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6.3 CONSTRUCT ABILITY ANALYSIS FOR A DEEP REPOSITORY - SOME
THOUGHTS ON POSSIBILITIES AND LIMITATIONS

G. Backblom, Swedish Nuclear Fuel and Waste Management Company; B. Leijon, Conterra
AB and H. Stille, Royal Institute of Technology, Sweden

BACKGROUND

Final disposal of high-level nuclear waste has not yet been implemented in any country
today. The concepts under development are all based on geological repositories, i.e.
disposal at a sufficient depth below the surface to provide stable mechanical,
hydrological and chemical conditions during the period the waste needs to be isolated
from man. In the cases where crystalline bedrock is considered, the proposed
repository depths vary between 300-1,000 m.

The construction, operation and sealing of a deep geological repository must meet
various criteria that in many respects are more detailed and more exacting than usual
in underground construction projects today. The work shall be carried out in such a
manner that occupational safety is ensured. The work shall also conform to whatever
restrictions are necessary for ensuring pre-closure operational safety and post-closure
long-term safety.

SKB plans to commence final disposal of the spent nuclear fuel in Swedish crystalline
rock within 15 years. There are already about 1,800 tonnes of spent nuclear fuel at
CLAB, 20 km north of Oskarshamn, where it is being temporarily stored prior to final
disposal.
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The safety of the deep repository is based on multiple barriers which together ensure
very safe isolation over very long periods of time (tens of thousands of years). The
concrete plans for the deep repository in Sweden are described in greater detail in the
Research, Development and Demonstration Programme RD&D-92 /SKB, 1992/. After
a thorough review, the regulatory authorities have essentially expressed their support
for SKB's planning, which entails that:

the fuel is encapsulated in a composite steel-copper canister. The encapsulation
plant is situated at CLAB
the deep repository is sited somewhere in Sweden with the voluntary assent and
collaboration of the concerned municipality
site licensing is preceded by extensive studies and investigations.

An important part of these studies is to explore the technical characteristics of the site
at repository depth. The work is being done in stages. At present, the feasibility of a
deep repository in the municipalities of Storuman and Malâ is being explored in so-
called pre-studies. SKB's intention is to conduct a limited number of pre-studies (5).
Then site investigations will be conducted on the two sites deemed to be most
appropriate. After the necessary permits have been obtained (under the Natural
Resources Act, the Planning and Building Act and the Environment Protection Act),
detailed characterization will commence, which will be done in conjunction with the
construction of a tunnel or shaft down to the planned repository depth (4C0 m to 800
m). The investigations of the rock will provide data which will be used to assess the
safety of the repository. Deposition of spent fuel will be commenced in 2008 after a
permit under the Act on Nuclear Activities has been obtained.

The deep repository will encompass the following underground excavations:

tunnel (shaft) to repository depth, 400 - 800 m
40,000 m of tunnel
several connecting shafts between ground level and repository
about 4,500 holes with a diameter of about 1.6 m and a depth of 7 m drilled
from deposition tunnels. These holes will be used for deposition of the fuel
canisters.
backfilling of buffer around canisters
backfilling of tunnels/shafts

The work will be carried out under well-controlled conditions. An important aspect is
that the construction of the deep repository will be integrated with supplementary,
detailed investigations of the bedrock.

WHAT IS CONSTRUCTABELITY ANALYSIS?

As a part of the work with the deep repository, it is of great importance to carry out
thorough analyses of the construction work. This includes e.g. analysis of requirements,
construction methods, guidelines for repository design, material selection, occupational
safety, etc. A part of the planning of the deep repository is "constructability analysis",
defined as follows:
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Constructability analysis shall - for given site characteristics, layout and construction
method - identify important factors, evaluate the constructability and yield a prediction of
how established requirements can be met.

Figure 1 illustrates the connection between design and constructability analysis. The
systematics for constructability analysis have not yet been fully tested and developed,
but will be tested in conjunction with tunnelling with TBM at the Àspo Hard Rock
Laboratory.

SOME SPECIFIC ELEMENTS FOR A DEEP SPENT FUEL REPOSITORY

In Table 1, requirements for a deep repository are compared with an above-ground
facility and with a traditional underground facility. Some comments follow:

Above-ground facility

In all construction it is necessary to comply with applicable laws, ordinances and codes.
It is important that all work can be carried out with adequate safety. If it isn't a
question of a pilot or research facility, known and proven technology should be used.

Time and cost for the project shall be calculable. The cost of a project can be
calculated based on a Life Cycle Cost (LCC), which is used to evaluate investment
costs versus operating costs.

A general requirement of quality assurance is that the work must be able to be
checked against good practice or a relevant description/drawing. This check can be
performed via self-check (carried out by the contractor) or and by the purchaser's
organization.

A typical underground facility

Calculation of time and cost for an underground facility shall take into account the
uncertainty in the geological data. Different methods exist for these estimates, see for
example /Einstein et al. 1978./

The construction process is different for an underground facility than, for example, for
the construction of a building. The layout is adjusted to the properties of the rock,
which means that the facility's principal data may be changed right up to the execution
phase.

With a view towards occupational safety and the performance of the facility during the
operational period, it is a general requirement that the facility should be mechanically
stable. Rock support measures are minimized by the choice of suitable rock volumes.
The costs of construction and operation of the facility are reduced if the inflow of
water is limited. The most important measure here is to find rock volumes that are
relatively impervious. If higher tightness than the natural is needed, water inflow can
be limited by sealing, for example by grouting.
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Figure 1. Constituents of constructability analysis and its connection with the design in its entirety.
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Table 1 Requirements for three types of facilities

REQUIREMENTS

Laws, codes

Known
technology

Calculable time, cost

Cost

Performance
- occupational safety

- t lble mechanical
environment

- stable chemical
environment

- low groundwater
flow at the facility

- possible to exca-
vate the rock with
little rock support

- possible to emplace
canisters, backfill,
plug

- possible to retrieve
canisters

Quality assurance

- checkable

- material inventory

safeguard

- material durability

- traceability

ABOVE-GROUND
FACILITY

X

X

X

minimize LCC

X

X

X

10-50 years?

50 years

TYPICAL
UNDERGROUND

FACILITY

X

X

X

minimize LCC

X

X

X

X

X

X

10-50 years

50 years

DEEP
REPOSITORY

X

X

X

minimize LCC

X

X

X

X

X

X

X

X

X

X

X

50-10,000 years?

50-1,000 years?
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The scope of quality assurance is dependent on the type of facility. In the case of
public areas, requirements on mechanical stability will be carefully specified. Where
groundwater lowering can cause severe detriment to third parties, the quality work is
focused on careful follow-up of the sealing work and checking of seepage. An
underground pressurized gas reservoir, on the other hand, is dependent for its function
on the supply of water to parts of the facility. Here the quality work is focused
especially on this question.

Important questions to deal with in underground planning include:

- integration planning - supplementary investigations of the bedrock
- "characterizability" of the area, i.e. assessment of uncertainty in the geological

background data, especially with regard to "bad rock", "rock burst", mineralogical
changes (weathering), fracturing and presence of water

- choice of method for access (shaft/ramp)
- choice of method for rock excavation in tunnel (blasting/TBM)
- choice of method for rock excavation in shafts (raise boring or stoping)
- methods for rock support and sealing in tunnels and shafts
- choice of materials etc. for installations in the finished facility

Specific requirements on planning and execution of a deep repository - underground
facility

Each rock facility has its own specific requirements on performance and quality.

A repository with its multiple barriers must fulfil its function over very long periods
of time > 10,000 years. This is the most unique aspect of this facility.

Just as for other facilities, it is important to analyze the technical aspects. It is assumed
that known and proven construction methods will be used, as well as robust methods
for planning.

The facility represents a considerable investment and shall be preceded by thorough
time and cost analysis. In relation to other facilities, safety/performance will mean
more than minimal cost, but under given premises there is no reason why the LCC
method cannot be used for a deep repository.

The step-by-step design process of the layout can be carried out in the same way as
for other underground facilities. But in view of the fact that the rock in itself is an
important premise in the performance assessment, this design-as-you-go process must
be carried out in a much more carefully controlled fashion and in cooperation with
those who are responsible for performance and safety assessment.

A mine is often excavated slowly and gradually towards greater depth, which means
that knowledge can be acquired about the geological characteristics of the site over
the space of several decades. A deep repository is excavated quickly to great depth in
previously undisturbed rock. No great drawdown of the groundwater level is desirable.
Predicting the risk of rock burst and rock fall and determining water pressures and
flows are particularly important from the viewpoint of occupational safety.



- 145 -

The stable environment applies in both the short and long term. The constructability
analysis, however, only treats rock stability during the open phase of the repository,
about 50 years. With a view towards long-term aspects, it is desirable that the rock be
damaged as little as possible.

An important aspect for the performance of the deep repository is that the natural
chemical environment be retained as much as possible. This specific requirement
entails that water seepage shall be limited so that surface water does not seep down
unnecessarily, or very saline groundwater seep up into the repository. This further
entails that artificial materials with uncertain effects on the performance and safety of
the repository shall be avoided wherever possible without coming into conflict with
requirements on handling of the waste and occupational safety.

Furthermore, the repository shall be designed so that it is possible to place canisters
in the canister holes, which preliminarily means that the inflow to canister holes shall
not exceed 2 1/h. This prevents the bentonite in the canister holes from swelling so
rapidly that the canister cannot be placed in the hole. It shall further be possible to
backfill the facility with good quality and then still be able to retrieve canisters if
desired.

The proper performance of the facility over a long period of time requires that
planning and execution take place within the frame of a proven quality assurance
programme. All work shall be checkable. The chemical and physical properties of the
building materials used, as well as quantities, shall be documented and analyzed with
respect to repository performance and safety. This also includes analysis of so-called
stray materials. What would happen, for example, if 2001 of hydraulic oil were to leak
out into the rock?

Material durability shall be known. If the materials are credited with properties in the
performance and safety assessments, these materials shall be durable over long periods
of time.

Records of the work shall be such that it is traceable for up to perhaps 1,000 years.

IMPORTANT FACTORS TO BEAR IN MIND

In connection with a scenario review of the construction of a deep repository, several
factors crystallize as being particularly important.

Mechanical stability

Three fundamental cases of stability problems can arise:

- The "normal case" with sound rock, some loose blocks, but otherwise good stability
- Passage of significant zones of weakness, which comprises a special case
- Sound rock, but overstressing and spalling/rock burst, which comprises another

special case
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A final repository will be sited in a volume where the rock can be predominantly
classified as sound or very sound. Furthermore, the tunnels and other spaces that are
to be excavated are of small or moderate dimensions. The normal case of sound rock
with minor rock-falls in excavations will therefore most likely dominate the picture.

The two special cases - rock burst and passage of significant zones of weakness - are
nevertheless very important, since they can entail large and unusual stability problems.
It is without doubt the special cases that account for the greatest planning-related
uncertainty, measured in terms of occupational safety, time or cost.

In all cases, the most effective method for minimizing stability problems is to ensure
that the facility and its parts are positioned in such a manner that formations with
unsuitable rock properties are avoided.

Groundwater

The groundwater can affect construction and operation in several ways:

- Direct seepage into the tunnel, with the problems this can entail for the actual
tunnelling work and repository operation

- High groundwater pressures can jeopardize mechanical stability, at least in zones
of weakness

- Risk of corrosion of rock support, installations etc.

Furthermore there are indirect risks of disturbance:

- Drawdown of the groundwater level, which can lead to land subsidences or local
water supply problems

- Risk of permanent chemical disturbance with consequences for the safety-related
performance of the repository

During the actual tunnelling work, moderate seepage can be permitted without the
costs being affected drastically or occupational safety being jeopardized, provided, of
course, that the process is kept under good control. The limits on water seepage will
probably be determined by operational considerations (particularly deposition), or by
the risk of geohydrochemical disturbances.

As far as scale is concerned, the factor "groundwater" exhibits a significant difference
in relation to the factor "mechanical stability"; while stability problems are always
associated with the cavern's near field, seepage can indirectly affect large volumes.
Conversely, seepage can be affected by conditions at a great distance from the tunnel.
This span in scale affects both data requirements, site investigations and predictability.

Restrictions regarding use of building materials, material inventory

There are possible conflicts of interest between construction considerations and safety
assessment. A contractor is responsible for occupational safety during construction.
Rock support and sealing measures may be necessary, which can entail the use of large
quantities of
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- cément and cement additives
- steel

On the other hand, the possibility cannot be excluded that the building materials
themselves can affect the performance of the repository. Since restrictions on the use
of cement/steel can have large consequences for the construction work, it is necessary
that those in charge of performance and safety assessment formulate
wishes/requirement regarding permissible quantities, offer viewpoints on material
selection, etc.

Besides actual building materials, there will be so-called "stray materials", such as
residues of diesel oil, hydraulic oil, explosives, plastics etc. after the construction work
is concluded.

It can be foreseen that strict accounting procedures will be established so that
materials used in the construction activities are carefully specified as regards type and
quantity.

CAN WE MAKE RELIABLE PREDICTIONS?

There is a degree of uncertainty in most underground predictions, due to:

- Natural variation in the geological environment
- Measurement errors (noise) and measurement bias
- Model uncertainty due to incomplete understanding of phenomena and processes,

simplified theories, lack of data, etc.

The work at the Àspo Hard Rock Laboratory has primarily been focused on
understanding and investigating different types of variations in the bedrock and testing
methods for describing these variations /Gustafson et al. 1991/. The bedrock models
have not yet been used systematically to their full extent to predict the parameters
planners and builders are interested in. It is an urgent task to systematize the
predictions of the bedrock so that the construction-related aspects are also included.

With reference to the important factors described above, the following judgements are
made:

Mechanical stability

Structure-controlled stability

The use of classification systems of the bedrock such as Q-value /Barton et al, 1977/
and Rock Mass Rating (RMR) (Bieniawski, 1989) generally provide acceptable,
planning stage predictions of rock support quantities in different types of rock. It is
however important to combine the system with studies of structural geology.
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Large zones of weakness

Major, subvertical zones of weakness are discovered early in site investigations, which
means that their location and character can be determined. With considerably reduced
rock quality, the predictions of rock support quantities are uncertain, in particular with
reference to water problems. As a result of the combination of technical uncertainty
and a far more expensive construction method in relation to the "normal rock", the
zones of weakness account for a considerable portion of the cost uncertainty, despite
the fact that they normally correspond to a very small share of the total tunnel length.

Rock burst

Even though the parameters controlling overstressing and violent failures can be
identified fairly accurately, predictions are difficult to make. There are two main
reasons for this. The first is that the parameters are variable and difficult to determine,
at the same time as small variations can be of great importance to the final result. The
second is a poor understanding of the mechanisms involved. In our case, a lack of
experience from construction in crystalline rock at depths greater than 200 m is an
added difficulty. Experience with rock burst comes mainly from mines, where the
geological environment can differ considerably from the environment being sought for
a final repository. Rock burst usually occurs locally, however.

Groundwater

Water seepage

The overall water seepage into a deep repository can be predicted with acceptable
accuracy and can be controlled by means of sealing.

Groundwater pressure

The pressure is simple to predict in itself, but it is not possible to predict accurately
the risk of instability due to water pressure in a zone of weakness.

Corrosion of installations

The problem is in itself easy to predict after chemical groundwater sampling.
Parameters such as choice of material in installations and surface treatment are more
difficult to assess.

POSSIBLE METHODOLOGY FOR CONSTRUCTABILITY ANALYSIS

The constructability analysis identifies the important factors with respect to the
requirements. Furthermore, the analysis provides a prediction of to what extent the
requirements can be met. The accuracy and precision of the predictions increase as
the quantity of data increases. Predictions are very heavily dependent on the reliability
of the underlying geological/geohydrological model. The following sections examine
what information is of great value, and can reasonably be obtained, in pre-studies and
site investigations.
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The results of the constructability analysis performed in conjunction with the pre-study
form part of the preliminary procurement specifications included in the invitation to
tender for the construction works. The results of the constructability analysis
performed in conjunction with the site investigations form the basis for the final
procurement specifications included in the invitation to tender for the construction
works.

The most important document in these contexts is the billofquantities& specifications1.
It appears natural to progressively update type of jobs, requirements, quantities (as a
basis for time and cost).

Pre-study

The pre-study leads to very preliminary geological models. Possible site-specific data
and interpretations as shown in Table 2 are of great value for a constructability
analysis. It should however be emphasized, that the first evaluations largely rely on
generic knowledge.

The end product of the pre-studies' constructability analysis is an initial assessment of
the important factors. Possible models for rock classification can be examined' as a
basis for quantity, time and cost. In the description, it is very important to have
traceability to investigation data, reports or the like.

Site investigation

The site investigation provides a large quantity of data from the ground surface and
in boreholes and between boreholes (cross-hole tests). The initial estimates made in
the pre-study are further refined. An important product of the site investigations is the
preparation of a complete specification for the invitation to tender for construction
contractors. The constructability analysis makes an important contribution to a realistic
estimate of quantities and their possible variations. Possible data and their use are
shown in Table 3.

The end product of the constructability analysis is a well-founded assessment of
important factors. A reliable prediction is obtained of the quantity of sealing and rock
support as a basis for the total time and cost estimate. The prediction shall be drawn
up so that it permits systematic follow-up and calibration during the detailed
characterization. Predictions are drawn up on "site scale" and "detailed scale". Table
4 shows an example of a preliminary bill of quantities.

1 The Swedish "mângdbeskrivning" is a combination of bill of quantities & specifications.
It describes in a detailed and concise fashion which different jobs are included in a contract.
Requirements (often standardized) and the quantity of work are specified for each job. It forms part of
the purchaser's invitation to tender and is priced by the contractor !. conjunction with tendering.
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Table 2 Data from pre-study

Possible data Interpretation model Possible use

Geological maps &
description, geophysics,
rock samples

Geophysics, lineaments
etc.

Well data

Main rock types

Structural model,
possible locations of
large zones of weakness

Estimate of transmissivity
and its variance for main
rock types, possibly for
certain types of linea-
ments, aggressive water

Regional experience
from construction in the
main rock type(s) is
systematized and
compiled

Possible number of large
zone passages for given
layou and possible rock
quality.

Estimate of drawdown,
inflow to facility without
sealing measures, con-
sumption of grouts for
different watertightness
requirements /Stille et
al, 1992/, risk of
corrosive environment

Tests on main rock types Uniaxial strength, Estimate of stress- and
deformability, brittleness, stability conditions,
toughness, etc. tunnelling data

Experiences

Possible data from
facilities, mines

The preliminary bill of quantities is naturally circulated several times from planner to
rock investigator to constructability analyst and back for comments and revisions. Its
final form shall permit follow-up, revision and calibration during execution of the
construction works. It is a question of judgement as to how much of the complete
preliminary bill of quantities should be included in the invitation to tender and in
contract documents.
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Table 3 Possible data from site investigation and how they could be interpreted and
used

Possible data Interpretation model Possible use

Mapping of rock type in
outcrop and in borehole,
same for geophysics

Mapping of zones, struc-
tures

Mapping of fractures

Hydraulic tests in bore-
holes

Rock type distributions

Location, possible dip,
character, complexity

Roughness distribution,
direction, lengths

Estimate of transmissivity
and its variance for rock
types. Water conductors
in zones, or rock type,
possibly for certain types
of lineament

Hydraulic cross-hole tests Location and transmissiv-
ities of water conductors

Rock core tests

Stress measurements

Chemistry sampling

Strength, deformability,
brittleness

Stress model

Groundwater chemistry
in facility

Rock classification, con-
structability for different
rock types

Assessment of
constructability in the
zone

Breakout, fracture
modes, principal
direction for water in
rock mass

Estimate of drawdown,
inflow to facility without
sealing measures, con-
sumption of grout for
different watertightness
requirements, number of
water conductors to be
passed

As above

Deformations, stability,
tunnelling data

Deformations, stability,
direction of water
conductors

Corrosion, requirements
on surface treatment of
structures

CONCLUDING REMARKS

The deep repository shall be planned and constructed to specified quality.
Constructability analysis is an important tool for early identification of important
factors that can affect the design, performance, construction time and cost of the
repository. It is urgent that the tool be well designed and systematized. SICB will test
and develop constructability analysis in conjunction with testing of tunnelling with
TBM in the Àspô Hard Rock Laboratory.
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Table 4 Preliminary bill of quantities

AMA2

code

C5.34

Ite
m

1

la

lb

Text .

GROUTING WORK

Tunnel section 0-1,000 m

Establishment at tunnel face

Three small zones of weakness, EW-1, -2 , -
3, are passed. EW-3 is complex. Risk of
regrouting exists in EW-3 (2 times)

Cement quantity

The average transmissivity is 10'9 mVs,
gives cement consumption of 8,000 kg of
type Groutlnc. Additives can be of type X,
Y, Z. Product information on grouting
material in TD37-42-096.

Unit

pcs

kg

Qty.

5

8,000
kg
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