part of the larger grains in the

ballast and that the compaction of the larger samples was

somewhat better. Further tests of bentonite-sand mixture

properties can be carried out with a high degree of accuracy

in the smaller laboratory scale.

With optimum ballast and bentonite grading it appears to be

possible to construct a bentonite-sand barrier with a

bentonite content of 10% by weight which will give a

hydraulic conductivity in the range of 10'10 to 10"1! m/s.



The measured swelling ability of 10% bentonite mixture is

satisfactory for WP-Cave purposes.

At proper ballast grading, the 10% bentonite mixture can

have a confined modulus of compression in the order of 150

- 200 MPa.

The measurements of the hydraulic conductivity of

bentonite-sand mixtures are not uniform in indicating trends

of decreased conductivity at decreasing gradient. However,

they clearly show that the conductivity will not increase

with decreased gradient.

The measured gas conductivity is satisfactorily high. The

conclusion is that there is no risk of trapping large volumes

of highly compressed gas inside the bentonite-sand barrier.

A high density is found to be important to the hydraulic

conductivity and the deformation properties. The best

compaction method ought to be identified especially for the

parts closest to the rock wall, which are the most difficult

ones to compact.



7. FUNCTION OF THE HYDRAULIC CAGE

7.1 General

The analysis of the hydraulic cage regarding the long-term case when

the WP-Cave is water-filled, has been conducted by mathematically

modelling the ground water flow patterns near the hydraulic cage.

The design of the cage when constructed from horizontal annular

tunnels is shown in Figure 7.1. Different stages have been considered

for the different approaches to the problem. The models have been

used to exemplify the function for selective input data appropriate to

Swedish bedrock. The different modelling stages have been:

Stage I Preliminary analysis considering 2-dimensional modelling in

order to obtain an insight into the efficiency of the cage

prior to the outlining of a 3-dimensional model.

Stage 2 3-dimensional modelling of the effect of the hydraulic cage

on the ground water flow near the cage.

Stage 3 3-dimen3ional modelling of the effect of the bentonite-sand

barrier, both closed as well as with openings or flaws, on the

ground water flow near the cage.

Stage k 3-dimensional modelling of the combined effect of the

hydraulic cage and the bentonite-sand barrier on the ground

water flow near the cage.

The results of the different stages have been continuously document-

ed (Refs 7-1, 7-2, 7-3 and 7-k) and are summarized below.

7.2 Preliminary Analysis

Initially, prior to the Saltsjöbaden seminar, consideration was given

to the possibility of calculating the effect of the hydraulic cage and

the bentonite-sand barrier (Rtf 7-5). Simplified models were adopted

in order to find out the magnitude of results that could be expected

and where difficulties could be anticipated.
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Drillholes in hydraulic cage

Annular tunnels

Figure 7.1 Hydraulic cage



Based on a simplified spherical model of the hydraulic cage, it was

found that a homogeneous rock mass will allow only a small flow of

ground water through the cave as long as the cage consists of drilled

holes in the rock mass. Theoretically, some flow paths will pass

between tha holes. The size of the holes as W3ll as the distance

between them are important factors which influence the total effect

of the cage. In other words, the design of the hydraulic cage will have

to be made in accordance with those requirements which are deter-

mined for the flow through the storage.

Another general result presented was that, in the regional ground

water flow the hydraulic cage is as protective as the bentonite-sand

barrier, when the ratio between the hydraulic conductivity of the

hydraulic cage and that of the rock mass equals the ratio between the

hydraulic conductivity of the rock mass and the bentonite-sand

barrier. For example, if the hydraulic conductivity of the rock mass

is 10~9 m/s a hydraulic cage with the hydraulic conductivity 10"' m/s

is as effective as a bentonite-sand barrier with the hydraulic

conductivity 10"^ m/s.

Based on the experience gained during the pre-seminar study, an

exact 2-dimensional computer solution was set up for the hydraulic

cage (Ref 7-2). For this purpose it was assumed that the hydraulic

cage consisted of infinitely long vertical boreholes. This approximat-

ion does not take the 3-dimensional boundary effects into account. It

is quite good, however, because the flow through the central part of

the cage is roughly 2-dimensional and occurs mainly on the horizontal

plane. The input to the model is given by two variables for the design

of the cage. These are the ratio between the radii of the hydraulic

cage and the boreholes and also the number of boreholes. The results

are presented as the ratio between the flow that passes through the

hydraulic cage and the ground water flow that would have passed the

same rock volume if no hydraulic cage had existed. The exact

solution has been obtained by the use of a computer programme and

hes been plotted in Figure 7.2. From this it is seen, for example, that

with a hydraulic cage with a radius of 75 m and a borehole diameter

of 75 mm (r/R = 0.001), the hydraulic cage will collect 97% of the

ground water flow when the distance between the holes is about 3 rn

(150 holes) and 99% when the distance between the holes is about

1.5 m (300 holes).
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5 0 1OT 150 iCO ISC JåO 350 100 450 SDO

Figure 7.2 Ratio \i between flow through the hydraulic cage and total flow in
the rock mass as a function of number n of boreholes in the cage,
r is radius of boreholes. R is radius of the hydraulic cage

7.3 3-dimensional Modelling of Efficiency of the Hydraulic Cage

The 2-dirnensional analysis shows that the hydraulic cage would

significantly improve the construction as compared to a concept

without a hydraulic cage. The modelling of the ground water flow is

based on the fact that it will follow the path of least resistance. The

existence of a borehole gallery where the bor?holes are connected to

each other will result in a number of wells, each having the same

head. This head will be approximately equal to the mean value of the

heads in the surrounding rock mass at the downstream and upstream

edges of the gallery. As a consequence, the upstream part of the

hydraulic cage will have a lower head than the rock mass ,md the

water is drained into the hydraulic cage. The opposite applies to the

downstream part of the cage. The effect of the hydraulic cage is that

it creates this redistribution of the ground water flow and leaves the

central rock mass with an almost stagnant water volume, which will

then have a low gradient. The 3-dirnensional boundary effects ire
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not, however, taken into account in the 2-dimensional model. This

simplification tends to underestimate the flow through the central

rock mass. The 3-dimensional modelling (Ref 7-3^ of the flow near a

hydraulic cage results in a much more realistic approach.

The first stage of the 3-dimensional effects on the flow pattern only

takes into consideration the hydraulic cage. Different geometries of

the cage have been simulated and also flaws in the cage, such as

clogged boreholes.

The 3-dimensional model was evaluated with the use of a computer

programme. Five different shapes were chosen for the cage, as seen

in Figure 7.3. The volume of calculations needed for each borehole in

the 3-dimensional model has limited the number of holes used in the

evaluation of the model. The radius of the hydraulic cage was

assumed to be 75 m and the radius of the holes 75 mm. Due to

computer capacity limitations, the number of holes was set at only

20, which gives a distance between the holes of about 23.5 m. The

optimum number of holes is ov*r 100 for a cage with a 75 m radius.

The absolute values of the results obtained, therefore, are of less

interest and are only looked upon as relative values for comparison

and determination of the most effective design of the hydraulic cage.

By comparing the results from the 3-dimensional evaluation with

similar calculations for the 2-dimensional model, it has also been

possible to see how much more accurate the 3-dimensional model is.

The ground water flow towards the three frontal boreholes of the

cage is shown in Figure 7.k. The stream lines show that the flow

heads towards the holes of the hydraulic cage and also passes them in

the rock mass between the holes. In the bottom figure, the horizontal

lines show the piezometric head. This is higher when the distance

between the lines are smaller.

The evaluation of the efficiency of the hydraulic cage has been

carried out for horizontal flow as well as for a flow inclined 30° to

the horizontal plane. The results obtained are in the form of diagrams

of the piezometric head as shown in the examples for Cases A and E

in Figures 7.5 and 7.6.

In absolute values the efficiency of the hydraulic cage has been
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described as the percentage of the ground water that will pass the

hydraulic cage and flow through the storage which is assumed to be

l<fO m high and 65 m wide.

CASE A CASE B
CASE A: Length of boreholes is 300 m
CASE B: Length of boreholes is 200 m
CASE C: Length of boreholes is 200 m. Two of

the boreholes are clogged

CASE C

CASED CASEE

CASE D: Length of boreholes is 200 m. Upper and lower
60 m of boreholes are inclined 45 degrees

CASE E: Length of boreholes is 350 m. Upper 125 m
and lower 105 m of boreholes are inclined

Figure 7.3 Definition of five different geometrical designs for which model
calculations of efficiency of the hydraulic cage have been perfor-
med
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PCZOMCTWC HEAD LINES
FLOW STREAM UNES

Figure 7.4 Left-hand figure shows part of borehole array used for showing
flow towards a hydraulic cage
Right-hand figure shows piezometric head and streamlines aro-
und front boreholes of a hydraulic cage

The different values calculated for horizontal flow and 30° inclined

flow, are shown in Table 7.1. Additional calculations have also been

carried out for Cases D and E for 60° and 90° inclined flow

respectively (Table 7.2).

One conclusion made from the calculations is that the most effective

design of the hydraulic cage for horizontal and slightly inclined flow

is with long boreholes, Case A, which has hole lengths of 300 m. For

20 holes in the hydraulic cage, the flow through the storage is

calculated to be 29% for a horizontal flow and 28% for an inclined

flow. As seen in Table 7.1, the values for Case E with horizontal

boreholes are somewhat higher regarding horizontal flow.
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Figures give hydraulic head in m when
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Figure 7.5 Piezometric headlines in vertical (lower figures) and horizontal
(upper figures) planes through centre of the cage for a hydraulic
cage with a borehole length of 300 m (Case A). Figures show re-
sults for a unit flow with an inclination of 0° and 30° to horizontal
plane
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Figure 7.6 Piezometric headlines in vertical (lower figures) and horizontal
(upper figures) planes through centre of the cage for a hydraulic
cage with a borehole length of 350 m. Upper 125 m and lower 105
m of boreholes are inclined (Case E). Figures show results for a
unit flow with an inclination of 0° and 30° to horizontal plane



Table 7.1 Efficiency of the hydraulic cage with only20boreholes as a percenta
ge of flow in the rock mass through cage centre for modelled cases at horizontal
and 30° inclined flow

Horizontal
flow

30°inclined
flow

Case A

29

28

Horizontal uni

Case B

32

t f lo* %

Case C

39

Case D

32

31

Case t

3!

28

Table 7.2 Efficiency of the hydraulic cage with only 20 boreholes as a percen-
tage of flow in the rock mass through cage centre for Cases D and E at different
flow angles to the horizontal plane

Angle to horizontal
plane

Flow through cage
centre in %

Case D

30°

32 ! 31

60°

30

Case E

90° I 0° ; 30° 60° . 90"

30 I 31 i 28 ! 22 19

Table 7.1 also shows the relative increase of flow through the

hydraulic cage when two of the holes are clogged, Case C. The

increase of flow compared with Case B is about 7% in absolute value.

When the hydraulic cage is designed with inclined boreholes, it

becomes more effective in reducing the flow when the flow angle to

the horizontal plane increases. Thus, the hydraulic cage is most

effective in extreme recharge areas. The flow through the storage is

decreased from 31% to 19% in Case E when the flow angle increases

from 0° to 90°.
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The comparison between the 2-dimensional and 3-dimensional models

has been made for the 20-hole concept. The results obtained show

that a 2-dimensional model somewhat underestimates the flow

through the cage centre but only to a minor degree. Table 7.3 gives

the ratio between the 3-dimensional flow and the 2-dimensional flow

for Cases A, B, D and E.

Table 7.3 Calculated 3-dimensional flow for Cases A, B, D, and E in terms of
2-dimensional flow

Calculated case

Case A
Case B
Case D
Case E

Flow 3D/2D

1.02
1.12
1.12
1.07

j
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The conclusion is that the 2-dimensional model gives results in the

same order of magnitude as the 3-dimensiona! model. Thus for the

design purposes, such as shape, number of holes, etc, the work can be

done with the more simple 2-dimensional model. Only at a later stage

is it necessary to check the results by applying the 3-dimensional

model.

7 A 3-dimensional Modelling of Efficiency of the Bentonite-

Sand Barrier

The efficiency of the bentonite-sand barrier was modelled for the

two design concepts with and without a bottom cone in the bentonite-

sand barrier (Figure 7.7). Different values have been assumed for the

thickness of the bentonite-sand barrier and the ratio between the

hydraulic conductivity of the barrier and the rock mass. The results

are obtained as the percentage of the groundwater flow that passes

through the bentonite-sand barrier. The flow is assumed to be

horizontal. The results are shown in Table 7A.

//
1 U

i
i __i

1 H
i

Figure 7.7 Definition of two different geometrical designs for which model
calculations of the bentonite-sand barrier have been performed.
Width in both cases is 100 m. Closed barrier height is 245 m. Open
bottom barrier height is 195 m
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Table 7.4 Efficiency of the betonite-sand barrier as a percentage of flow in the
rock mass through storage for the two design concepts

k^/k = ratio of the hydraulic conductivity
mass (k)

for the barrier (k^) and the rock

A = Bentonite-sand barrier with bottom cone
B= Bentonite-sand barrier without bottom cone

Thickness of barrier

1 m
5m
5m

kb/k

0.01
0.01
0.1

Flow in % through storage for

A

52
12
63

B

19
65

The comparison between the two design concepts, with and without

bottom cone, shows that there is only a slight difference between

them when constructed in a homogeneous rock mass. It can further be

seen that the thickness of the barrier is of great importance and also

the difference in hydraulic conductivity between the bentonite-sand

barrier and the rock mass. If, for instance, the bentonite-sand barrier

can be constructed with a hydraulic conductivity 10 times lower than

that of the surrounding rock mass, the barrier rejection is only about

35% of the ground water flow in the surrounding rock mass. On the

other hand, the rejection is calculated to be about 90% when the

hydraulic conductivity of the barrier is 100 times lower.

7.5 3-dimensionai Modelling of Combined Efficiency of the
Hydraulic Cage and the Bentonite-Sand Barrier

An approximate estimation of the efficiency of the combined barriers

can be achieved by multiplying the efficiency of the bentonite-sand

barrier given in Table 7.k with that of the hydreiulic cage given in

Figure 7.2. The combined efficiency has, however, aiso been modelled

with the 3-dimensional model for a hydraulic cage with 20 boreholes.

Both the hydraulic cage and the bentonite-sand barrier were modelled

as closed barriers (Figure 7.8). The res^ It is presented in Table 7.5.

Table 7.5Combined effect of the hydraulic cage and the bentonite-sand bar t ier.
Hydraulic cage has only 20 boreholes

Thickness of bentonite-sand barrier
kb/k
Flow through storage in %

5m
0.1
16
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Figure 7.8 Definition of geometrical design for which model calculations of
the combined barriers have been performed

It can be seen that the combined barriers reduce the flow through the

storage to 16°6 of the flow in the rock mass. Most of this reduction is

due to the hydraulic cage. If the two barriers are studied separately,

it can be seen that the cage reduces the flow by about 70% and the

bentonite barrier by about 35%, i e the through-flow is 30% and 65°6

for the respective barriers. It should be noted that the cage is

designed with only 20 boreholes in these calculations. With an

increase in the number of boreholes to 150, the flow through the

storage is reduced to less than 3% and this is due to the cage only.

This would indicate that the flow through the storage would be

reduced to less than 2% for a hydraulic cage with 150 boreholes in

combination with a bentonite- sand barrier.

The reason for exemplifying the elficiency of the combined barriers

with only 20 hole» is the long computer time and large computer

capacity required for a large number of boreholes. The results given

for 20 holes are, however, quite satisfactory for evaluation of the

ground water diverting functions, but not for optimizing the design.
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7.6 Conclusions

T^ • t— , ~ * _ ^ - u . * »u _ i-,.. j _ , . . ! : ~ —. ™~ — . ~ k . ^ . ^ ^ u ^ —. -, * : ~ , H . .
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modelled in 2-dimensions as well as in l-dimensions. Consideration

can also be given to possible flaws in the cage.

The results indicate that the hydraulic cage, with a diameter of 150

metres, will divert approximately 97% of the ground water flow when

the borehole spacing is about 3 metres. Such a high degree of

diversion is quite satisfactory. It is also possible to construct the

cage with a spacing of 3 metres between the boreholes.

The difference in results between the 2-dimensionai and 3-dimenston-

al model is very small. This indicates that the basic design, such as

borehole diameter and borehole spacing, can very well be carried out

using the 2-dimensional model.

The 3-dimensional calculations show that a nvdraulic cage, consisting

of long vertical boreholes, is as effective as a closed cape for

horizontal and slightly inclined flow. In a uniform flow field, very

small amounts of water flow into the interior through the "open"

areas at the top and at the bottom. The design concept of the

hydraulic cage with inclined boreholes becomes more effective when

the gradient of the ground water flow is more pronounced, i e in

extreme recharge areas.

Concerning the efficiency of the bentonite-sand barrier, the two

design concepts, with and without a bottom cone, are almost equally

effective in reducing the ground water flow through the storage.

However, no calculations have been made for possible openings in the

rock due to thermal expansion. The alternative with no bottom in the

bentonite-sand barrier cannot, therefore, be commented upon with

regard to what would happen if the hydraulic conductivity in the

bottom part of the ro~!c should increase due to rises in temperature.

When comparing thr- ground water diversion efficiency of the

hydraulic cage and of the bentonitf-sand barrier, the calculations

show that it ts possible to create a much higher effect with the cage

than with the bentonit?-sand bar-ier. With 1 SO boreholes, the

hydraulic cage will reduce the flow thro':j*h the storage by about

97%, compared with \ reduction o; V>rY-, f<••<'• a bentonit^-sand b.imer

w i t h ; i h v d r ' j i l i ' " r - o n ^ ' i ' - t i w i t v f f » n t r r i - - j o s s ' h a n t h . i t o f t h f r . v k .



S. GEOMECHANICS OF WP-CAVE WITH OPEN BOTTOM IN

THE BENTONITE-SAND BARRIER.

8.1 General

In 1983 the University of Luleå conducted a detailed assessment of

the WP-Cave concept by order of the National Board for Spent

Nuclear Fuel. The report, which is in Swedish (Ref 8-1), resulted in a

list of subjects for further development in the WP-Cave concept, in

various fields of mining and refilling techniques. Those suggestions

were also taken up at the Saltsjöbaden Seminar and were considered

in the working programme for this project. One result of the work,

not mentioned in the document (Ref 3-D but taken up in discussion

after the report was already printed, was to design an alternative

layout of the bentonite-sand barrier where the bottom cone of the

barrier is left out and the interior of the storage stands on a base of

bedrock.

8.2 Study Assumptions

1 his alternative layout was further discussed at the Saltsjöbaden

Seminar and the Project Board decided that it should be studied from

a rock mechanics point of view. A general layout was assumed as

shown in Figure 8.1. As a first approach, the walls of the cylindrical

part of the barrier were extended 30 m downwards. When the results

of the calculations were available, it was found that this estimate

was reasonable.

The finite element study was carried out on a linearly elastic model

(Ref 8-2). The structure has an axi-symmetric geometry which means

that a 2-dimensional calculation will suffice for axi-symmetric

loading.

As shown in Figure 8.! the centre of WP-Cave is assumed to be
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situated 350 m below surface. This means that in the calculation

model, the top of the cave is said to be located 225 m below surface

and the bottom of the barrier 450 m below surface. These values

affect the rock mechanics constants which are used in the

calculations.

55M .'

/I

9
! 70M

CENTRE t ' - T -
REPOSITORY,' *
350M BELOW»
SURF»CE r*^

•II
IS i

65M

IO0M

1 10M

Figure 8.1 Geometry for finite element analyses

In an ideal rock, there are advantages and disadvantages with

increasing or decreasing the depth of location of a WP-Cave. Our

present knowledge of the stress situation in the earth's crust shows

that a hydrostatic stress condition exists at about ' 000 m depth. Such

a condition makes the deep location of the WP-Cavt favourable. On

the other hand, however, the absolute values of the stresses increase

with depth and when rock stresses created by excavation and thermal

load are taken into account, it is advantageous to place the WP-Cave

higher up. No rock formation is ideal, however, and it is therefore of

great importance to determine rock stress conditions at various

locations and then decide which depth will be most advantageous. The

calculations in the current study will give guidelines as to what can

be expected with the present alternative layout of the bentonite-sand

barrier.



8.3 Finite Element Calculations

In order to simulate various sequences of excavating the storage and

the bentonite-sand barrier, six different situations were calculated,

as shown in Figure 8.2. A seventh case, Case G, considered super-

posing of maximum rock stresses due to thermal load.

65

••• CASE Q • "

WP-CAVE

Finite element modelling of Cases A-G

D BOUNDARY OF MODEL

MINED OUT

FILLING

Figure 8.2 Finite element modelling cases

The material constants for the rock mass were assumed to be as

follows:

Young's modulus E

Poisson's ratio

Density

Thermal expansion

= 00 GPa

= 0.2

= 2.7 tonnes/m^

= 12.0 x 10"6 1/degree C



The material constants for the bentonite-sand mixture in the barrier

were considered to vary from one part to another since it is assumed

that different bentonite grades will be ustd in di ferent parts of the

barrier. The barrier was divided into three section. as follows:

Section I *50 m to 380 m below surface

In this section, the main function of the mixture is to support the

walls of the barrier and to provide a barrier with low hydraulic

conductivity around the waste storage. A sand 'bentonite mixture

with a ratio of 90/10 by weight is suggested for this section and its

material properties are shown in Table 8.1.

Section II 3S0 m to 225 m bolow surface

The use of a mixture containing a slightly higher bentonite content is

recommended for this section. A 80/20 mixture is therefore used in

the modelling here with properties as shown in Table S.I.

Section HI 310 m to 225 m below surface

The conical section of the barrier has been assumed to be refilled

with a 50/50 ratio of sand/bentonite mixture.

Table 8.1 Bentonite-sand barrier properties at different sections

Section
Level below

surface
m

_!!! 1.
450-380
380—310
310-225

Weight ratio
sand/bentonite

90/10
80/20
50/50

Young's modulusi
MPa

150
50

Density
tonnes/m3

2.2
1.9
1.8

For all bentonite-sand mixtures, Poisson's ratio is estimated to be 0.3

In order to evaluate the results obtained from the calculations, two

different failure criteria were applied. The first was the Hoek and

Brown failure criterion, which results in a stress which can be

compared with the maximum stress the rock can stand. The com-

parison gives the safety factor for that part of the rock which the

calculations consider. The second failure criterion used is Stacey's

which calculates the minor principal strain. If this value is lower than

a certain critical value, extension failure is assumed. For the Hoek

and Brown criterion, a compressive strength of 200 MPa was



considered for the rock and for the Stacey criterion an extension

strain of - 300 micro-strains was adopted as a reasonable value for

granitic rocks.

A safety factor of about 1.3 is often recommended for underground

structures. No design which gives a lower value is considered to be

stdble permanently.

The results are presented in Table 8.2 where the values given in the

table are calculated for the seven cases at different places along a

horizontal plane located at the level -378 m , as seen in Figure 8.3.

Figure 8.3 Selected points at —378.0 m level for summarizing results of the
finite element analyses
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Table 8.2 Summary of results from finite element analyses

CASE

A
B
c
D
E
F
G

DISPLACEMENT

MAX

33.
5.7

33.
26.
26
V

131.

A1

32
0.8

32.
10.
20.
.11
33.

(mm)

POINT
B'

22.
0.8

22.
5.
5.

22
100

C

20.
1

20.
10.
10.

n
85.

D'

5.
6.
6.

10.
15.
3

55.

MAX

43.8
43.0
43.8
42.9
42.9
43fi
67.4

HOOP STRESS

A

42
27.
43.
36.
36.
40.
66.

(MPa)

POINT
B1

2.
28.
2.

30.
32.
2.

- 1 5 .

C

0.
28.
2.

20.
22.
?

- 1 0 .

MAJOR PRINCIPAL STRESS
IN

MAX
D'

- 1 . 80.9

30. i 43.

3.181.0
18.! 76.6
11. ?67
2 80 0

12. i 95.6

X-Y

A'

6.
23.
8.

60.
60.
a

23.

PLANE (MPa)

POINT
B'

3.
22.
2.

55
55.
6
3.

C

3.
22.
3.

23
26.
5

13.

D'

4
17.
4.
4.

12.
7

23.

CASE SAFETY FACTOR ACCORDING TO
HOEKBROWN FAILURE CRITERION

MIN
A'

POINT
B' C

A
B
C
D
E
F
G

0.73
1.17

0.73

1.18
1 18
0.36
0.60

1.0
>2.0

1.0
1.75
1.75

< 1.0
1.0

>2.0
>2.0
> 2.0

1.75
1.75

>2.0
>2.0

>2.0
> 2.0
>2.0
>2.0

1.75
>2.0

1.75

>2.0
1.5

>2.0
>2.0
>2.Q
>2.0

2.0

EXTENSION STRAIN

MIN
A'

POINT
B1 C

- 266 - 2 0 0 > - 50> - 50>
— 59 > 0> — 50> — 50<
-268 < - 1 5 0 < - 50< - 50>
—211 -100 -100 -150
-212 - 75 - 1 0 0 -150
- 280 < —150< - 50> - 50>
- 390 < -350 -300 -150

D' I

- 50|
—150
- 50
- 50
- 75
- 50l
—150

The results show that mining of the barrier and subsequent refilling

causes a displacement of about 30 mm for the outer wall of the

barrier. The displacement of the inner wall depends on the sequence

of mining. After 120 years of thermal loading (Case G), stresses and

displacements undergo a dramatic change. This is clearly seen in

Table 8.2.

Independently of the sequence of mining, and before heating, the

hoop stress never exceeds W MPa, and the major principal stress in

thf X-Y plane is always below 82 MPa.

The safety factor calculated from the Hoek and Brown failure

criterion shows considerable variation in the walls of the slot, which

depends on the sequence of mining and refilling. The safety factor

always exceeds 1.5 for the rock mass between the slot and the

central shaft at level -378 m. This is also the case after heating the

storage for 120 years. However, this is only valid for a section at the

mid-height of the storage. The area between the bottom of the

barrier and the centre line of the storage shows considerably lower

values for the safety factor.
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Minimum extension strain always exceeds -300 micro-strains in the

structure except for Case G in which extension strains in the vicinity

of the shaft vary from -350 to -390 micro-strains.

The swelling pressure of the bentonite-sand mixture was not

incorporated in the analysis. Since the bottom part of the barrier is

filled with a mixture having a low bentonite content, only minor

changes in the stress and displacement fields are anticipated

8.4 Conclusions

Based on these results, the following conclusions have been reached:

No stability problems are anticipated in excavating the

storage, i e central shaft and canister channels (Case B).

Here, only moderate hoop stresses and major principal

stresses are encountered and the displacements of the shaft

wall are found to be about 6 mm.

Excavation of the barrier and its refilling with bentonite-

sand mixtures (Case A) gives a maximum closure of 53 mm

for the walls of the barrier at its mid-height. Stress

concentrations of the order of 85 MPa appear at the bottom

of the barrier, together with minor tensile stresses at its

inner wall. A safety factor of 1.3 and above calls for rock

support at the outer wall of the barrier.

Excavation and refilling of the barrier causes a de-stressing

of the central core of the storage (Case C). De-stressing the

large rock volume might cause large-scale block caving and

instabilities of the storage volume. The need for rock

support at the outer wall of the barrier remains. No tensile

stresses appear along the plane from the bottom of the

barrier to the centre of the storage.

Successive excavation of the barrier upwards does not cause

any major problem, except when the barrier has reached tho

uppermost part of the cylindrical part. Then tensile stresses

occur at the inner wall of the barrier and failures ar~ li!-c!y
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to appear at the top of the shaft wall. Once the conical part

of the barrier is completed, a safety factor greater than 2 is

obtained.

Heating the storage for 120 years, with no air-to-air heat

exchange for the last 20 years, will cause drastic changes in

displacements and stresses at the inner wall of the barrier

and create large tensile stresses. The expansion of the inner

core causes a convergence of 150 mm of the wall of the

barrier and creates large tensile stresses at the inner wall of

the barrier. In practice, this will lead to a widening of the

joints. The hoop stress will increase by 50% and the outer

wall of the barrier will still require reinforcement.

Extension strains of the order of - 350 micro-strains will

appear at the inner wall of the barrier. This is beyond the

limit for most granitic rocks. But already before reaching

this limit, the rock will start to crack. The result will be a

rock mass consisting of blocks free to move from each other

but kept in place by the surrounding blocks and, at the

border of the bentonite-sand barrier, by the refilled

bentonite-sand mixture.
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9. FULL-FACE BORING OF WP-CAVE

9.1 General

It is considered to be of great importance that the walls, tunnels and

shafts inside the bentonite-sand barrier are not exposed to heavy

damage during excavation. Although very effective smooth blasting

techniques are well known, they still create a zone of micro-

fractures in the rock closest to the blasted wall. However, when full-

face boring is used, no such damage has been observed in the past.

This method also gives a very smooth wall in large-area operations,

especially in competent rock masses.

The full-face boring technique has been widely used in both hard-rock

mines and hard-rock civil works- In Sweden, the main applications so

far have been to vertical or inclined raises and horizontal drifts.

The full-face boring technology has been thoroughly investigated (Ref

9-1) and a visit was made to the leading equipment manufacturers in

the USA. A study of different layouts indicated that the one shown in

Figure 9.1 was the most advantageous. Therefore the discussion

regarding ful I-face boring is concentrated on this layout.

INNER SHAFT1 v- HEAT
\ EXCHANGER

ii
il

OUTER A
SHAFT

CANISTER
CHANNEL

SECTION B-B

CANISTER
CHANNEL

0 5 torn

SECTION A-A 9-iL?"1 Figure 9.1 Studied design of storage
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A variety of boring machines are available from different manu-

facturers. They are divided into different groups according to the

method of working.

9.2 Raise Boring Machines (RBM)

These are the most common machines. They can make raises in the

range 0.9 to 6.3 m in diameter and up to 900 m in length. The boring

method starts with drilling a pilot hole from the top level to the

bottom level. Then the pilot hole is raised to full diameter from

bottom to top.

Hole deviation can be kept very small. The largest source cf error

seems to be in the alignment of the machine.

9.3 Blind Hole Raise Drill (BHRD)

This type of machine is less widely used. This is due to the efforts of

users to design excavations to suit the conventional RBM-machines.

The BHRD can bore upwards at angles greater than 30° to the

horizontal. The largest machines on the market today have a capacity

of 150 m with a diameter of 1.5 m, see Figure 9.2. The Robbins

Company has developed a BHRD-machine which has a built-in muck

removal system for drilling downward sloping holes, see Figure 9.3.

The machine is new and has, at present, a bore diameter of 0.9 m but

the manufacturer has full confidence in the possibilities of drilling

1.5 m-diameter holes of 30 m length.

9.4 Multi-purpose Boring Machine (MBM)

This type of machine has recently been presented by Atlas Copco-

Jarva. It is a down-the-hole type and can bore at any angle as long as

the cuttings can be removed by flushing. The boring starts from a

launch tube which can f i t into any raise with a diameter of 5 m or

more. The bore diameter is 1.7 m but a 2.2 m model is also being



Robbins
Blind Hole Raise Drill

model

FOR USE WHERE ACCESS AT THE f OP OF THE RAISE IS LIMITED OR NONEXISTENT
For 5 ft (1.5 m< diameter raises to 400 ft '122 m)

cigure 9 2 Blind Hole -»ast Orm (BHRD)

designp ' rhe machine ,pp Figure 9.4) is planned to be on t >• narket

at the en,- of 198 5.

9.5 Conclusions

The conclusions of the investigations are that the storage m be ful l -

face bored with machines on the market today. UitH respe- i to the

inclined ranister channels, however, more suitable equipment is being

tested nght now and, if this fulf i l ls expectations, smaller sized
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equipment with higher capacity •».!•! be made available.

fn the next 5-S years, machine manufacturers do not expect any

dramatic changes to occur except those already reported. They

estimate a gradual improvement h cutters resulting in a 25%

:P:rease in boring rate.

The most difficult parts to excavate in U'P-Cave will be the inclined

canister channels. The main reason for this is that the machine must

work from a platform in a raise.

The central shaft will require some special arrangements if it is to be

mechanically excavated. A pilot raise in the centre will be made

first. However, benching out to a diameter of 1'+ m is not a standard

method today and thus different alternatives will have to be

considered for this work.

Figure 9.3 Robbins concept for horizontal and inclined boring of short holes



LAUNCH SEQUENCE

Rear view of launcher.
Showing cutting plane used
for sequence views

MBM tilted up into launch position

ATLAS
COPCO
JARVA

Launcher fully extended and
collared into rockface

MBM shown at start of first
push where it is gripped into
rock alone. Reset grippers
are still in launch tube

Figure 9.4 Start of boring with a Multi-purpose Boring Machine (MBM)



10. MECHANICAL DESIGN OF CANISTERS

10.1 General

The WP-Cave concept is based on the principle that the two outer

barriers, the hydraulic cage and the bentonite-sand barrier, will

isolate the interior parts where the spent fuel is stored. The canisters

will not have to be designed to act as a barrier in the long-term.

Canister integrity will only be vital in the initial stage, which has

been stated to be 1000 years. During the first 100-200 years of

supervision, the idea is that the canisters should be accessible in WP-

Cave which means, in practice, that the canisters must be in such a

condition as to withstand handling by the retrieving equipment. When

the storage has been sealed and abandoned, it will be advantageous if

the canisters can withstand corrosion attack until short-lived radio-

active nuclides will have had time to decay, thereby decreasing the

temperature of the spent fuel.

With respect to these requirements, it has been considered most

appropriate to design a canister made of a cheap but stable material

which can be allowed to corrode. It has been found that carbon-steel

would be most suitable.

10.2 Study Assumptions

The design of canisters has been studied at the Solid Mechanics

Division of Chalmers University of Technology, Gothenburg (Ref 10-

1). The design has also been a question of concern for the Project

Management during the present research and develcoment stage.

Some fundamental variables have been given fixed values.

One assumption is that the canisters shall f it into existing transport-

ation casks as used for spent nucJear fuel today. Thos>* rasks ha"e an

inner diameter of 920 mm, implying a maximum outer diameter of

the WP-Cave canister of 910 mm. The inner length of the cask is

k 655 mm. This is perfectly adequate, since this length has already

been selected with due regard to the length of the furl elements.



The temperatures expected in the steel and different mechanical

loads which couJd deform the structure at the calculated

temperatu-es, have been considered in the present design of the

canisters.

10.3 Temperature in Canisters

It has been found that the maximum number of fuel elements in one

canister will be 17 BWR-elements. A possible geometry has been

outlined, see Figure 10.1. The canister is divided into cells 5 mm

wider than the fuel element. The cell walls are assumed to be 6 mm

thick. In order to make space for the cell walls, the wall of the

canisters will be W.5 mm thick. Before tightening the canister, the

space between the fuel elements and the canister wall is filled with

helium, or some other inert gas.

©

W A L L - T H I C K N E S S 4 4 . 5 MM

Figure 10.1 Possible geometry of dry shielded canister with internal basket
for WP-Cave

The temperature distribution within the canister, when filled with

spent fuel, has been modelled in accordance with the simplified

distribution of the spent fuel as shown in Figure 10.2. It is assumed

here that all the spent fuel is located in a uniform cylinder in the

centre of the canister The various temper-.ures are then determined

as functions of the decay heat of tho fuel and the temperature
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outside the canister. The results are shown in the diagram of Figure

10.3.

temperatures in fu'ii s;xr;"g

3Wk W,e. . ft r t!."np 60 7|

;oo .10 V
' rve (yfO'

Figure 10.2 Figure 10.3
Definitions of temperatures Calculated temperatures in fuel (Tmax), gas (T3)
to be calculated and canister wall (Twt = Two), see Figure 10.2

The curve starts at year 40, due to the fact that the calculations

illustrate the case of BWR-fuel which has been intermediately stored

for W years before emplacement in the WP-Cave. Ventilation and

heat-exchange with the atmosphere last for 100 years, i e up to year

140. Then the heat exchangers a-e turned off and the temperature

increases to the level where there is a balance between the decay

heat produced and the heat conducted through the surrounding rock

mass. The diagram considers a WP-Cave with 50* canisters, i e 1600

tonnes of spent fuel. The maximum temperature in the spent fuel is

calculated to be about 160° C which is far below the 350° C at which

the sparingly soluble uranium mati ix can be oxidized into a more

water-soluble form. However, the oxidizing also requires the

presence of an oxidizing agent such as oxygen.

The maximum '3m_?er?ture in the steel material is some degrees

lower than 160°C w'u.:<. is far below that ( about W0°C) at which the

mechanical properties of steel start to deteriorate substantially.

Strength of Canister

The design for strength considers both the consequences of the

accidental dropping of the canister and canister stability in the caso
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of a rock boulder falling from the roof of the canister channel on to

the canister in its stored position. Other loading cases were found to

result in lower stresses in the canister.

The deformation model for a falling canister considers the situation

where plastic deformation of the canister occurs without damaging

the fuel elements inside. The result shows that the maximum

acceptable vertical fall for a canister is about 20 m.

A-A

Rail
support

Figure 10.4 Boulder of mass m falling on canister. Equivalent static load is ci
mg where d is a dynamic load factor

The impact from a falling boulder is based on the layout shown in

Figure \0A, One important question is how the canister is aligned in

the canister channel. In the conducted study, it has been assumed

that the canisters are placed on two longitudinal rails with a certain

distance between them. A factor affecting the results is the choice

of the dynamic load factor. Due to the rather short distance which a

rock boulder can fall, the calculations use a load factor of 2.

Furthermore, the cell design shown in Figure 10.1 allows room for

strengthening the canister walls in the space between the fuel carrier

and the canister wall. In the mathematical model, the effect of this

could be considered to be an increase in the thickness of the wall.



80J

The computer run resulted in a maximum acceptable rock boulder

weight of 32 000 kg, which means a boulder volume of about 12 m^.

In order to withstand such a load, it has been found that the angle

between the rails will have to be less than 120°. Otherwise the

support forces will be greater than the force associated with the rock

boulder. The angle should also be larger than 80° otherwise the

canister could roll off the rail supports.

10.5 Conclusions

From a mechanical point of view, a carbon-steel canister (possibly

with reinforced walls), M.5 mm thick, has adequate strength for

storage in a WP-Cave. The maximum drop height of about 20 m has

to be considered when designing various handling operations. When

transporting such a canister down into the storage shaft, the hoist

must have such protection equipment that, in case of accident, the

axial impact on the canister will correspond to a free fall of less than

20 m.

With respect to the fall of a boulder on to a canister in the storage

position, the maximum volume of the rock mass between one canister

and the next in the channel above, is roughly 20 m^. It is, however,

practically impossible for such a block to become loose arid slide

down. Joints in the rock mass would cut off a loose block and

decrease its size. The canister strength calculated here can therefore

be considered to be quite satisfactory.

This means that a canister wall of h5 mm will be sufficiently strong.

The above study does not take into consideration the wall thickness

required when corrosion effects are considered in relation to the

period of time the canisters are meant to remain intact.
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11. CORROSION BEHAVIOUR OF CANISTERS AND STRUCTURAL

MATERIALS IN WP-CAVE

II.1 General

The chain of engineered barriers in the WP-Cave concept includes the

spent fuel canisters which are intended to be designed with allowance

for corrosion. The proposed material is a low-carbon steel, which will

have to be capable of lasting for the whole period chosen as the life-

time of the canister. Due to the effectiveness of the two outer

barriers, the hydraulic cage and the bentonite-sand barrier, it is

considered appropriate that the design criterion of the canister can

limit this life-time to 1000 years.

Studies of the corrosion of carbon-steel in various environments have

been carried out over a wide field by industry. In a spent nuclear fuel

storage some corrosive elements are also produced through radio-

active decay of the fuel. This could be a problem but a State-of-the-

Art study (Refs 11-1 and 11-2), carried out by AERE, Harwell, UK,

shows that the effect of radioactivity on corrosion is negligible for

canisters of the type proposed in the WP-Cave concept. Although the

information on corrosion due to radiolysis is sparse, enough is

available for estimating the effect in a WP-Cave. Most of the studies

of radiolysis effects have b?.en carried out by AERE, on behalf of the

European Commission.

The AERE estimate is divided into three parts duting the first 1000

years, namely:

1. The 100-year dry operational period

2. The water-filling period with saturated air aruund the

canisters. Two alternatives, 50 years and 1000 years of

filling-up period, are considered.

3. Corrosion of canisters when they come under the water

table.



11.2 100-year Operational Period

During the initial dry period the environment for the canisters is very

good. This is due to the fact that the decay heat of the spent fuel

creates a hot steel surface and a hot space in the area closest to the

canisters. In this environment, no conditions for corrosion exist.

AERE's calculations on the formation of gaseous HNO3 (nitric acid)

by radiolysis of water and air, show that the quantity of HNO3

produced during 100 years is very small. For canisters with a wall

thickness of 50 mm, and a uniform corrosion rate over all the

canisters' surfaces (2500 m^), the HNO3 produced is sufficient to

cause a loss of metal equivalent to a thickness of only 3 u m.

However, as the environment arcund the canisters is not conducive to

corrosion, the metal loss from canisters will actually be much less.

Heat exchangers will be installed in the ventilation system and most

of the HNO3 will condense on them and can be withdrawn from the

storage. The remaining HNO3 will be more likely to corrode other

steel structures than canisters, e g liners, but the quantity of HNO3

is still limited and will have a negligible corrosion effect in the WP-

Cave.

11.3 Canisters Above the Water Table During Water-filling

Period

The various environments such as water vapour/air and wet environ-

ments have been studied by changing the assumptions so as to

evaluate changes in the result when the corrosion conditions are

varied.

The water vapour/air mixture, in both the 50 years and 1000 years

filling alternatives, will have an effective relative humidity of less

than 40% close to the canister's surface. At this humidity, condensat-

ion will not occur on the canisters and therefore no electrochemical

aqueous corrosion should occur.
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When the storage is being water-filled, it is possible that some parts

of the canisters will become wet as a result of ground water entering

the bentonite-sand barrier at the top of the storage and finding its

way down to the water table via joints in the rock and the lining

around the canister channels. Water drops can lead to a local aqueous

corrosion. The rate of corrosion is mainly influenced by the quantity

of oxygen in the storage. As no experimental data are available for

predicting the occurrence of corrosion on liners and other carbon-

steel material in the storage, it has been assumed in the calculations

that the most unfavourable condition for the containers prevails. This

condition is, that the liners passivate, resulting in a minimum oxygen

consumption and corrosion at a rate of one u m per year. If air is

assumed to be present in the storage at the time of sealing, all

oxygen will not then be consumed until 327 years after sealing if

water-filling takes 50 years, and not until 445 years when the wate,-

filling takes 1000 years.

With these assumptions, an analytical approach indicates a

penetration rate of 3 mm over 50 years, when air is left in the

storage at sealing. For the longer-term water-filling alternative, the

result is about 50 mm for the 445 years with oxidizing conditions.

When the oxygen in the storage has been consumed, the rate of

attack will fall. However, there are no data to support a detailed

calculation of the decrease. The worst case, which is bare metal

corrosion, has therefore been assumed. For canisters above the water

table during the last 455 years in the long-term water-filling

alternative, the depth of corrosion has been estimated to be 20 mm.

11.* Canisters in Water

Once the canister is totally surrounded by water, it is possible that

the environment in the WP-Cave may cause the canister surface to

develop a protective (i e passive) oxide film. In this case there is a

risk for local breakdown of the passive film, resulting in rather rapid

pitting penetration. This risk is greater at those spots where wetting

has occurred during the water filling-up period. The other possibility
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is a general corrosion of the total canister surface. Since pitting

corrosion is the most rapid mechanism, this is the basis of the

calculation in the State-of-the-Art report.

Based on experimental data generated at AERE, the pitting corrosion

calculations for 327 and 4^5 years, respectively, yield a corrosion

depth of 120 mm and 138 mm. These figures, however, are of interest

only as the most pessimistic figures ever to be considered, since the

laboratory tests which produce the data have only been going on for

one year. Experience from other corrosion tests shows that the

results during a one year period do not follow the same exponential

curve as those for a longer time period, such as several hundred

years. However, the change cannot be predicted by AERE at this

stage. The figures can be more thoroughly investigated if such

environments have to be considered in the future development of the

WP-Cave concept.

When the oxygen has been consumed, further corrosion of the

canister can only occur by direct reaction with water, forming iron

hydroxides or iron oxides and hydrogen gas. These reactions only

produce general corrosion and are generally slow. At higher tempera-

tures, Fe-^Otf. forms a passivating film. Based on experience at AERE,

the corrosion rate has been calculated to be between 1 and 10 «rn per

year for the environment in WP-Cave.

One difficulty with assuming this ideal situation is that it takes for

granted that the Fe30^ protective film remains intact over tlte whole

life of the canisters. Since this is uncertain for carbon-steel

canisters, it has been decided, in the UK programme, to estimate the

corrosion allowance according to the reaction of bare metal

corrosion. Values for this reaction are estimated to be 75 and kk »m

per year at 90° and 50°C, respectively.

In the case of the 50-year water-filling period, calculations show a

metal loss corresponding to about 25 mm over the 573 years after the

oxygen in the storage has been consumed. The same calculation for

the 1000-year filling alternative gives a metal loss of about 20 mm

over the 455 years the storage is calculated to be oxygen-free.
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11.5 Influence of Purging the Storage Prior to Closure

One obvious engineering solution to counteract the influence of

oxygen in the corrosion mechanism is to purge the storage prior to

sealing with a suitable gas such as nitrogen or argon. Of course, with

regard to corrosion, an oxygen-free water would give the same

effect.

The A ERE, study also considers such a measure and has estimated the

corrosion rates for the two water-filling alternatives. By assuming

bare metal corrosion to be the main mechanism, the calculations

have resulted in a corrosion rate of 54 mm in the 50-year filling

period alternative and 59 mm in the 1000-year water filling

alternative. In the 1000-year alternative, the corrosion figure applies

to penetration at local spots which have been made wet by dripping

water during the filling-up period.

11.6 Hydrogen Generation

As long as oxygen is available, corrosion will be produced by

reactions involving this gas. If oxygen is not present, however, it may

be extracted from water with the hydrogen component of the water

being reduced to hydrogen gas.

Assuming the worst case, the production of hydrogen gas has been

estimated to 229 kg per year. This is for bare metal corrosion in the

case where the storage is purged before sealing and is completely

ground water-filled in 50 years. The average corrosion rate during a

900-year period is then calculated to M «m per year, which then

corresponds to the above-mentioned hydrogen production of 229 kg

per year. However, A ERE considers this figure to be too pessimistic

and is of the opinion that a more realistic, although unsubstantiated,

value would be 10 (/m per year, resulting in a hydrogen production of

52 kg per year,



11.7 Conclusions

From the different calculations based on different assumptions, it is

possible to summarize the maximum estimated corrosion allowance

for carbon-steel canisters in a WP-Cave. This has been done in Tables

11.1 and 11.2 which show that, with present knowledge, a corrosion

allowance in the range of 50 - 60 mm during a 1000-year period will

have to be considered when the storage is operated for 100 years and

then purged with a suitable inert gas and sealed.

The canister wall, with an additional thickness of about 45 mm for

mechanical strength, will be thick enough to allow for only low

radioactivity outside the canister. This means that the low values

mentioned for nitric acid production will be even lower in reality.

Table 11.1 Summary of calculated maximum corrosion depths. 50years ground
water filling time

h

i

I "

Years

1. 0—100 (operated)
2. 100—150
3. 150-427
4.427-1000

TOTAL

Maximum corrosion depth in mm

Canister at top

Air in
storage

0003
3
70
25

98

Purged
storage

0.003
low
<29
25

<54

Canister at bottom

Air in
storage

0.003
50
70
25

145

Purged
storage

0.003

29

25

54

Table 11.2 Summary of calculated maximum corrosion depths. 1000 years
ground water filling time

r
Years

1.0—100 (operated)
2. 100-545
3.545-1000

TOTAL

Maximum corrosion depth in mm

Canister at top

Air in
storage

0.003
50
20

70

Purged
storage

0.003

59*

59

Canister at bottom

Air in
storage

0.003
138
20

158

Purged
storage

0.003

54

54

' The figure applies to penetration at local spots wet by dripping water



12. VENTILATION OF STORAGE DURING THE DRY PERIOD

12.1 General

ie compact construction of the WP-Cave creates a high thermal

density in the inner rock mass. *\ problem with this is that initially

the decay heat is too high to be transported away through the rock

mass by conduction only. Most of the heat has to be transported away

by other means and, therefore, a heat exchange system connected to

the earth's surface has been assumed. The ventilation medium in the

storage is air.

After thorough calculations of air flow in the storage, it has now

been possible to analyse the situation during the dry period (operation

period).

CENTRAL SHAFT

AIR CIRCULATION

INNER SHAFT
HEAT
EXCHANGER

DISTANCE BETWEEN
UPPtn LEVEL A(rf>
INLET Of HIGHEST
IAMSTFR CHANNEL

SECTION 6-B

SECTION A-A

Figure 12.1 Layout considered in ventilation analysis



The calculations are made for the design shown in Figure 12.1. The

air moves downwards in the outer shafts and passes the canisters in

the canister channels, where it is heated. Due to the chimney effect,

the warmer air moves upwards in the inner shafts to the top section.

There heat exchangers are arranged so that the air is cooled before

being re-circulated downwards in the outer shafts.

Two time periods have been considered, namely the start-up period

(Ref 12-1) and the steady-state period (Ref 12-2). The start-up period

is analyzed on the assumption that the full amount of spent nuclear

fuel is emplaced in the WP-Cave at one time. The air and the rock

then have the uniform temperature 10°C. The steady-state period

starts when the air in the storage has reached the design

temperatures of maximum 60°C in front of the heat exchangers and

maximum <fO°C behind.

12.2 Start-up Period

This period has been simulated by using the PHOENICS computer

programme. In order to make the simulation possible, the configurat-

ion has been regarded as an axi-symmetric system.

In the air channels, both the enthalpy and the velocity fields are

solved but in the rock mass only the enthalpy field has been

calculated. All equations are solved transiently. The initial velocity

of the air is set to zero and its initial temperature is assumed to be

the average of the temperature at 500 m depth, i e 10°C. The heat

emitted initially is assumed to come from 40-year old spent BWR

fuel.

From the first calculations, it was found that it was possible to get

an air flow with an opposite direction to the one required. It was

therefore considered impossible to start up the air flow without some

mechanical help from a fan system. Such a system was, therefore,

assumed to be installed and the calculations were then based on the

postulate that the air would move in the right direction. In Figures

12.2 and 12.3, the temperature has been given in the inner and outer

shafts at different times after start-up. After less than one day, the



temperature will have reached 40°C at the top whereby the heat

exchangers will start to work. The temperature in the inner shaft will

continuously increase and will reach a value of 47°C at the top after

about one year. In the outer shaft, the rock rr.ass around the shaft

will cool the air but to a decreasing extent. After one year, the

temperature will be almost up to ^0°C along the total length of the

outer shafts.

40.0

t(C)

00 20.0 40.0 60.0 80.0 100.0

40.0 40.0 |-

t(C)

20.0 20.0

00 20.0 40.0 60.0 80.0 'HOO

- - H 40.0

5 days
106 days
306 days

20.0

0.0 20.0 40.0 60.0 80.0 100.0

Figure 12.2
Temperature field in
inner vertical shaft versus
distance z from storage bottom,
see Figure 12.1

Figure 12.3
Temperature field in
outer vertical shaft versus
distance z from storage bottom,
see Figure 12.1

The velocities of the air in the inner shaft are seen in Figure 12.^.

They vary from about 0.3 m/s at the bottom of the storage to about

0.9 m/s at the top. This is the situation after one year.
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. . _ l J_

60.0 800 1000

- j 1_

0.8

0.4

22 h
5 -lays

106 days
306 days

oo i— -.-_i . . . . i. . ._ J_ 1 — — . -J_ o.o
0.0 200 400 600 800 100.,)

Figure 12.4 Velocity field in inner shaft versus distance z from storage
bottom, s«e Figure 12.1



The velocity in a canister channel depends on which level the channel

;s placed in, see Figure 12.5. The curve for one day explains the

necessity of starting up the circulation with the help of fans since the

velocity is very low in the top part. The shape of the curves with

different air velocities at different levels of the storage are

explained by the shape of the storage and the initial cooling effect of

the rock mass.

w (m/s/

6 0 0 8 0 0

22 h
5 day a

T06 day;
306 daya

1000

*- 06

0.4

02L

0.0" - • - --. - -^- L 0.0
00 200 400 60 0 800 1000

Figure 12.5 Outlet channel velocity versus distance z from storage bottom.
see Figure 12.1



12.3 Steady-State Period

®

The ma themat i ca l -noddling for the st^adv-s'.at-1 s

layout of Figure 12.1. The layout is !ivide J mt>- .-'i::

seen in Figure 12.6. Cross-sections ' and 2 Je-~ :

out le t respect ively of a straight r>ortio"i ">f the •:<

Accordingly, cross-sect ions 2 and 1 describe t' : •

out let fro-n a bend. The r ross-sect ions :'";. ' .;.-•

e lement where the flox is split int."» tw-> s t - - \ •

sections 20, 17 and 1 describe an e!---,en.t in .v! : ~

t^vo different air s t reams arc join-* • to : vth" ' - \

e lements have Keen ca t ego r i : ed an 1 ; ive- a s>-t v

Thus, t eTipera ture , pressure and air v*!,->.~itv • •.•-,

each in tersect ion.

HEAT EXCH FAN

15

15

Figure 126 Part of axial section of WP-Cavn /;!?h
's and c r o s v v i don-,



The calculations also assume ^G-veir old BWR fuel and have been

made for the following cases:

I year after storing when a steady-state has been reached

!0Q vears after storing

200 vears after storing

In the preliminary tabula t ions it vas fo'ind that f the resistance to

air flow ;n the storage is low, there is a nsk for reversed flou. in

some of the canister channels. In order to avoid this, a throttling is

required at the inlet of each canister channel. Sue!1 a design has

therefore been assumed, thus decreasing the open nlet area bv 5Q'-\>.

The results of the calculations are shown m Figu res !2.7, 12.8, 12.9

and 12.10. It has been assumed that the vertical distance between the

upper level, where the heat exchangers ap"* located, and the inlet of

the highest canister channel, is 20 m, see Figure 12. Furthermore, the

diameter of al! shafts has been set at 3 m.

The highest temperature is a' the outlet of the uppermost (-.mister

channel for all heat loads, see Figure 12.7. The highest temperature

calculated is 63°C. The temperature decreases with the heat load.

The air velocitv at the same intersection is in the range of 0.1 to 0.2

• n/s, see Figure 12.S. This is well within acceptable limits.

The temperature in the inner vertical shaft, see Figure 12.'). is

maximum 'iG°C. This temperature is found just above the outlet of

the uppermost canister channels. The air velocity at that

intersection, see Figure 12.10, is well over 1.0 m/s.

Further calculations have also been conducted with varvmg

dimensions of air passages. It was found here t rnt a decrease in the

diameter of the canister channels from 1.5 m to 1.3 m had a

negligible effect on the flows and the terrperaturps in the system. An

increase in the distance between the heat exchanger level and the

inlet of the uppermost canister channels from 20 to ;*0 m g.ivf a

positive effect on the performance of the ventil ition system. The

maximum temperature was also reduced from f>S°C to
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•a .
•c -_

c •

•a.

Figure 12.7 Figure 12.8
Air temperature at outlet Air speed at outlet
of canister channels of canister channels

Figure 12.9 Figure 12.10
Air temperature in Air speed in
inner vertical shaft inner vertical shaf;

necreasing the diameters of the vertical shafts and horizontal drifts,

or increasing the opening at the inlet to the canister channels, show a

more drastic effect on the performance of the storage. Ml these

changes resulted in a higher risk for reversed flow in some canister

channels for the highest heat load. As this cannot be accepted, the

design values mentioned seem to bo the ones to follow.

Increasing the diameters of the vertical shafts and horizontal tunnels

to more than 3 m will probably only cause minor changes in the air

velocity and temperature. Small effects were also found when the

area of the throttle at the inlet to the canister channels was reduced

to less than half that of the original.
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12-* Conclusions

It has been found necessarv to introduce mechanical ventilation

assistance during the start-up period. According to calculations this

would only be required for about *> days, but due to practical factors

when placing fuel in the storage, the actual time will be as lor.,* is it

takes to store all the fuel and then for another supervision Derio^ of

?-l vear before it ran be ••oncluded that the air '-ircilatiOf is

functioning well.

The calculations show that the required air cirrulation can then be

naintained bv natural convection >f a proper design is considered.

Calculations made for the case with M-year old BWR fuel show that:

Vertical shafts and horizontal drifts must have a diameter

larger than 3 m

The flow resistance in the inclined canister channels must

be large enough, i e the inlet must be reduced to about 10%

of the full cross-section area

The vertical distance from the heat exchange area to the

inlet of the highest located canister channels must be long

enough, i e at least 20 m.

\ n increase in the thermal load in the storage will improve the

functioning of the ventilation system. With fans installed, the start-

up period will be somewhat shorter. The steadv-state period will v»ive

somewhat higher temperatures in the air although not in proportion

to the thermal load - and then also somewhat higher air velocities.



13. TEMPERATURE DISTRIBUTIONS AND THERMAL STRESSES

IN AND AROUND WP-CAVE

13.1 General

Temperature and stress field'. induced through r^p o p e r a t i c >' "'">e

WP-Oave have been calculated ov the use .if the tmite element ' »-»des

^DINAT and ADINA (Ref H - l ) . The redistribution of the virgin

stress field in the rock mass during the excavation of the storage and

the slot for the bentonite-sand barrier has also been investigated.

Comparisons are made with iimilar results reporte•'• in Ref i i-2.

13.2 Study Assumptions

The calculations are based on a design with a comnletely surrounding

bentonite-sand barrier, as shown in Figures 2.! .->.nd 2..2. T hc outer

dimensions of the barrier are a height of 2r>0 m and an inner diameter

of 100 m. The l istance from the outer ventilation shafts of the

storage to the inner supface of the ber.tonite-sand barrier is 17.5 m.

The rock mass and the clay material are assumed to be homogeneous,

isotropic and linearly thermoelastic. The applied thermal load is that

nroduced by 40-vear oid spent PWR fuel (this has d somewhat higher

residual power than W-vear old spent BWR fuel). The initial temp-

erature in thc rock mass is set to 1Q°C.

13.3 Temperature Increase

During the ventilation and hear. exchange period, the temper.iture in

the rock mass is governed bv the t e m p e r a t u r m the ventilation

channels of the stora,, which is prescribed to be 'i^O1" i n xho air

stream after the heat exchangers an ! f>0°C just prior to them. When

the heat exchange is terminate-!, ,-ifter 100 vears, the temperature

will ir,'- re,»se is a!i 'HM! -.'»••ti'ir,it»-'! h.'.s -•.w to bp transr.orted bv



conduction through the surrounding rock mass. Calculated temo-

eratures as functions of t ime, are shown in Figure !3.L. The time 0

(zero) is set when the spent fuel is placed in the storage. -\t this time

the storage is loaded with spent fuel with a total initial thermal

power of 1130 kW '1612 tonnes of spe-,t fuel with 0.7 k\V/:onnex.

Figure 13.2 shows calculated temperature* at tne level of the heat

exchangers, i e ">"> m above rnid-height.
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Figure 13.1 Calculated temperature variations with time for two points loca-
ted 365 m below earth's surface, i e ai mid-height of WP-Cave. IS
stands for Inner Surface
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Figure 13 2 Calculated temperature variations with time for two points loca-
ted 310 m below earth's surface.: c at upper level of WR-Caw IS
stands for Inner Sur'-jre



The maximum calculated temperatures in the rock mas-- and the

bentonite-sand material are l'+Q°C and !QQ°C. The fir<=t maximum is

reached about 40 vears after terminating the heat exchange and the

second maximum somewhat late r . It is noted that the temperature of

the bentonitc-sand barrier calculated here is higher than the

acceptable maximum value of S0°C for the barrier material. At the

top of the storage, the temperatur-- ;s lower than at the mid-height.

This is due to the "vhndrtcal ^eo ' ru fv .it t'ie Wn ' ' a v vvh;r^ -f*s. i!t^

in a somewhat higher heat transportation :n the hcr'.'ontai direction

than in the vertical direction.

In Figur»* M.^ calculated temnerat ires a'e olotted vcsus horizontal

distance from the centre. The '.v.'iiis of the outer ve^tilat'on shafts

arc located at a distance of }?.5 m from the storage -'entre. it is seen

that th^ to nperature drops quicklv outside th° hentomte-sand

barrier. For instance, at a distance of ">*> m from the storage '"e^tre

tho temperature does not exceed S0°r.
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Figure 13 3 Ca lcu la ted spat ia i temperature var iat ions alonq a hon /on ta ! l ine
located 365 m below earth 's surface

F igu re \1A shows the c a l c u l a t e ! te :n ; )e r . i t ! ; r f var ia f :o- . " . fo - l i f f e r e n t

f i x e d t i m e i a long a v e r t i c a l ' m e lrv. i t<\d V^ •:> fr ^ i the stnr.ij»e

c e n t r e , i e just ou ts ide the s to rage , f: is seen f r o m F igures ' ^.3 and

\^A t ha t the t ^ - n p e r a t u r e f i e l d is ..l inos', - .n ' ler i r , . ! \\r.- ..fv it .• s'r-i'-t

d i s tance f ro -n the stor i t ' - ' .
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Figure 13 4 Calculated spatial temperature variations along a vertical line lo
cated 36 m from axis of symmetry of WP-Cave Mid-height of WP
Cave is located 365 m below earth's surface
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13.» Calculated Stresses after Excavation

The stress field present in the rock mass prior to the thermal loading

of WP-Cave has been studied for two alternative sequences of

excavation. In sequence 1 the storage is excavated before the

excavation and refilling of the bentonite-sand barner. In sequence 2

the construction of the bentonite-sand barrier precedes the excavat-

ion of the storage.

Two different virgin stress fields have been considered for both

sequences. In the first field, the vertical pressure from the weight of

overburden (which will be about 10 MPa at mid-height of the storage)

is the only non-zero stress component. The second field contains this

vertical pressure together with a cylindrical horizontal pressure that

increases with the depth from the earth's surface. This horizontal

pressure is taken to be the same as that used in Ref IV2, which

means about 2k MPa at mid-height of the storage. The second virgin

stress field studied here, with both a horizontal and a vertical

pressure acting, is believed to represent a typical geological situation

in Fennoscandia.

Calculated variations of the circumferential stress at mid-height of

the storage for the two alternative secuer.-^s ar • shown in Fi^'irrv,



13.5a and 13.5b. The corresponding plots of principal stresses in the

axial plane are shown in Figures 13.6a and 13.6b. It is seen that the

stress situation may be more favourable in the alternative where the

bentonite-sand barrier is excavated and refilled prior to the excavat-

ion of the storage. The rock mass inside the bentonite-sand barrier

will then be almost stress-free (for both of the virgin stress fields).
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Figure 13.5a Calculated circumferential stress variations along a horizontal
line located 365 m below earths surface for excavation sequence
1 and two virgin stress fields
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Figure 13 5b Calculated circumferential stress variations along a horizontal li-
ne located 365 m below earth's surface for excavation sequence
2 and two virgin stress fields
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Figure 13.6a Calculated principal stresses in axial plane near WP-Cave after
excavation sequence 1. Left-hand figure shows results for a virgin
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The finite element calculations reported in Chapter 3 are seen to

give about the same results as those presented here, although the

calculations wore conducted for a storage anrl a bentonite-sand

barrier which were constructed at the same time. One may also note

that the calculations in Chapter 3 were performed with a different

finite element code and with a different finite element mesh.



13.5 Calculated Thermal Stresses and Deformations

Calculated thermal stresses in the rock mass caused bv the

temperature fields induced are shown in Figures 13.7a and 1 ^Jb.

Maximum stresses are obtained for the time 180 years, i e SO vears

after the heat exchange with the atmosphere has been terminated.
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Figure 13.7a Calculated circumferential thermal stress variations along hori-
zontal line located 365 m below earth's surface for five different
times

One finds, as expected, large compressive circumferential and vertic-

al stresses close to the storage and just outside the bentonite-sand

barrier. These compressive stresses are balanced by tensile stresses

reaching about 20 V1Pa in the rock mass near the inner surface of the

bentonite-sand barrier. Other stresses are of a lower magnitude than

the circumferential ones.

The calculated tensile stresses are too high for a real rock mass

which consists of a mixture of blocks with different sizes locked

together by friction in the block surfaces. If this rock mass is not

heavily reinforced by bolts, the tensile stresses calculated here will

most certainly open up existing cracks and create new ones (and

cause a local redistribution of the stress field). However, it is

estimated that cornpressive stresses will still exist just outside the

bentonite-sand barrier even if the rock mass inside the barrier should

completely crack and lose its tensile stiffness-
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Figure 13.7b Calculated principal thermal stresses in axial plane near WP-
Cave after 180 years of operation. 10 mm on plot = 35 MPa. Arrows
denote tensile stresses



The temperature increase will make the rock mass move outwards

and upwards. As the temperature in the surrounding rock mass also

increases with time, the magnitude of th<?se thermal displacements

also increases. The calculated displacements are shown in Figures

I 3.8a and 13.8b.
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Figure 13.8a Calculated total horizontal displacements along horizontal line
located 365 m below earth's surface after excavation sequence 2
in a virgin stress field containing both vertical and horizontal pres-
sures. Time is 180 years after start of operation
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Figure 13.8b Calculated total vertical displacements along horizontal line lo-
cated 365 m below earth's surface after excavation sequence 2 m
a virgin stress field containing both vertical and horizontal pres-
sures Time is 180 years after start of operation



13-6 Calculated Total Displacements and Stresses from

Excavation and Heating

In Figures ! 3.Sa and 1 3.8b, the thermal displacements are added to

the displacements .nduced through the excavation (with the

bentonite-sarid barrier constructed before the storage, sequence 2).

The 'naxinruj-Ti total displacements are reached after about ISO vears.

The displacements shown in Figures I 3.Sa and ' 3.Sb have about the

same magnitudes as the corresponding displacements calculated in

Case Ci in Chapter S for the rock mass inside and outside the

bentonite-sand barrier.

The calculated stresses, as caused by the excavation (according to

sequence 2) and the thermal load from the spent fuel, have been

superposed to give the total stresses present in the rock mass. The

result at mid-height of the storage is shown in Figure I 3.9.
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Figure 13.9 Calculated variations of total stresses along horizontal line loca-
ted 365 m below earth's surface after excavation sequence2 in a
virgin stress field containing both vertical and horizontal pressu
res. Time is 180 years after start of operation

Figure I 3.9 shows that the compressive circumferential and vertical

stresses attain the maximum value 80 MPa at the outer surface of

the hentonite-sand barrier. The stress level at the bentonite-sand

barrier will be only slightly modified if the swelling pressure of the

bentonitc-sand mixture is included in the analysis. Note also that the

tola! stresses 'tensile^ inside the h^ntonite-sand barrier come from

the thermal load only v,;v> this :nrt >f the ro.-t; -nass ;s il'n.v.t



stress-free after the excavation sequence 2 used for Figure 13.9. As

already discussed above, the reck nass inside the bentonite-sand

barrier will most certainly crack up completely because of these

would-be tensile stresses.

13.7 Conclusions

The initial heat input of 11 30 kW and the 50 m inner radius of the

bentonite-sand barrier, have led to the calculated maximum temp-

erature 100°C in the bentonite-sand mixture. This is a higher value

than the stated limit, S0°C.

If the bentonite-sand barrier is constructed before the storage is

excavated, sequence 2, the rock mass inside the bentonite-sand

barrier will be almost stress-free during the excavation of the

storage.

Large total compressive stresses (maximum SO MPa) were calculated

for the rock mass just outside the bentonite-sand barrier. These

compressive stresses (which may tighten the rock mass and lower the

ground water inflow to WP-Cave) are also believed to remain if and

when the rock mass inside the bentonite-sand barrier cracks (and

thereby carries no tensile stresses).

When comparing the present results of the analysis for the case when

the bentonite-sand barrier is constructed before the storage,

sequence 2, with the results reported in Chapter 8, a rather good

agreement is found for both stresses and displacements after

excavation only, and also during operation. This applies especially at

the mid-height of the storage. Near the lower part of the storage,

different stresses and displacements after excavation result from the

two calculations due to the different geometries vised in this region.

The magnitude of the maximum rornpressive stress (about SO M

does not seem to depend on whether a layout with or without a

bottom cone is used for the bentonite-sand barrier. The difference

between the two layouts with respect to rock mechanics lies in the

different local behaviour of the inner rock mass during excavation

and refilling of the bottom part of the bentonite-sand barrier.
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14. FILLING TIME OF WP-CAVE THROUGH NATURAL

GROUND WATER INFLOW

14.1 General

^ detailed analysis >,is been conducted regarding the time

for filling the storage with ground water once the storage has been

sealed and the pumping has been terminated (Ref 14-1).

14.2 Study Assumptions

The study considers the filling of three different volumes as specified

m Table 14.1.

Table 14.1 Open volumes in WP-Cave

System Free volume m'
- - - - - - —f-

Storage 75 000
Hydraulic cage 120 000
Pore volume in bentonitesand barrier 35 000

TOTAL 230 000

The calculations further assume that the bot tom part of the

bentonite-sand barrier is located at a depth of 500 m below surface.

The conceptual model chosen is shown in Figure 14.1. When the

pumping is terminated, the hydraulic si tuat ion generates water - f i l l ing

of the drained rock and of the open volumes outside as well as inside

the bentonite-sand barr ier. The large volume of excavated rock

generates a water - f i l l ing rate which is independent of the properties

of the rock mass in the vicini ty of the openings. Another factor is the

stress re-distr ibut ion which takes place at excavat ion. This e f f o r t

causes the storage to be surrounded by a zone of compressed rock

which acts as a skin of lower conduct iv i ty surrounding the under-

ground openings. Both these ef fects, the large storage ef fect and the

skin e f fec t , wil t af fect the recovery and slow down the recovery rate.

The t ime required for water - f i l l ing is thus a combination of the

following character ist ic t imes.



1. Time requred for a recovery from the drainage threshold to

the top of the central shaft.

2. Time required to fill the excavated volume of the under-

ground openings.

1. Time reqi"re-"l to overcome thp skin and storage effects of

the openings.

\

\

\

Figure 14.1 Principle of drainage of surrounding rock mass from WP-Cave
and its substitution with a well

14.3 Calculated Filling-up Time

The analysis of the water inflow through the WP-Tave results in a

graph, as shown in Figure 14.2. The inflow is calculated as a function

of the conductivity of the material to be penetrated, i e rock mass

and bentonite-sand barrier. The letter P stands for ground water

recharge in mm/year, i e the net infiltration of water to the

horizontal surface area by rain and snow. With those inflow values

the filling-up time of the open volumes has been calculated, see

Figure 1^.3.
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Figure 14.2 Calculated inflow versus hydraulic conductivity of surrour-jing
rock mass for different values of ground water recharge (Pin
mm/yr). Cave with 65 m radius and with its drainage threshold at
500 m depth
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Figure 14.3 Calculated filling time of WP-Cave versus hydraulic conductivity
of surrounding rock mass for difterent values of the ground water
recharge (P in mm/yr)

Taking into consideration all three steps of the water-filling prnress,

calculations have been made of the filling-up times for spenfir

conditions prevailing at possible sites in Sweden- A hydraulic

conductivity of the rock of 10 "^ m/s at 500 m depth and ,i ground

water recharge of 1 mm/year have beeen used.

These conditions give a filling-up time of 50 to 100 years, with 80

years as the mean value. The ground water system in tho surrounding
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rock mass is thus affected within a radius of 200 m to 800 m. It has

been assumed that the bentonite-saad barrier has the same conduct-

ivity as the surrounding rock and will not affect the filling-up times.

However, the storage effect of the bentonite-sand material and the

delay in the filling-up time this will cause, have both been taken into

account.

ISA Conclusions

In order to substantially increase the filling-up time to more than 39

years, the hydraulic conductivity of the bentonite-sand barrier has to

be decreased to 10"'- m/s or lower. Then a value of 1000 years, or

longer, can be expected. This is, however, at the limit of what is

theoretically possible for the bentonite-sand mixtures meant to be

used in the WP-Cave. Ancther alternative night be to make a kind of

sandwich construction in the barrier with layers of highly compacted

pure bentonite.

On the other hand, if the WP-Cave is located in a rock mass with a

higher hydraulic conductivity than 10"^ m's, the calculated filling-

up time will be shorter than 80 years.



15. INITIAL SAFETY ANALYSIS

15.1 General

The isolating effect of a WP-Cave has been investigated in an initial

safety analysis (Ref I 5-1). The study considers the long-term safetv

effect and focusses on the release of radionuclides during the

process. In other studies, such as the Swedish KBS, it has been shown

that there is a verv low probability of events occurring that would

significantly increase the releases above the expected levels.

The Icng-term perspective starts when the WP-Cave has been sealed

and the pumping of ground water has been terminated. The following

sequence of events is then anticipated:

Re-saturation of the cave and the surrounding barriers with

water.

Penetration of the steel canister and the zircaloy cladding

by corrosion.

Dissolution of the fuel into the water within the storage.

Transport of radionuclides from the canister to the

bentonite-sand barrier.

Transport of the radionuclides through the bentonite-sond

barrier.

Transport of the radionuclides from the bentonite-sand

barrier to the hydraulic cage.

Transport of the radionurlides with the flowing ground

water through the geosphere to the accessible environment,

i e the biosphere.

lixposure of man to radiation from the released

radionuclides.



15.2 Study Assumptions

Assumptions and generalizations have been made in the safetv

analysis based on the calculations presented and also based on best

estimates that could be made, considering the limited knowledge

available. In summary the following assumptions have been used:

The storage will be immediately filled with ground water.

The canisters will last for 1000 vears after which thev will

no longer present any resistance to dissolution of the spent

fuel.

No migration resistance is allowed for in the space between

the canisters and the bentonite-sand barrier. The effect of

thermal convection inside the bentonite-sand barrier has not

been calculated yet and therefore the assumption stated

above has been adopted.

No migration resistance is allowed for m the rock mass

between the bentonite-sand barrier and the hydraulir cage.

As far as the distribution of radionuclides m the uranium

matrix is concerned, it has been assumed that iodine and

cesium have partially migrated to the gap between the fuel

pellets and the zircalov cladding. \ migrated portion of 10^

is allowed for. All other radionuclides are assumed to be

evenly distributed in the uranium matrix.

The release of the nuclides from the fuel is governed by the

dissolution of the uranium matrix, but in those cases where

the solubility of the radionuclide is lower, solid particles arp

left free.

The solubility of each element is governed by the chemical

environment in the storage.

Diffusion is the most important transportation mechanism

through the bentonitP-sand barrier. Once the radionuclide

has reached the rock mass outside the bentonite-sand

barrier it has been assum .1 th j t it has immediately
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transported to the hydraulic cage and from there transport-

ed by natjrally occurring ground water flow to the

biosphere.

Discharge to the biosphere occurs by dilution in shallow

water which is extracted from wells and drunk by man-

No retention effect has been given to the inner rock mass

and the roc!< mass between the bentonite-sand barrier and

the hydrualic cage. The far-field rock mass, however, has

been given a retention effect equal to that used in the

Swedish KBS studies.

The bedrock has been given a hydraulic conductivity of 10"^

m/s and a ground water table gradient of 1%.

Five cases have been studied according to the following:

Inside bentonite-sand barrier Surrounding rock

Case 1 Oxidizing pM 19 Oxidizing

Case 2 Oxidizing pM 10 Reducing

Case 3 Oxidizing pM 13 Reducing

Case'* Reducing pH 10 Reducing

Case 5 Reducing pH 13 Reducing

Here pH 10 refers to a low amount of concrete or concrete depleted

in alkali and calcium hydroxide. pH 13 refers to the occurrence of

solid structures of fresh concrete.

Altogether the open volume of the storage is assumed to be

75 000 m3.



15.3 Results

Based on generally available solubility coefficients, the concentration

of different radionurlides in the storage has been calculated as shown

m Table 15.1.

15 1 Calculated concentrations of elements with radiologically signifi
cant isotopes (kg/m^ >n storage based on the inventory after 1000 years

Element Reducing Oxidizing

pH 10 pH 13 pH 10 pH 13

•^Tc

.'9,3

"Cs-
»Cs

TV
U
Np
Pu
Am

3 3 10
4 0 10
4.6 10
8.6 10
9.7 10
2.9 10
2 4 10 a

4 7 10 J

49 10 '
13 10 '

9 7 10 -
4 0 10 ;

1 4 10 r

86 10 '
29 10 °
86 10
7 1 10 "-
16 10
5.0 10
3 7 10 6

4 9
4 7

68
1 0
1 5
78
3.6
8.2
8.0
4 9

'0
10
10
10
10
10 • *
10
10 "
10 6<

10 "

33 10
40 10
46 10
8.6 10
9 7 10
29 10
24 10
54 10
1 7 10
13 10

' i The mass number is given for the fission pro-Jucts to show that stable isotopes are
not included in the calculated concentration

2) Including the promptly teachable 10 % in the clad gap
•?> Exclusive of the 10 % m the clad gap
•1» Governed by the solubility of the element itself
5> The situation after 1000 years is reflected Thorium will be built up by radioactive decay 0'

uranium isotopes and may therefore appear in higher concentrations at !ater times

With consideration being taken to the diffusion of the radionuclides

through the bentonite-sand barrier, the duration of the release of

important elements has been calculated as shown in Table I *>.2.

Table 15.2 Duration (years) of release of important elements from the spent fuel

Element Reducing Oxidizing

pH 10 pH 13 pH 10 pH 13

>"Tc 2.2 10" 7 4 10' 15 10" 2.2 10*

•"V 2.2 10* 7 4 109 1.5 106 2.2 108

' V ' 2.8 1C* 2 8 10' 2.8 10* 2.8 10'
'^Cs 2.2 10" 7 4 109 1.5 106 2 2 10"
*Cs2 2.8 104 2.8 10' 2 8 10' 2.8 iCf

ThJ 2.2 108 7.4 10* 8.1 106 2 2 10*
U 2 2 10 ' 7.4 1 0 1 » ; 1.5 10* 2.2 10s

Np 2.5 109 7.4 109 . 1.5 106 2.2 108

Pu ' 7 6 103 7 4 109 '• 4.6 108 22 W
Am i 22 108 • 7.4 10J ! 5.6 106 , 2.2 108

... 1 i . x .. 1
1) Refers to the 9 0 % of the inventory that is released concurrently with the uranium
2) Refers to the promptly leachable 10 S of the inventory
.•») See note 5. Table 15 1
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As can be seen from the table, most of the elements are governed by

the dissolution of the uranium matrix which has a duration as follows:

Reducing conditions pH 10 2.2 x 10& yrs

Reducing conditions pH 13 7.k x 109 yrs

Oxidizing conditions pH 10 1.5 x 10*> yrs

Oxidizing conditions pH 13 2.2 x 10& yrs

The geochemical retardation in the surrounding rock mass has been

calculated based on the best present knowledge with results given as

in Table I 5.3.

Table 15.3 K^-values (m3/kg) for reducing and oxidizing conditions

Element

Tc
I
Cs
Ra
Th
U
Np
Pu
Am

Reducing

0.05
0
0.2
0.1
5
5
5
3
5

Oxidizing

0.0002
0
0.2
0.1
5
0.01
0.01
5
5

The basis for the calculations of K j has been that the concentration

on the rock at every point in time and space is proportional to the

concentration in the water. Thus the constant K j is a function of the

chemical environment.

The dose rate versus time after canister penetration has been

calculated for each case. A summary of the maximum element dose

rate is given in Figure 15.1.



ase .

" • .- i

:

. c *a i
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Figure 15.1 Calculated individual doses from consurrption of drinking water
from a well as a function of time after canister penetration

During the first 10 0' 0 years all cases result in approximately 0.1

mSv/yr coming from pro:npt!y ieachable fraction of the 129 J. After

this period, the dose rate increases for Case 1 but decreases f c all

other cases. In Cane I, 237 Np is predominant whereas in the rest of

the cases 22 -̂ R2 rornirj. from decay of 238 IJ is the predominant

radionuclide. The difference bcTween Case ! and the others is that

the environment in the surrounding rock in Case i oxidizes giving 500

times higher transport velocity for 237 N'p than when assuming a

reducing environment.

The magnitude of the dose rate from 226 Ra is governed by the

solubility of the uranium matrix. Because the solubility of the

uranium matrix is equal in Cases 3 and '•*, the dose rate versus time

curves are practically identical.

In summary, the maximum calculated dose rates for the period after

the first 10 000 years are listed together with the predominant

radionuclide in Table ! 5.4.

Table 15.4 Calculated maximum total dose rates

Case 1
Case 2
Case 3
Case 4
Case 0

i 0
0
0
6

mSv'year from •' Np at 7 6 10'years
5 mSv/yeai from 2'"'Ra at 4 9 10'years
1 mSvlyear from-"''Ra at 2 2 10"year<;
1 mSv/year from ••' Ha at 2 2 10"years

jjmSv/year Irom ""'Ra at 1 1 10'years
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15.* Conclusions

Taking into consideration the most probable chemical environments

inside the bentonite-sand barrier and in the surrounding rock mass,

the most plausible cases are Case '+ and Case 5. The latter case

presumes that large volumes of concrete would be used in WP-Cavc.

It should still be borne in mind that the analysis is an initial one

which, in some parts, is based on the best estimates. Although these

estimates are somewhat conservative, there is one factor which can

influence the result in a negative way. It may be the case that a

higher solubility is reached during the period when the temperature

inside the bentonite-sand barrier is higher than the 20°C used in

laboratories when determining the solubility of different radio-

nuclides.

One reflection regarding the maximum dose rates calculated is that,

for the most p'ausible cases, they are related to the decay of uranium

into radium. Uranium, as well as radium, generally occurs in the

Swedish bedrock. These elements are also the elements giving rise to

the present radon problem concerning houses and working environ-

ments in Sweden and abroad. The naturally occurring grades of

uranium in the surroundings of the Stripa research 'nine, in shallow

ground water and at 100 m - S00 m depth below earth's surface, have

been found to be higher and in the same order of magnitude,

respectively, than those grades estimated to be added to the ground

water from a WP-cave. Furthermore, the dor.e rates calculated here

will reach a peak far in the future, two hundred million years to one

billion vears after storing the spent fuel.

The value of about 0.1 mSv/year calculated for the first thousand

years due to the release of iodine, is a result of the study

presumptions. The value is totally dependent on the assumption that

10'V) of the iodine diffuses out from the uranium matrix and is easily

available for dissolution. The value is further depend i t on the

conservative assumption that no diffusion into the rock mass takes

place inside the Hentonite-sand barrier.

The initi.U safety analysis has indicated that a WP-Cave, of present

design, can fulfill the radiation protection criterion of 0.1 mSv/year

used for safeguarding the public around nuclear power stations in



Sweden. A inore profound analysis is required in order to confirm

this.

No further measures have been taken to fulfill a lower dose rate

criterion with the WP-Cave design. The 0.1 mSv/year value has been

considered to be satisfactory so far.
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16. PROJECT BOARD CONCLUSIONS A N D RECOMMENDATIONS

16.1 Project Board Conclusions

The results of the research and development work presented have

provided the basis for the following conclusions:

Some changes are called for in the tentative design on which

the research and development programme was based. Sever-

al items remain to be studied more thoroughly in order to

deve'op an improved basis for the safety analvsis. However,

no facts have been found which would invalidate the main

principles of the WP-Cave concept.

The WP-Cave can be constructed to the required quality

level with established mining technology. This applies to

both layouts of the bentonite-sand barrier studied. Priority

should not be given to either of them at the present stage.

Both have advantages and disadvantages.

The initial safety analysis indicates that a WP-Cave can

fulfi l l the present radiation protection criterion for safe-

guarding the public around nuclear power stations in

Sweden. The analysis is incomplete in so far as some

potentially helpful barrier properties have not yet been

accounted for and proper information is lacking in some

respects.

The laboratory experiments with bentonite indicate that 'he

lower part of the bentonite-sand barrier, with a proposed

content of 10% bentonite, wil l at best reach a hydraulic

conductivity of 10" ' ' m/s. The final result wil l depend on

how mixing and compaction can be carried out in practice.

In order to reach 10" ' ' m/s, a high compaction is required,

which is beyond the compaction possible with laboratory

equipment.



020

The hydraulic conductivitv result does not come up to

earlier estimates, made 0:1 research results then available.

Those results indicated that it would be possible to reach

hydraulic conductivites of 10"'^ and even 10"^'f rn's. The

new information Tieans that the bentonite-sand barrier will

only have a marginal effect in slowing down the filling-up

time of the storage. The earlier estimated lower values for

bentonite-sand mixtures meant that the transient time,

during which all hydraulic flow is inwards into the storage,

vas estimated to be of the order of 1000 years or more. If

this effect should still be considered important, comple-

mentary engineered solutions will have to be applied.

Further development work, however, is needed before any

such solution can be presented.

From a practical point of view, it is recommended that the

optimum bentonite-sand mixture for the bottom cone in the

barrier be one with a bentonite content of 10%. This is to

ensure that enough bentonite is available for sealing the

pores in the ballast. In the tests the compaction coefficients

of such I0"o mixtures have been found to be satisfactorily

low.

The gas conductivity of bentonite-sand miA'ures has been

found high enough to allow for the migration of hydrogen

produced at the corrosion of steel.

Other properties of low-graded bentonite-sand mixtures,

such as rate of water uptake, swelling pressure, swelling by

volume, compression modulus and E-modulus, have been

found to be of the expected and required order of magni-

tude.

The study concerning construction of the WP-Cave has

resulted in an innovative design change. It has been found

possible to eliminate horizontal adits between the hydraulic

cage and the bentonite-sand barrier by a partially new

design of the bentonite-sand barrier. This new design is

based on the most recent developments in applied mining

technology and drilling equipment. The hydraulic ra,",e
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tunnels ca" then be kept totally separate from the

bentonite-sand barrier, which is a great advantage.

The function of the hydraulic cage has been identified in

detail by computer modelling. The conclusion is that its

function is more important than was previously assumed.

Using generally known geohydrological data on the Swedish

bedrock, the calculations give a higher ground water divers-

ion efficiency for a high-conductivity hydraulic cage than

for a low-conductivity bentonite-sand barrier.

The calculations have shown that the two barriers, designed

to function optimally, have a very good combined

efficiency.

The rock mechanics calculations of the alternative with no

bottom cone in the bentonite-sand barrier have indicated

that this alternative has the same mechanical character-

istics as the alternative where the bottom cone is excavat-

ed. In both cases it was assumed that the rock mass behaved

elastically. Small differences only, were found between the

two alternatives. When the future thermal load from the

spent fuel is superposed, however, there are indications that

the open bottom alternative may suffer from displacements

in the bottom zone which could lead to a permanently

increased hydraulic conductivity.

Existing equipment for full-face boring is adequate for

smooth excavation of the inner part of the WP-Cave. If

necessary the excavation can be made entirely by full-face

boring and full-raise boring. The central shaft with a diam-

eter of U m wil l , however, need special consideration when

one looks at present levels of technology.

Canisters can be constructed in carbon steel. The corrosion

and mechanical design studies indicate that a wall thickness

of 100 - 150 mm is required. Only about 50 mm would be

necessa-y if one only considers the factor of mechanical

strength.



A thickness of more than ^5 mm '-alls for a re-thinking with

respect to earlier studies. If the initial outer diameter is

maintained, less fuel can be stored in each canister. A l t -

ernatively, the diameter of the canister wil l have to be

increased.

The canisters can certainly be placed in inclined canister

channels. An inclination of 30° has V?en found appropriate.

The storage can be designed so that the decay heat of the

spent fuel * i l l be efficiently distributed to the surrounding

rock mass by the natural circulation of air. Forced circulat-

ion is called for, however, during the start-up period when

the air in the storage is cold, as otherwise the air flow could

start in the reverse direction in some canister channels.

The long-term chemical environment in the storage during

the wet period, with respect to the redox potential, is of the

utmost importance. The solubility of the uranium matrix is

sufficiently low in a reducing environment.

The increased storage temperature, which will come when

the heat exchange with open air is terminated, wil l cause

such thermal deformations that the interior rock close to

the bentonite-sand barrier wil l crack. This phenomenon is

deemed to be of no importance to the function of WP-Cave.

The cornpressive stresses in the rock mass outside the

bentonite-sand barrier and the swelling of the bentonite-

sand mixture will tend to inhibit any movements of rock

boulders.

The calculated maximum temperature in the bentonite-sand

barrier is somewhat higher than is considered acceptable.

This will require an increase of about 10 - 20 m in the

diameter of the bentonite-sand barrier or a decrease in the

stored spent fuel tonnage per m* of rock.

The calculated filling-up time, after sealing, at natural

ground water inflow is 80 years. During this period the

temperature inside the bentonite-sand barrier will exceed
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the boiling point of water at atmospheric pressure. The

pressure inside the bentonite-sand barrier will then increase

in accordance with the steam pressure. At the estimated

maximum temperature of I^0°C in the storage the steam

pressure is about OA MPa. The actual maximum pressure in

the storage will be determined by the hydrostatic pressure

in the ground water at the depth of the storage. At a depth

of 200 m, the pressure is about 2 \APa, thus preventing the

water in the storage from boiling. The same conclusion will

apply in the alternative where the storage is flooded with

oxygen-free water in the sealing operation. As the canisters

are designed to last for 1000 years, the high water

temperature will only affect the corrosion of the canisters

and not the dissolution of the spent fuel.

16.2 Project Board Recommendations regarding Future Research

and Development Work

Based on the results obtained in the research and development work

now completed, the Project Board strongly recommends that the

research and development work on WP-Cave should continue. The

next stage should consider basic questions aiming at a more accurate

safety analysis. It is recommended that questions regarding the

details of the design and the application in practice of different

construction techniques be postponed until a more thorough safety

analysis has been presented.

The following items were considered to be of high priority for the

next R & D stage:

An extended safety analysis including sensitivity analysos of

factors affecting the results. Two new factors to consider

are the diffusion of radionuclides into the inner rock matrix

and the geochemical processes in the bentonite-sand barrier.

An important factor, which also affects the safety analysis,

is how the storage is water-filled after closure. It is

therefore recommended that an investigation be made into

other materials which might possibly extend the time for



the natural water-filling process. This work has to interact

with the other research items.

Further studies of the chemical interaction in the storage

within the actual temperature ranges.

Methods to validate the computer-calculated results of the

hydraulic cage performance.

The potential of the bentonite-sand barrier (and/or alternat-

ive low permeable materials) to act as a geochemical trap

for radionuclides.

The influence of thermally induced ground water flow on

the radionuclide transport to the bentonite-sand barrier

and further to the hydraulic cage and

the possibility of slip along fractures causing offsets in

the walls of the inclined canister channels.
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