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SUMMARY

A review was conducted on Chapters 4 and 5 of the SKB SR 97 - Post Closure Safety
Main Report, with a background study of Chapters 1-3, as well as a study of the related
sections of support documents SKB TR 95-22, SKB TR 99-20 and SKB TR 99-07. Main
comments include: (1) Need for Iteration and Integration between Model
Conceptualization and Model Investigations; (2) Need for Reviews by Two Types of
Experts; (3) Need for Structured Expert Elicitation and Documentation; (4) Need for
Careful Definition of Base Scenario; (5) Suggestion of the Use of Zeroth Order Scenario;
(6) Confusion in the Definition of "Variables"; (7) Need to Ensure Inclusion of Tertiary
and Higher-Order Coupled Processes; (8) Need to Consider Model Abstraction and
Associated Uncertainty; (9) Need for Care in Handling Analyses at Different Levels of
Details. Additional comments are made more specifically on the THMC diagrams.



SCOPE OF REVIEW

The present review is made for Swedish Nuclear Power Inspectorate (SKI) of the SR 97 -
Post-Closure Safety, Main Report (SKB TR-99-06) prepared by Swedish Nuclear Fuel
and Waste Management Company (SKB). The review is focused on Chapters 4 and 5 of
the SR 97 Main Report, with a background study of Chapters 1-3 of the same report, as
well as a study of the support documents SKB TR 95-22, SKB TR 99-20 and SKB TR
99-07 (details of these reports are given in the References).

The main comments, numbered consecutively, are presented below under three headings:

A. Project Coordination and Expert Review
B. Scenarios and Variables
C. Modeling and Analysis

These are followed by a number of more specific comments on THMC Diagrams for the
different system elements.

COMMENTS ON PROJECT COORDINATION AND EXPERT REVIEW

(1) Need for Iteration and Integration between Model Conceptualization and Model
Investigations

SKB appears to have taken a path of separating (a) model calculations, results and
discussion/conclusions, from (b) model conceptualization and model building (i.e.,
geometry, processes, boundary conditions, and scenarios). Thus the latter is set up by one
group of people as a more-or-less independent "data base" of scenarios, features, events
and processes, etc; while the former is probably being carried out by another group of
people. I am not at all sure that this is a good approach. There needs to be significant
communication and iteration between the two parts (a) and (b). To make judgment on (b),
e.g., ranking and choice of significant processes, based on one's intuition and
"experience" without the benefit of knowing results of (a) may be a dangerous approach.
One need to be on the alert for needed iterations and integration among people in parts (a)
and (b) in the safety assessment, especially if the people involved in the two parts are
different.

(2) Need for Reviews by Two Types of Experts

Model conceptualization and model building, including geometry, processes, boundary
conditions, scenarios, and decisions on process rankings (Section 4.2.4, last paragraph)
are certainly an important step. Results of calculations or predictions with the models
depend on decisions at this step. If this step is good and correct, the results will be
reasonable; and if this step is garbage, the outcome of results and predictions will also be



garbage. In reviewing the supporting document, SKB TR 95-22 and SKB TR 99-20, it
appears that the work was done by a limited number of people, mainly within SKB and
Kemakta. While these people are very good, they are still limited in their knowledge in
terms of the scientific state of art in the multiple disciplines of hydrology, heat transfer,
rock mechanics, geochemistry, and microbiology that are involved. I would suggest that
their work, especially identification of processes and their rankings, should be seriously
(versus superficially) reviewed by experts.

There are two kinds of experts. The first kind is the site-specific or problem-specific
experts. These are people that have been studying the site and/or the problem in detail for
a number of years. They could be SKB staff and contractors, or people in the waste
programs in other countries. The second kind of experts is general scientific experts.
These are those in the forefront of their sciences, having a comprehensive knowledge of
all related (but may not be apparently relevant) topics in the fields. A proper review needs
both types of experts. One also needs to make sure that the experts cover all the scientific
disciplines involved. For example, I do not know if the present development of SR 97
Chapters 4 and 5 has made good use of input from recognized scientific experts in the
field of microbiology. (Is that the reason paragraphs on this topic are rather brief?) It is
also useful to use hand-on scientists in other countries' waste programs to help in the
review. Of course all review comments and responses should be properly documented
(see next comment).

(3) Need for Structured Expert Elicitation and Documentation

Sometimes appropriate experts may be already involved in the project, but there may be a
lack of requesting their input and taking advantage of their experience for particular
tasks. Thus the expert review mentioned in the last comment need to be carried out in a
structured and documented manner through an expert elicitation procedure. This was
done for example in the NIREX95 Program (NIREX95, 1995) and USDOE Yucca
Mountain Program (e.g., DOE, 1997). In this way, we can ensure appropriate input by the
experts at the right points of the program, with a clear documentation, so that their input
can be tracked and future changes followed and understood. There is no evidence in SR
97 that this was done by SKB.

In Section 5.8, the discussions on completeness of system description are too vague. In
addition to what is presented here, a well-defined expert elicitation process needs to be
done to ensure that the work is at the current state of science internationally.

COMMENTS ON SCENARIOS AND VARIABLES

(4) Need for Careful Definition of Base Scenario

The definition of base scenario and alternative scenarios requires some careful thinking.
There can be two views, (a) The base scenario may refer to the scenario for the normal



course of events and alternative scenarios means the cases when something special or
unusual happens. Or, (b) the base scenario means that it is the zeroth order, probably
neglecting some of the processes present or expected in the future, but it is a case on
which the realistic cases can be built. The current definition that the Base Scenario is one
in which the present climate persists and no copper canisters have fabrication defects
(Section 4.5.2) seems to take the view (b). The real base situation will have climatic
change over the next 100,000 years, as the glaciation cycle is of that order, and, further, it
is questionable whether the copper canisters can be assumed to have zero defects. This is
especially a concern if we consider defects not in the reference of current detection and
quality survey capability but in terms of what may show up in the next 100,000 years. We
have no such experience, unfortunately. On the other hand, if we take the view of Base
Scenario (a), then we should define it as a scenario for the "normal" course of events,
which would include glaciation and the presence of a few defect copper canisters.

(5) Suggestion of the Use of Zeroth Order Scenario.

Actually I would rather like the definition of the zeroth order case. Let us define a zeroth
order case, not calling it the base scenario, and in this zeroth order case, certain
commonly accepted processes are included and documented, such as corrosion,
groundwater flow, thermal conduction. Then a number of scenarios can be defined upon
it as a basis, and all the THMC diagrams can be defined as deviations or additions to it.
This has many advantages over the present scheme. Two most important ones are
indicated here. First, in all the process descriptions, we do not have to waste time and
effort (and try readers' patience) to present and discuss the obvious processes, because
they are already included in the zeroth order case. For instance, I randomly checked SKB
TR 95-22 and, without too much effort, found the word "obvious" under the title
Motivation on pp. 52, 53, 101, 131 etc. Second, what is even more important is that the
current scheme does not focus on potential detrimental factors. Because much effort and
writing were spent on well accepted processes, they overshadow detrimental factors, such
as heat transfer in the near field buffer by heat pipe effect, heterogeneities, flow
channeling, processes in interfaces and gaps, effects of plugs, seals, and rock bolts, etc.
These may be either ignored or not in focus. And it is these detrimental effects that may
have an important impact on safety.

(6) Confusion in the Definition of "Variables"

The definition of "variables" for the THMC diagrams leaves much to be desired. As it is
now, it means not only variables, but also geometric factors, current or initial conditions,
as well as boundary conditions. It also seems to include items that are more like
processes, such as "groundwater flow". At a minimum, the list of "variables" should be
listed in a sequence such that these different types are in successive groups and not all
mixed up. Also the variables tend to indicate standard parameters and sometimes
overlook parameters that control potential detrimental factors such as flow channeling,
tracer fast paths, and gaps and interfaces. A greater effort to build into the scheme a focus
on detrimental factors will be very critical for safety assessment.



From Section 4.2.5 and Section 4.2.6, it seems that processes are coupled with each other
only through "variables", and my first reaction is that there may be no coupled processes
in this approach. However on later readings, I think that there are indeed coupled
processes included, but in a curious way through the "variables". Then the definition of
variables becomes strange by necessity. Thus one finds that "groundwater flow" appears
both as a variable and as a process in the THMC diagrams. It is also strange that
"permeability" which is a key parameter in all site characterization programs in many
countries is not included in the list of variables. I assume that it is hidden in the variable
"groundwater flow".

Considering repository geometry and boundary as "variables" (Section 4.2.6, last
sentence) is also an unusual approach. I would suggest that one defines the geometry and
boundary within the zeroth order framework (see Comment (5) above) and then call the
deviations or changes, due to, for instance, excavation or heating, as variables.

(7) Need to Ensure Inclusion of Tertiary and Higher-Order Coupled Processes

The processes shown in the THMC diagrams are binary, i.e., how variable A affects
process B and vice versa, since they are based on two-dimensional interaction matrices.
Are there tertiary-coupled processes? I suspect the binary processes discussed in SR 97
do indeed include tertiary and higher ordered ones in the sense that in the binary
considerations, all the conditions for the third or more other process are considered. In
this sense this binary approach is acceptable. But still care needs to be exercised to ensure
no important higher-order coupling is overlooked.

COMMENTS ON MODEL AND ANALYSIS

(8) Need to Consider Model Abstraction and Associated Uncertainty

In Table 4-1, four steps of analysis are indicated, which are fine and commonly accepted.
However some countries have recognized a need to divide the "analysis" or modeling
step into two. One is a kind of detailed model, trying to model and understand in-situ
experiments and relevant data, reproducing them within an accepted degree of
uncertainty. Often this model has to account for very special test conditions, such as
strongly convergent flow, wellbore skin effects, etc., and are too complex to use in safety
assessment of a potential repository. Thus there is a need for a simplified or abstracted
model that can be used in multiple Monte Carlo simulations for probabilistic predictions
for the many scenarios. Associated with model abstraction are the abstraction
uncertainties, which needs to be considered. SR 97 appears not to have recognized this
need.



(9) Need of Care in Handling Analyses at Different Levels of Details

In Section 4.5.1, it is stated here that the methods for and the depth of analysis vary
widely between the different scenarios. This is understandable, but care needs to be
taken in evaluating the results (Tsang, et al., 1994), especially when one is weighing
together all the results of the different scenarios (see third paragraph of Section 4.4.2).
Often, a shallow analysis shows less detrimental factors to safety than a deeper analysis.

SPECIFIC COMMENTS ON THMC DIAGRAMS

A. Fuel/cavity (Sections 5.3.1-5.3.3)

(1) Among the variables for geometry, it may be useful to point out the need to consider
gaps and interfaces as well as cavities. These are discussed in SKB TR 99-07
Processes Report, p. 15. Perhaps the term cavity in SR 97 includes these types of
cracks. It may be useful to clearly state so. Also, instead of water composition, one
may want to use "hydrochemical environment" to focus more on fuel-chemical
interactions.

(2) For the process, Heat Transport, I do not understand the stated dependence on
material composition. The SKB TR 99-07 Processes Report (p. 25) does not justify
this. I suspect that it was included because of the thermal conductivity being
dependent on material composition. But I think that thermal conductivity can be
included as one of the variables (why not?) It is quite a stable parameter, not so
sensitive to the detailed material composition. This is just like we do not characterize
heat transfer as dependent on the vibrational characteristics of electrons and atoms in
the material.

(3) I am surprised that Thermal expansion/Cladding failure is not related to Temperature
and Material composition. I would think that temperature causes thermal expansion
and material composition is related to expansivity of materials (there is no variable
called Material expansivity). On the other hand, its dependence on "Hydrovariables"
is probably not so important. The Processes Report (SKB TR 99-07, pp. 29-30) does
not explain these points.

(4) How about the processes of thermal cracking, cavity formation and cavity shape
changes? These are not in the diagram.

B. Copper canister/Cast iron insert (Sections 5.4.1-5.4.3)

(1)1 believe that here crack formation, gaps and interfaces are important issues. They are
probably included in this section in some fashion, but it would be much better if they
are brought out in a more highlighted way among the list of variables or in the form
of processes in such cracks and cavities.



(2) I am surprised that hydrogeochemical environment is not among the variables as they
are obviously related to potential corrosion.

(3) There is no indication of concern related to microbiology, which may be potential
promoters of corrosion or other effects. Is this correct?

(4) It is surprising that the deformation of copper canister and iron insert is independent
of temperature. It may not be reasonable to separate out the process of thermal
expansion from deformation. Also in the Processes Report (SKB TR 99-07, p. 63), it
is clearly indicated that the creep phenomenon depends on temperature.

C. Buffer/Backfill (Sections 5.5.1-5.5.3)

(1) The list of variables seems to focus on routine items and misses important issues,
such as heterogeneities, gaps and interfaces, colloidal and microbiological factors.

(2) Among the variables, what is "Pore Geometry" referring to? Does it refer to porosity
(then use porosity as a variable; why not?), or does it refer to the shape of the pores?
If it is the latter, I do not see why it should affect water and gas transport or thermal
expansion to any significant extent.

(3) Also among the variables is the impurity content, which for backfill is the crushed
rock, comprising 85% of the backfill material. It really should not be called impurity,
since it is the bulk of the material intentionally designed this way.

(4) Also among the variables, what is the difference between smectite content and
smectite composition? The definitions in Table 5.3 and in the Processes Report (SKB
TR 99-07, p. 92-93) do not seem to give a clear distinction. Perhaps there is a
difference, but such details may not be needed in the Diagram where the other
variables are treated in such a gross way (for example, the use of the term
hydrovariables to include all hydrological factors).

(5) It may be useful to subdivide Heat Transport into separate items, such as conduction,
convection and heat pipe process. They are treated quite differently in terms of
mathematical calculations and functional dependence. The heat pipe effect may be
important where there are two phases present. Vapor would move in the pores, much
more effectively than water, and then condenses in the cooler part, resulting in a very
effective heat transfer mechanism. Such effect would occur even below water boiling
temperature. This process is implied in the discussion on p. 98 of the Processes
Report, but is not highlighted as an effective heat transfer process.

(6) In the processes involving water and gas, it may be useful to include evaporation and
condensation, as there will be a significant temperature gradient across the buffer.
This is mentioned in the comprehensive discussion of the hydrological processes in
the buffer on pp. 102-107 of the Processes Report (SKB TR 99-07), but many of the
key issues discussed there are not reflected in the THMC Diagram. In contrast, much
more details on "Solutes" and "Radionucludes" are shown in the Diagram.



D. Geosphere (Sections 5.6.1-5.6.3)

(1) Among the variables is the item, Engineering and stray materials, which is defined in
terms of chemical composition and quantities of grouts, rock supports and plug, etc. I
think what is also very important are the hydraulic effects of these seals and plugs,
and whether they will introduce additional flow paths connecting major fractures or
fracture zones. For example, rock bolts may corrode with time and form flow paths.
They can be several meters long, and that is comparable to fracture spacing near the
drift and is very probably longer than the local fracture spacing if there is a significant
disturbed zone there.

(2) The heat pipe effect discussed above will also happen in the geosphere near the
repository, where there is a significant temperature gradient. This should be included.

(3) Among the processes in the THMC Diagram, the thermal transport would give rise to
temperature gradients, which will in turn induces groundwater pressures. I believe
that there should be an arrow to it. The dependence of thermal transfer on Fracture
geometry, Rock stress and Fracture minerals should not be significant, in contrast to
what are indicated in the Diagram. This is confirmed by the discussion in the
Processes Report (p. 175). Also, the dependence on the specifics of Matrix minerals
should also not be important. It is more related to thermal conductivity (why not call
that a variable?) As indicated on p. 175 of the Processes Report, thermal conductivity
is very stable with respect to variations in the matrix mineral composition. The
variation among Swedish and Finnish rocks is only between 2.7 to 3.6 W/(m.K),
which is a very narrow range compared to variations in many other chemical and
hydrological factors.

(4) Concerning advection and mixing, Section 5.6.3 (middle of page on p. 72) mentions
"mixing of different types of water from different parts of the geosphere". This
statement needs to be taken with great care. The usual concept of mixing because of
dispersion (defined with a dispersivity length) can be very misleading or even wrong.
Such a theory is only valid if the measurement or sampling scale is equal or larger
than the dispersivity (Tsang, 2000). If the sample scale is smaller, mixing is only due
to diffusion, which is a much smaller effect.

(5) Concerning the microbial process in the THMC diagram, I am surprised that it does
not depend on groundwater and gas flow, because sustained microbial action requires
the availability of nutrients, which are carried by groundwater and gas flows.



REFERENCES

DOE. Civilian Radioactive Waste Management System Management and Operating
Contractor: Saturated Zone Flow and Transport Expert Elicitation Project, prepared by
Geomatrix Consultants, Inc., San Francisco, California and TRW, Las Vegas, Nevada,
WBW 1.2.5.7, October 1997.

NIREX95. A Preliminary Analysis of the Groundwater Pathway for a Deep Repository at
Sellafield. Volume I: Development of the Hydrogeological Conceptual Model. Volume II:
Derivation of Effective Hydrogeological Parameters for Regional Modeling. Volume III:
Calculations of Risk. United Kingdom NIREX Limited, Science Report 5/95/012, 1995.

SKB TR-95-22. Technical Report. The Use of Interaction Matrices for Identification,
Structuring and Ranking ofFEPs in a Repository System: Application on the Far-Field of
a Deep Geological Repository for Spent Fuel. K. Skagius, A. Strom, and M. Wiborgh,
Swedish Nuclear Fuel and Waste Management Co., Stockholm, Sweden, November
1995.

SKB TR-99-06. Technical Report. Deep Repository for Spent Nuclear Fuel, SR 97-
Post-Closure Safety, Main Report Summary. Swedish Nuclear Fuel and Waste
Management Co., Stockholm, Sweden, November 1999.

SKB TR-99-06. Technical Report. Deep Repository for Spent Nuclear Fuel, SR 97 -
Post-Closure Safety, Main Report Volume I. Swedish Nuclear Fuel and Waste
Management Co., Stockholm, Sweden, November 1999.

SKB TR-99-06. Technical Report. Deep Repository for Spent Nuclear Fuel, SR97-
Post-Closure Safety, Main Report Volume II. Swedish Nuclear Fuel and Waste
Management Co., Stockholm, Sweden, November 1999.

SKB TR-99-07. Technical Report. SR 97, Processes in the Repository Evolution,
Background Report to SR 97. Swedish Nuclear Fuel and Waste Management Co.,
Stockholm, Sweden, November 1999.

SKB TR-99-20. Technical Report. SR 97 - Identification and Structuring of Process. K.
Pers, K. Skagius, S. Sodergren, M. Wiborgh, A. Hedin, L. Moren, P. Sellin, A. Strom, R.
Pusch, and J. Bruno, Swedish Nuclear Fuel and Waste Management Co., Stockholm,
Sweden, December 1999.

Tsang, C.F., L. Gelhar, G. de Marsily, and J. Andersson, Solute Transport in
Heterogeneous Media: A Discussion of Technical Issues Coupling Site Characterization
and Predictive Assessment. Advances in Water Resources, Vol. 17, No. 4, pp. 259-264,
1994.

Tsang, C.F., Modeling Groundwater Flow and Mass Transport in Heterogeneous Media-
Issues and Challenges, invited Keynote Paper, Proceedings of the International
Association of Hydrogeologists XXX Congress 2000, Capetown, South Africa, 26
November -1 December, 2000. A. A. Balkema Publishers, Rotterdam, the Netherlands.

10



APPENDIX

Dr. Chin-Fu Tsang is a Senior Staff Scientist in the Earth Sciences Division and Head of
the Department of Hydrogeology and Reservoir Dynamics at the Ernest Orlando
Lawrence Berkeley National Laboratory. His research ranges from geothermal reservoir
dynamics; thermohydraulic processes for underground thermal energy storage; dynamic
borehole fluid logging methods, to coupled thermo-hydro-mechanical (THM) processes
in fractured rocks, and numerical stochastic modeling of flow and transport in strongly
heterogeneous systems. Under the last topic, his research emphasis has been on
channelized or preferential flow in both saturated and unsaturated media. Dr. Tsang has
published extensively in his field. He has over 300 scientific reports and invited or
keynote presentations, including more than 100 papers in refereed journals. He is a co-
author of the popular Water Resources Monograph 10, Groundwater Transport,
published by the American Geophysical Union (AGU) in 1984, which is now in its fifth
printing. He co-edited six other books in such areas as flow and contaminant transport in
fractured rocks, deep well injection, and coupled thermo-hydro-mechanical processes. He
was the Guest Editor of special issues of International Journal of Rock Mechanics and
Mining Sciences, Environmental Geology, and Hydrological Science and Technology.
Dr. Tsang has also been active in international research cooperation. He played a key role
in such international cooperative research projects as HYDROCOIN and INTRAVAL.
He is currently the Chair of Steering Committee for the International DECOVALEX
project on coupled THM processes.
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