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ABSTRACT

The three repository concepts VDH, KBS3 and VLH have
been investigated with respect to their functions in
short- and long-term perspectives. The study shows
that while KBS3 does not require development of new
techniques for excavation and application of buffers
and canisters, such development is needed for VLH and
VDH. The various physical processes in the deployment
part of VDH are more critical and less understood
than those in KBS3 and VLH, but the sealing effect of
the plugged •• low-temperature" part is sufficiently
good to make the concept qualify as a candidate. VLH
has the highest and KBS3 the lowest temperature and
the latter has the highest potential for good
long-term function.

ABSTRACT SWEDISH
De tre koncepten VDH, KBS3 och VLH för HLW-förvar har
undersökts med hänsyn till deras funktionssätt i ett
kort och långt perspektiv. Undersökningen visar att
medan KBS3 inte kräver utveckling av ny teknik för
att göra deponeringshål och hantera och anbringa
buffertmaterial och kanistrar är sådan utveckling
nödvändig för VLH och VDH. De olika fysikaliska pro-
cesserna i deponeringsdelen av VDH ger större föränd-
ringar och är mindre väl kända än de i KBS3 och VLH,
men tätningseffekten hos den övre delen med "låg tem-
peratur" är tillräckligt god för att konceptet skall
kunna kandidera. VLH har den högsta och KBS3 den
lägsta temperaturen och den sistnämnda har de bästa
förutsättningarna för god långtidsfunktion.
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SUMMARY

The ultimate selection of a repository concept will
naturally be based on the isolating power of the can-
didate concepts, which is primarily determined by the
ability to retard release of radionuclides. It is
basically controlled by the hydraulic conductivity
and sorptive properties of the nearfield rock and the
canister-embedding clay. It is naturally a merit if
the isolating properties are largely preserved over
very long periods of time, i.e. hundreds of thousands
of years, which among other things will depend on the
questions of time-dependent fracturing of the near-
fiftld rock and the mineral alteration of the smectite
clay.

The three concepts VDH, KBS3 and VLH have been inves-
tigated with respect to the long-term behavior, con-
sidering the evolution from the initial construction
and application stages to the heating and post-
heating stages. Distinction has been made between
"natural conditions" with moderately conservative
assumptions respecting rock stress and geochemical
conditions as well as tectonic impact, and "excep-
tional conditions" with rather extreme conditions.

The analyses showed that while KBS3 does not require
development of new techniques for excavation and app-
lication of clay components and canisters, such deve-
lopment is needed for VLH and VDH, the demand of
technical development being strongest for the latter.
Also, the understanding of the complex maturation
process and subsequent displacement scenario of clay
and canisters for VDH is not complete. Still, the
isolation power of the upper 2 km long plugged part
will be maintained over very long periods of time,
which makes this concept a candidate. For a well ope-
rating VLH it is required that the canister-embedding
bentonite blocks are water-saturated from start since
the temperature would otherwise be too high. Still,
this concept has the highest temperature, and is ex-
pected to yield some cementing of the clay, which is
still estimated to be largely preserved over many
hundreds of thousands of /ears.

In KBS3 repositories, the clay is exposed to the
lowest temperature, i.e. about 70°C, but the heating
period is much longer than for the other concepts.
The tunnels represent the part of the repository that
undergoes most changes, leading to increased hydrau-
lic conductivity, while the clay in the deposition
holes is expected to stay intact for the same period
of time as in VLH.



VI

The major conclusion of the study is that all the
concepts seem to be feasible and offer reasonably
good isolation of highly radioactive waste for
hundreds of thousands of years even under "exceptio-
nal conditions".



INTRODUCTION

The purpose of the present report is to describe and
compare the major operational functions of the ben-
tonite barrier and nearfield rock of the concepts
VDH, KBS3, and VLH for final deposition of spent nu-
clear fuel. The assessment is focussed on the trans-
port and isolating properties of the nearfield clay
barrier and surrounding rock, considering the changes
that are expected in the various phases through which
a repository will pass in a 1 million year perspec-
tive.

The mechanical and chemical environments of the can-
isters depend very much on the constitution and pro-
perties of the host rock and it was clear at the
start of the study that a general rock structure
model had to be taken as a basis of the performance
assessment, both for predicting the various processes
that affect the transport capacity of the nearfield
of each repository concept, and for making fair com-
parison of them. A general rock structure model, ori-
ginally proposed by Ahlbom (1) and worked out and de-
scribed earlier, was employed for this purpose and it
was further refined in the course of the study for
quantification of the transport and mechanical pro-
perties of its components. For the sake of clarity
the model is described in detail in this report.

The study was divided into two parts for each concept
referring to "Normal" and "Exceptional" conditions
with respect to rock stresses, tectonics and geo-
chemistry. The various criteria for normal conditions
were taken rather conservatively while extreme cir-
cumstances were assumed in the analysis of the be-
havior under exceptional conditions. The study con-
cerned four different phases of function of the near-
field in the operative lifetime of a repository: the
application stage, the maturation stage, the heating
stage (<2000 years), and the post-heating stage
(>2000 years). The final chapter comprises a compari-
son of various major functions of the three concepts.

Since the analysis of the "Very Deep Hole" (VDH) con-
cept gave a considerably extended view of geological
structures at depth that are of importance also for
the MKBS3" and "Very Long Holes" (VLH), VDH will be
discussed first, followed by KBS3 and VLH.



FUNCTIONAL ANALYSIS, "NORMAL CONDITIONS"

2.1 Geological aspects

2.1.1 General

The geological conditions influence the nearfield
function of the respective concepts in three major
fashions:

The rock structure, particularly the fre-
quency, interconnectivity and orientation
of water-bearing structures, and the pri-
mary rock stress conditions determine the
extension of the excavation- and heat-
induced damage of the nearfield, and
thereby the groundwater flux along the
buffers and backfills

The spacing and orientation of major struc-
tures and the change in regional primary
stresses determine where tectonically
induced shear will take place in a re-
pository and how large the displacements
will be in the nearfield

The groundwater composition affects the
physical properties and the chemical sta-
bility of buffers and backfills

These three issues will be treated in this intro-
ductory chapter of the report.

2.1.2 Rock stress conditions

2.1.2.1 Basics

The primary stress field varies with respect to ori-
entation, anisotropy and magnitude as examplified by
Fig.2-1. The only general rule for estimating rock
stresses at large depths is the one proposed by Rum-
mel. It has been applied in earlier SKB studies (2)
and gives the following expressions of the primary
stress conditions as a function of depth:
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Figure 2-1 Variation in vertical stress and horizontal stress
as evaluated from field measurements in crystal-
line rock at Forsmark, Sweden (After Carlsson &
Olsson)

0-H/OV=(25O/Z) + 0.98 MPa

Oh/crv=(150/z) + 0.65 MPa

where on and Oh are the major and minor stresses in
the horizontal plane and ov is the vertical stress,
which can be taken as <jv=o.O27z, where z is the depth
in meters.

2.1.2.2 Primary stress conditions for the three concepts

Applying Rummel's expressions we find the primary
stress conditions for the three concepts that are
compiled in Table 2-1. They are taken to represent
principal stresses.



Tab} 2-1 Theoretical primary stresses

Concept

VDH

KBS3

VLH

Depth
km

0.5-1.
1.0-2.
2.0-3.
3.C-4.

0.5
1.0

0,5
1.0
1.5

0
0
0
0

Max horiz.
MPa

21-33
33-60
60-86
86-113

21
33

21
33
46

Min horiz.
MPa

13-22
22-39
39-57
57-74

13
22

13
22
30

Vertical

MPa

14-27
27-54
54-81
81-108

14
27

14
27
40

Local deviations from these values may be significant
due to structural undulation and variation in stress/
strain properties of bedrock units. The values do not
reflect the higher stresses that are commonly found
in overthrust regions but are considered to be re-
presentative of most areas where topography and tec-
tonics do not imply high stress levels. The stresses
are of the magnitude that has been assumed in a num-
ber of rock mechanical exercises (3). More critical
conditions are assumed in the study of "exceptional
conditions".

2.1.3 Rock structure

2.1.3.1 General

Like all types of rock, igneous rock is characterized
by macroscopic discontinuities that form more or less
regular patterns. They are stress-induced, origi-
nating from thermal or tectonic processes and often
represent different stages in the development of the
earth crust. The superposition of sets of discontinu-
ities developed at different stages may obscure the
regularity of the rock structure as we see it today
and this often makes detailed structural modelling
difficult. However, identification and characteriza-
tion of typical sets of discontinuities that control
the physical properties of a rock mass is usually
possible to an extent that allows for relevant nu-
merical rock mechanical and hydraulic calculations.



The formation of discontinuities in virgin crystal-
line rock is related to its stress history and in-
herent variation in strength. Critical stress condi-
tions produced by tectonics caused breaks emanating
from numerous submicroscopic defects to propagate and
to form visible fractures of various size in the
rock. While the initial defects, having the form of
elongated voids (Griffith cracks), like incomplete
crystal contacts, were randomly distributed and ori-
ented in the solidified magma, the stress fields
built up by tectonics or heat effects caused growing
breaks to become oriented in certain, stress-
determined, preferred directions.

In practice, the stochastic distribution of the posi-
tion and orientation of void defects of different
growth potential led to large growth of only few
breaks, while very fine weaknesses that represent
embryotic breaks became "frozen in" like dislocations
in strained metal. The latter are not visible to the
naked eye but can be identified in the microscope.
They are often manifested by easy cleavage of ap-
parently homogeneous granite of which stonecutters
make use.

Shear strain imposed along primarily formed disconti-
nuities generated secondary breaks through tension
and these tended to become oriented more or less per-
pendicular to the sheared ones, resulting in the oft-
en observed more or less orthogonal pattern of mac-
roscopic discontinuities integrated with a "fractal"-
type, conformable system of more or less visible
breaks of short extension (Fig.2-2).

The successive propagation of discontinuities of high
growth potential under critical regional stress con-
ditions did not lead to perfectly plane failure sur-
faces because of the variation in composition and

mm
Figure 2-2 Orthogonal-type macroscopic discontinuities
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Figure 2-3 Examples of the nature of fracture zones (After
Ahlbom et al). Upper: Increased shear from left to
right. Lower: Large subhorizontal zone H2 below
the Forsmark silo

mechanical properties of the rock mass in which the
propagation takes place. Hence, the longer the exten-
sion, the stronger the deviation from the initial
orientation, which means that discontinuities of
short extension often yield more regular, orthogonal-
type patterns than those of very long extension that
are generated by the same regional stress field.

Propagation of discontinuities over long distances
in rock of varying composition and mechanical proper-
ties generates bifurcations, isolated embryotic "en
echelon" breaks, and intense local fracturing, re-
sulting in wide fracture zones of strong complexity.
Usually, one can identify a central zone of stronger
complexity and higher porosity and hydraulic conduct-
ivity, and rim zones that have undergone less dis-
turbance (Fig.2-3).

A major point is the fact that since the tectonic
stress fields were reoriented one or several times
since the solidification of the earth crust, several
differently oriented systems of discontinuities can
usually be identified.



2.1.3.2 Structural modelling - The 7 order discontinuity
scheme (GRS)

The need of rock structure characterization for quan-
tification of the rock stability and change in hydrau-
lic conductivity caused by excavation, has led to de-
finition of a structural scheme and basic model which
specifies discontinuities of seven orders (3). It is
primarily based on empirical rock data but also rela-
ted to the genesis of rock breaks. The primary purpose
of developing the model was to form a basis of pheno-
menological description of scenarios of various types
and of calculating stress-induced changes in hydraulic
properties of the nearfield rock in repositories for
highly radioactive waste, as well as for selecting
proper sites of seals for redirecting groundwater flow
in such repositories. The model, which therefore
ascribes typical hydraulic conductivity values to the
discontinuities, distinguishes between low-order
breaks, consisting of several interacting frcatures,
and high-order breaks that consist of only one dis-
crete fracture or joint, or that can be approximated
as behaving as single breaks. It is defined as
follows:

1st order discontinuities

Regional fracture zones with a few km spacing and an
extension of several tens of kilometers. The width of
the central, most hydraulically active core, which is
often characterized by clay and iron compounds,ranges
from meters to tens of meters and the zones contain
closely spaced and interconnected breaks, yielding an
average hydraulic conductivity of ?around lO~

6m/s. The
conductivity may range between 10" to 10" m/s

2nd order discontinuities

Local fracture zones with a spacing of a few hundred
meters and extending for several kilometers. The cha-
racter is similar to that of 1st order discontinui-
ties although with less width, fracture frequency and
clay content. The average hydraulic conductivity is
about 10" m/s, the actual span being 10" to 10" m/s

3rd order discontinuities

Local fracture zones with a spacing of 50-150 m and a
width of a few decimeters. A cross section shows no
clay but several, not always interacting fractures,
yielding an average hydraulic conductivity of such
discontinuities of lO"8m/s, the actual span being
10 to 10" m/s



4th order discontinuities

Discontinuities being the major hydraulically active
breaks (joints) of rock located between low-order
discontinuities. They represent discrete fractures
with a spacing and extension that ranges between 2-10
m, commonly averaging as 5 m. The pervious part of
the fractures are channels distributed over the frac-
ture plane but more commonly at the intersection of
fractures. Rock with 4th order fractures usually has
an average hydraulic conductivity of 10~n to 10 ö

m/s

5th order discontinuities

Discontinuities representing the rest, i.e. about 90
%, of the visible discrete fractures of the rock be-
tween low-order discontinuities. They do not contri-
bute significantly to the bulk hydraulic conductivity
either because they do not interact, or because they
are healed by pressure solution or precipitation (ce-
mentation) . Their average spacing is about one tenth
of that of the 4th order discontinuities, i.e. 0.2-
0.7 m, which do not interact but which represent
weaknesses, and mechanically or thermally induced
strain can activate them hydraulically by shear or
tension and make them propagate

6th order discontinuities

6th order discontinuties are microscopic weaknesses
of small extension, representing easy cleavage due to
zonal enrichment or orientation of certain minerals,
or to fine fissures. They form subsystems that are
more or less conformable to the 5th and 4th order
breaks

7th order discontinuities

The 7th order discontinuities represent intercrystal-
line voids and incomplete crystal contacts, all serv-
ing as Griffith cracks.

2.1.3.3 Arrangement of discontinuities

High-order discontinuities

Starting with the smallest discontinuities we need to
use a lens or microscope with polarized light to
identify the frequent minute discontinuities in thin
sections (4). Fig.2-4 illustrates microscopic, inter-
crystalline voids and incomplete crystal contacts
forming more or less ellipsoidal voids and represent-
ing 7th order discontinuities. In fact, one does not



Figure 2-4 7th order discontinuities in crystalline rock.
Thin section of granite with imperfect grain
boundaries along which sericitization has taken
place in feldspar crystals (Height of micrograph 1
mm). Right picture shows generalization of 7th
order discontinuities

need optical instruments to demonstrate the presence
of microscopic defects: they are manifested by the
capillary suction that even the most dense piece of
rock exhibits. Their deformability is demonstrated by
the increase in shear strength caused by raising the
cell pressure at triaxial testing. It is estimated,
by considering the aperture, tortuosity and intercon-
nectivity of these discontinuities, which are usually
randomly oriented, that they yield a bulk hydraulic
conductivity of around 10" m/s.

Classical structural petrology ("Gefiigekunde") speci-
fies s-planes as a generic term for more or less pa-
rallel weaknesses representing 6th order embryotic
breaks (4). Depending on their nature and origin -
crystal orientation, local enrichment of minerals
of easy cleavage, or fine fissures - they have a
spacing and extension in their own planes of centi-
meters to tens of centimeters and can be seen in thin
sections and drill cores using a lense or microscope
(Fig.2-5). They propagate and become widened, yield-
ing "schistosity" in blasted drifts at depth by high
gas pressures and tangential stresses if they are
aligned with the walls, roof or floor (Fig.2-6).
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Figure 2-5 6th order breaks in the form of fine, nearly
parallel sets of breaks in sectioned core from
Grimsel granite. Upper: Typical micrograph (Height
1.5 cm). Lower: Orientation of breaks
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Figure 2-6 6th order breaks developed to yield schistosity in
the nearfield rock of a blasted tunnel oriented
parallel to one major fracture set in Stripa
granite. Upper: Mapping of plane wall (2x10 m )
showing extensive schistosity of and presence of
4th order discontinuities (thick lines).

Their existence is verified by the frequent "discing"
in cores drilled from the periphery of blasted ex-
cavations as illustrated by the diagram (3).

5th order fractures are visible, discrete breaks with
little or no water-bearing capacity in undisturbed
rock and they are seen as fractal-type systems of
breaks as illustrated by any mapping of TBM-drilled
or carefully blasted, normally fractured rock (4).
Their spacing and extension in their own plane is
about 1/10 of that of 4th order breaks (Fig.2-7).

4th order discontinuities, i.e. discrete water-
bearing fractures that extend for several meters in
their own plane and that have a spacing of 2-10 m are
easily identified by fracture mapping (Fig.2-7),
cf.(4). Inspection of borehole galleries in granite
indicates that they typically form more or less or-
thogonal or rhombohedral patterns like that in
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Figure 2-7 Fractures representing 4th and 5th order disconti-
nuities in Finnsjön granite (5). The 4th order
breaks, i.e. the hydraulically active, open frac-
tures with a spacing of 2.6-8 m, represent 1/8 of
all fractures, which form a rather well defined
rombohedral or approximately orthogonal system. The
orientation of the 4th order breaks coincides
rather well with that of discontinuities of lower
order (scale in meters)

Fig.2-2. Fig.2-8 illustrates the position and orienta-
tion of water-bearing fractures of 4th order in Stripa
granite integrated with fractal-type subsystems of
shorter breaks that carry only very little water
except within a few meters distance from the periphery
of blasted drifts. These shorter breaks, which we
refer to as 5th order discontinuities, have spacings
of around one tenth of that of the 4th order breaks.

Fig.2-8 also illustrates the common undulation of
fracture systems, manifested here as a twist by about
5-10° over 12 m distance. Such undulation, which is
compatible with the stress field rotation of the type
indicated in Fig.2-1, has a significant impact on
the bulk behavior of rock along drifts and long
boreholes.

Recorded fracture data and inspection of the walls of
the blasted ramp of the Xspö Hard Rock Laboratory
show that the same basic systems of 4th and 5th order
discontinuities exist also in this granitic rock mass
(Fig.2-9).

Low-order discontinuities

Low order discontinuities often appear in surprising-
ly regular patterns but structures formed at differ-
ent stages of the evolution of the earth crust are
oft^n differently oriented and grouped as indicated
by Fig.2-9.
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Figure 2-8 Position and orientation of all water-bearing
fractures in two parallel borehole galleries 12 in
apart in Stripa granite. Three major, differently
striking sets identified: I, II, III and IV. The
outer solid contour represents the bottom of a
slot from which the holes were drilled. The holes
represented by broken lines could not be drilled
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Figure 2-9 Location of steeply oriented 3rd, 4th and 5th
order breaks over an arbitrary length of the adit
to the Xspö Hard Rock Laboratory. Left: 3rd order
zones. Right: detail of adit showing 4th and 5th
breaks. I and II show two versions of the theore-
tical rock structure model for comparison; thick
lines are 4th order and finer lines 5th order
breaks

Historically, E.M. Anderson gave the basis of fault
classification in a simple and logical way back in
the early fifties, applying Mohr-Coulomb failure mode
and introducing the concept of high fluid pressures,
and his views still apply although we need to extend
his reasonings for explaining features of fault be-
havior that are not covered by his ideas. For the
present purpose we will confine ourselves to quote
Anderson's criteria as a basis for the subsequent
examplification of low order structures (Fig.2-10).
Sills and dykes formed at depth require that the
fluid is molten rock.
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vertical fissure

Figure 2-10 Anderson's criteria: Right row: Classes of
faulting; Upper: thrust fault, center: wrench
fault (strike-slip), lower: dip-slip fault. Left
row: upper: sill formed when fluid pressure is
intermediate to the greatest and intermediate rock
stress, center and lower: dykes formed when the
fluid pressure is intermediate to the greatest and
intermediate rock stresses

In practice, low-order structures often appear to
form integrated patterns of Mohr-Coulomb type and
tension type and the orientation and width vary due
to inhomogeneous material properties, stress fields,
fault motion and topography (Fig.2-11). A consequen-
ce • of spatially varying slip amplitudes is motion
perpendicular to the predominant slip direction
("scissoring"). Significant changes in regional
stress fields, e.g. rotation or change in relative
magnitude of principal stresses, are concluded to
have created different generations of faults.
Still, low-order discontinuities often appear in re-
markably regular sets as illustrated by Fig.2-12, in
which 1st order discontinuities, termed lineaments,
divide the rock mass in large slices with conformable
but also perpendicularly oriented 2nd order discon-
tinuities.

A typical hierarchy of low-order discontinuities is
exposed in the rock mass hosting the underground re-
pository for low- and medium-level radioactive wastes
at Forsmark, 150 km north of Stockholm. Fig.2-13
shows steeply oriented structures forming a more or
less orthogonal or rhombohedral pattern, the ones
marked A,B and C representing 1st order structures
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Figure 2-11 Large-scale discontinuities of different origin
(cf. 4)

Regional Lineament Map

- "" Well defiDed lineament

— " Poorly defined lineament

FJaliveden lite

Glacial f triation Is ca. S20E In the area

10 km

N

I
Report: SKBF/KBS TR 83-52

Figure 2-12 Steep discontinuities in the Fjällveden area
forming regular pattern of major "lineaments",
which represent 1st order discontinuities with
about 3 km spacing. The whole pattern is of
orthogonal type (After Ahlbom et al)
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Figure 2-13 Regional tectonic zones in the Forsmark area
forming orthogonal-type pattern. A=Singö zone,
B=Forsmark zone C=Kallriga Bay zone (After Carlsson
& Christiansson)

and the other 2nd order breaks. The Singö zone (A),
of which the central most hydraulically active part
is about 30 m wide, is the dominant structure in the
area. The large concrete silo is located in a poly-
gon-shaped group of steeply oriented discontinuities,
i.e. Zones 3,6,8, and 9 (Fig.2-14). The 7 m wide Zone
3 and the 15 m wide Zone 8 can be ranked as 2nd order
discontinuities, while the 2.5 m wide Zone 6 and the
5 m wide Zone 9, are 3rd order discontinuities.
Fig.2-15 shows a vertical section of the silo with
the close-by Zone 9 and and the remote Zone 8, as
well as a subhorizontal, major 2nd order discontinui-
ty named Zone H2. Its central, most hydraulically
active part has a width of about 5 m.

It is pertinent to point out here that a similar re-
gularity in appearance and orientation of large dis-
continuities is characteristic also of other parts of
the earth crust (6. Thus, investigations in the Ro-
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Figure 2-14 Major steep discontinuities in the silo area. Dots
represent "mined" area

Figure 2-15 Vertical section of the SFR silo at Forsmark with
the closely located zones 9 and H2. Notice the
orthogonal-type pattern of the largest structure
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M30C yx> coon

Figure 2-16 The Krivoy area in Ukraina showing orthogonal-
type discontinuities of 1st and primarily 2nd
orders (6)

muvaara area in Finland, and in the Kola peninsula,
Ukraina and Caucasus have demonstrated both the pre-
sence of discontinuities that correspond to those
termed 1st to 5th order in this report, and regular
"orthogonal-type" patterns as the one shown in
Fig.2-16. The investigations in the three last-
mentioned areas comprised deep-drillings and compre-
hensive geophysics from which it was concluded that
both steep and flatlying structures of 1st and 2nd
orders are common also at large depths and that they
are hydraulically active down to at least 4 km.
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2.1.3.4 Basic, simplified rock structure model for the
present study

It is concluded from the set of examples that one can
define discontinuities by use of the 7 order
discontinuity scheme. In the present study we will use
this scheme to define a basic common rock structure
model for evaluating what effects that the three
concepts have on the transport capacity of the near-
field with due respect to the presence also of
larger, hydraulically important structures. This
model, which is illustrated schematically by Fig.2-17,
is characterized by orthogonal "fractal"-

Figure 2-17 Generalized rock structure model. Figures refer to
discontinuities of different orders. Erratic
oblique breaks are not shown
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type systems of discontinuties ranging from 1st to
7th order. Table 2-2 summarizes data concerning the
hydraulic conductivity and groutability as concluded
from i.a. the Stripa project. Table 2-3 gives ap-
proximate data on the strength parameter (friction
angle) of the discontinuities as concluded from the
literature (7), and Table 2-4 gives approximate valu-
es of the cohesion and internal friction (peak valu-
es) of bulk rock as a function of the volume (4).

Table 2-2 Basic model of "fractal"-type rock structure (4)

Feature Spacing

m

Bulk hydr. Groutability
conductivity

m/s

Low-order (conductivity of resp. discontinuity)

1st order
2nd order
3rd order

3000-5000
300- 500
30- 150

1Ol8~1O-6 ( 1 ( O * V e r y g ° ° d

10 -10 (10 ) Good
10-10 (10"8) Possible

High-order (conductivities of bulk rock volumes with
no breaks of lower order)

4th order
5th order

6th order
7th order

— 11 —Q —10

2 - 1 0 10 -10 (10 ) Possible
0.2- 1 Hydraulically inactive in

undisturbed state
0.02- 0.1

<0.02 10 -10
None
None

Common mean

Table 2-3 Approximate values of the strength parameters (fric-
tion angle) of discontinuities of crystalline rock of
the general rock structure type (7)

Discontinuity

1st order
2nd order
3rd order
4th order
5th order
6th order
7th order

Friction

Peak

15-20
15-20
20-25
30-35
40-45
50-55

angle (°)

Residual

15-20
15-20
20-25
25-30
30-35
35-40
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Table 2-4 Approximate bulk strength parameters of crystalline
rock of the general rock structure type (4)

Rock volume
m3

•C0.001
0.001-0.1
0.1-10
10-100
100-10 000

>10 000

Cohesion
MPa

10 -50
2 -10
1 - 5
0.1 - 1
0.01- 0.

<0 1

Peak frict.
(°)

45-60
40-50
35-45
25-35

1 20-30

15-25

Discontinuities

7th
6th,
5th,
4th,
3rd,
7 th
All

7 th
6th,
5th,
4 th,

7 th
6th, 7th
5th, 6th

2.1.4 Influence of excavation- and heat-induced damage of
nearfield rock

2.1.4.1 General

The nearfield rock structure and thereby the hydraul-
ic and gas conductivities of the rock close to the
canisters are altered due to excavation damage and
exposure to heating/cooling, the net effect being
determined by the frequency, location and orientation
of the deposition holes and tunnels with respect to
the primary structural features of the rock.

The deposition holes of all the concepts are assumed
to be drilled by use of moderately damaging tech-
niques of TBM-type. The KBS3 tunnels are expected to
be produced by applying careful blasting.

2.1.4.2 Mechanical damage

Drilling

The drilling of the deposition holes will cause
mechanical, "fragmentation" damage of the rock matrix
close to the periphery and at least the most shallow
part will become fissured and undergo an increase in
hydraulic conductivity. Inspection of granite cores
from Grimsel that were taken perpendicular to TBM-
drilled tunnels shows that the most shallow part,
extending to a depth of 10-30 mm, has undergone dis-
turbance by which new microscopic breaks were formed,
and natural 6th and 7th discontinuities were widened
and propagated to an extent that suggests an average
bulk hydraulic conductivity similar to that of very
dense silty clay, i.e. 10" to 10" m/s. Somewhat
less disturbance is expected to take place within 10
cm distance from the periphery. Even if similar
drilling technique will be used for the three con-
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cepts, the mechanical damage is probably smallest for
KBS3 holes, while the much higher tangential stresses
yield most damage to the VDHs. A rough estimation is
that the average conductivity of the most shallow 10
cm of the peripheral rock can be taken to be one order
of magnitude higher than that of the virgin rock for
the KBS3 holes, two orders higher for VLHs, and three
orders higher for the VDHs. This zone of enhanced
conductivity is expected to supply the highly compac-
ted canister-embedding bentonite with water in a uni-
form fashion even if the holes are intersected by
vater-bearing fractures with very large spacings
("ObeUsque-type rock").

Blasting

Blasting of the KBS3 tunnels will cause permanent
expansion of certain 4th order fractures, activation
of previously closed or unconnected 5th order frac-
tures, and formation of new fractures along and
across the blasting-holes, close to the periphery of
the tunnels. The effect is illustrated by Fig.2-18,
which shows the creation of a finger-like pattern of
new fractures with one major "radial" break and a few
minor ones, and activation of 5th and 6th order dis-
continuities. This results in a drop in strength and
expansion by which the hydraulic conductivity is in-
creased. Theoretical estimates have indicated that
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Figure 2-18 Model of blast-induced disturbance of the near-
field rock of a tunnel. N are new fractures, 5 and
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•the axial conductivity within about 0.3 m distance
from the periphery in the walls and roof should be in
the interval 10"9 to 10~6m/s for rock with a virgin
bulk conductivity of 10"n to 10 m/s (8).

The drop in strength is associated with a significant
reduction in tangential stress, which becomes conveyed
to the surrounding, undisturbed rock mass as indicated
in Fig.2-19 (3). This is believed to be of importance
for the long term stability of the roof as discussed
later in the report.

2.1.4.3 Stress redistribution

General

Stress changes induced by excavation cause shearing
of discontinuities (termed joints in the calcula-
tions) and change in fracture aperture which enhances
the axial hydraulic conductivity along tunnels and
large boreholes. The change in conductivity depends
very much on the orientation of the tunnels and bore-
holes with respect to that of major fracture sets as
concluded from 2D and 3D numerical calculations that
have been reported in various contexts (3,9,10).

Quantitative estimates for the respective concepts

The rock strain and associated change in aperture of
the joints, which represent 4th and (activated) 5th
order discontinuities of the basic structural model
has been determined by use of UDEC and 3DEC. The evo-
lution of the structural model used for the KBS3 stu-
dy was based on observations in the Stripa BMT area
located in granite (Fig.2-20), while the one used for
VDH and VLH was a somewhat simpler type. Various pos-
sible locations of the deposition holes with respect
to the natural fracture sets were considered
(Fig.2-21).

2D analyses greatly exaggarate the flow along tunnels
and holes except for the particular and undesired
condition of coinciding axis of the excavation and
direction of a major set of discontinuities. For all
other cases relevant calculations require 3D calcu-
lations or restriction of the active length of
"axial" fractures in 2D analyses. The outcome of such
studies is illustrated by the schematic plot in
Fig.2-22, from which one concludes - for the BMT case
- that the axial conductivity along the walls will be
magnified about 200 to 2000 times within 0.8 m dis-
tance from the walls and 1 to 40 times within another
2 m distance. For the floor the axial conductivity
was expected to be about 200 times higher than that
of virgin rock within 2 m distance from the floor.
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Figure 2-19 Change in stress conditions around blasted tunnel.
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Figure 2-20 Generalized structure of the Stripa BMT rock with
four major fracture sets. 2D rock mechanical
calculations were made ascribing a residual
friction angle of 25.5° and zero joint tensile
strength and cohesion to the discontinuities
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Figure 2-22 Conductivity in tunnel direction for five diffe-
rent regions around the BMT tunnel. Initial con-
ductivities and conductivities after excavation.
Values in parenthesis denote conductivities rela-
tive to the initial values

Actual testing of the axial conductivity as part of
the Stripa Rock Sealing Project gave an average value
of 10" m/s, corresponding to an increase of the con-
ductivity of virgin rock by 100-1000 times to within
0.8 m distance from the periphery and by 10 times
within the circumscribing zone extending to 3 m from
the periphery. Hydraulic borehole tests indicated
that most of the increased conductivity took place to
a depth of about l m in the floor. The bulk hydraulic
conductivity of the granite in virgin state was
3xl0~n to 9X10"1 m/s, as concluded from the Rock
Sealing Test of the Stripa Project (9).

The fairly good agreement between the results of the .
numerical calculations and the field measurements at
Stripa suggests that the increase in axial conducti-
vity at larger distance than about 2-3 meters from
the periphery was negligible, and that the major dis-
turbance occurred to a depth of about 0.4-0.8 m in
the walls and roof and to 1-2 m depth in the central
part of the floor. It is possible that blasting-
induced disturbance yielding formation of radial
fractures and comprehensive disintegration at the
tips of the blast-holes dominated and that the major
increase in axial conductivity may have taken place
only within a couple of decimeters from the periphery
except for the central part of the floor (Fig.2-24).
This hypothesis, which is in agreement with the simp-
le estimate that blasting would multiple the con-
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VDH:

Zone I with channels at the intersection of
fractures of 4th order represents virgin rock (5
m fracture spacing, k=io" m/s). II is stress-
disturbed zone with 1 m width with channels
at the intersection of activated 5th order
breaks (10"1 m/s). Ill is 10 cm mechanically
damaged zone with k=10" m/s

VLH:

Zone I with channels at the intersection of
fractures of 4th order represents virgin rock (5
m fracture spacing, k=io" m/s). II is stress-
disturbed zone with 1.5 m width with channels at
the intersection of activated 5th order breaks
(10" m/s). Ill is 10 cm mechanically damaged
zone with k=10" m/s

Figure 2-23 Schematic section of deployment part of VDH and VLH
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ductivity by 100 to 10 000 times close to the peri-
phery (8), is supported by the fact that grouting
using short, densely spaced boreholes with the inner
end of the packers located 1-2 decimeters from the
surface and hitting very few radial fractures, did
not reduce the bulk conductivity.

While stress changes caused by the excavation of the
drift at Stripa may certainly have resulted in shear
strain and propagation of discontinuities also at
larger distance than a few decimeters, the implied
enhanced axial conductivity may have been rather ef-
fectively counteracted by disintegration of fracture
minerals. This phenomenon was noticed in the experi-
ments where sticky silt/clay paste emanating from
chlorite fracture coatings was found in many of the
natural discontinuities on excavation. It was assumed
to have blocked these fractures and while being some-
what permeable to water they are thought to have pre-
vented grout from penetrating into them (11).

The conclusion that disturbance by blasting and
stress release took place within somewhat less than
one meter from the walls and roof and to 1-2 ro in the
floor without causing much increase in axial conduct-
ivity at more than a few decimeters distance from the
surface is in good agreement with the findings in a
comprehensive field study at Äspö, where different
blasting techniques were applied and a number of geo-
physical and hydraulic tests were conducted for mea-
suring the extension of excavation disturbance when
blasting is employed (12).

As to the KBS3 deposition holes, as well as the VDHs
and VLHs, they represent approximately the same
cross section size and assuming the same basic rock
structure model they are expected to behave similarly
except for the deeper part of VDHs for which the
tangential stress may be critically high and yield
comprehensive breakout. The position of large bore-
holes with respect to the detailed joint structure
determines the magnitude of joint shear displacements
and expansion/ compression, and applying primary
stress conditions characteristic of those at Stripa
(15 MPa horizontally and 6 MPa vertically) 2D ana-
lyses using the UDEC code have yielded an aperture
increase of up to 500 urn and consequently a dramatic
increase in axial conductivity (3).

However, in practice, 3D effects in the form of re-
stricted extension of axially oriented discontinui-
ties and deviation from the direction of the holes
caused by the ubiquitous torque and undulation of the
discontinuities, strongly reduce the net conductivity
over larger parts of VDHs and VLHs, although they are
probably less important for the relatively short KBS3
deposition holes. Still, for the assumed maximum
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ratio 1.5 of the major and minor horizontal principal
stresses, the aperture increase of the most critical-
ly located joints in the holes will be very much
smaller than for the considered ratio 2.5. The lack
of reliable data and the restricted number of re-
levant numerical calculations make safe estimates
difficult and it is assumed here that the net effect
of the stress release on the axial conductivity over
the entire length of the respective holes is on the
same order of magnitude as evaluated from the Stripa
BMT experiment, i.e. a tenfold increase of the virgin
bulk conductivity.

The basic hydraulic conductivity of undisturbed rock
located between discontinuities of lower order than
3, is controlled by 4th order breaks. It is in the
interval 10~n to 10~ m/s and we will assume the low-
er figure for the deeper part of the VDH rock (de-
ployment zone located 2-4 km below the surface) and
10"1 m/s for the KBS3 and VLH rock. These basic valu-
es were applied for derivation of the net conductivi-
ties in Fig.2-23 and Fig.2-24 and for the groundwater
flux through the disturbed zones along the canister
holes of the three concepts (cf. Chapter 2.1.5). The
drawings are supposed to illustrate - very schemati-
cally - the probable physical reason for the enhanced
axial conductivity, i.e. the formation of channels by
activation of latent 5th order discontinuities in a
zone circumscribing the most shallow, fissure-rich
zone of mechanically induced disturbance.

Special effects - enhancement of the bulk
conductivity

There are two possible mechanisms that may result in
significant increase of the axial conductivity: Wedge
formation and creep-induced increase in joint
aperture.

Wedges formed by steeply oriented 4th order fractures
intersecting close to VDHs, VLHs and KBS3 holes and
tunnels may create permeable axial passages that can
be of practical importance if they form hydraulically
interconnected sets as illustrated in Fig.2-25. The
lower part of the figure illustrates the relative
change in aperture of the fractures forming the
boundaries of a wedge as estimated by use of 2D
(UDEC) calculations (8). One immediately realizes
that while wedges may be almost totally avoided in
KBS3 holes by proper location of the holes, they will
appear in VLHs and in KBS3 tunnels. In VDHs such frac-
tures may well be sealed by drilling mud.
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Figure 2-24 Sections through KBS3 tunnel and deposition holes.
Left: Schematic section of tunnel with 18 m
blasting-disturbed inner zone with k=10" m/s, 3.5
m stress-disturbed outer zone with k=10" m/s with
crosses indicating intersections of activated 5th
order breaks. The outermost mass shows channels at
the intersection of fractures of 4th order, repre-
senting virgin rock (5 m fracture spacing, k=io~
m/s)

Right: Deposition hole in blasting-disturbed rock
to 1 m depth, and in stress-disturbed rock to 4.5 m
depth. Lowest part is in virtually undisturbed rock
except for 10 cm mechanically disturbed rock with
k=10"9 m/s
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The net increase in axial conductivity of VLHs and
KBS3 tunnels due to wedge formation is very much de-
pendent on the orientation of the wedges with respect
to that of the holes and tunnels. The matter is par-
ticularly important for VDH and VLH since the pheno-
menon may be responsible for the major part of the
axial conductivity along these holes. In the sub-
sequent quantitative estimation of the axial flow it
is tentatively assumed that the degree of intercon-
nectivity of wedges is limited and that the associ-
ated enhancement of axial conductivity is included in
the effects of stress changes and blasting.

Creep effects may yield inadequate long-term stabili-
ty and substantial time-dependent increase in axial
conductivity. The matter has been dealt with in vari-
ous contexts based on different presumptions, like
application of empirical creep laws disregarding from
the existence of discontinuities (13,14), and appli-
cation of rate-process theory considering the struc-
tural nature of rock and assuming the existence of
critical strain (15,16). A Finnish approach of the
first-mentioned type (13), based on microcrack-driven
creep, which is only applicable to quartz-rich crys-
tal matrices and not to typical discontinuities, has
led to the conclusion that radial displacement by 10
mm of the periphery of KBS3-type tunnels and deposi-
tion holes may require thousands to millions of years
when "good quality rock" (joint spacing 1-3 m) is at
hand, while such strain may take place in tens of
years in "poor rock" and high primary stresses (50
and 22 MPa horizontally and 12 MPa vertically).

An approach oZ the last-mentioned type (15), based on
the criterion that 5x10" strain leads to a drop in
strength by 50 % and on the commonly observed and
physically sound log time oreep law, led to the con-
clusion that critical conditions will not appear in
KBS3 deposition holes, but that critical strain will
be developed in a few hundred years in the roof of
KBS3 tunnels at the very low supporting pressures
(50-100 kPa) provided by blown-in 20/80 bentonite/
ballast backfills.

Although the Finnish study did not specify the con-
sequences of a 10 mm downward displacement of the
roof of the KBS3-type tunnel considered in the study,
it is implied that part of this movement, presumably
at least 25 %, has the form of widening of flatlying
joints above the roof if it is relatively flat and
conformable with such joints (3), cf.Fig.2-26. Assuming,
on the basis of the aforementioned numerical calcula-
tions, that the increase in axial conductivity in-
duced by the widening takes place within 2-3 m dis-
tance from the roof, and that activated 5th order
discontinuities are responsible for the enhanced con-
ductivity, one finds that six such breaks would each
be expanded by about 400 urn or that three of them
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-4.8 m

Figure 2-26 Superimposed scanned profiles of the BMT drift with
the blast-hole pattern given except for the contour
holes. The general rock structure is clearly indi-
cated by several profile segments (12)

would widen by 800 nm. This yields an average hydrau-
lic conductivity of roughly 10"6 to 10"3 m/s up to 3 m
over the crown depending on the relative distribution
of the widening among the joints, which agrees well
with the results of a 2D study of the effect of
excavation-induced softening of the roof and upper
parts of the walls made by applying the FLAC code (3),
cf.Fig.2-27.

Special effects - reduction of the bulk
conductivity

It was realized in conjunction with the grouting ex-
periments at Stripa that the excavation-induced
shearing of joints with chlorite coatings resulted in
disintegration of this mineral by which a silt/clay
paste was formed that had a clogging effect. This
finding led to the hypothesis that the exposure of a
vast number of basal planes (001) of this type of
phyllosilicate caused by the mechanical agitation
may not only result in hydration and expansion but
also to neoformation of clay minerals like smectites
in salt groundwater at enhanced temperature. The mat-
ter, which may yield rather effective self-healing,
was investigated by performing hydrothermal tests at
100 and 200 C and 2 MPa pressure of chlorite powder
saturated with artificial seawater with Na, Ca, Mg
as cations, i.e. excluding potassium (17). This study
showed that smectite, primarily montmorillonite, was
formed in 1 month appearing as a clay gel that grew
on the basal surfaces of all the chlorite particles
(Fig.2-28). The rate of growth was significantly
quicker at 200°C than at 100°C but the same process
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Figure 2-27 Possible displacement pattern in the upper part of
KBS3 tunnels (3)

was identified at both temperatures. It is expected
that similar conversion mechanisms, yielding self-
healing, take place also in other types of fracture
fillings, such as micaceous minerals and possibly
also epidote. The matter is certainly of interest to
notice.

2.1.5 Groundwater flux along deposition holes

Starting from the assumed virgin bulk hydraulic con-
ductivities that are taken to be characteristic of
rock located between 3rd and lower order discontinui-
ties, i.e. 10"nm/s for the deployment zone of VDHs
(2-4 km depth) and 10"lom/s for the more shallow KBS3
and VLH repositories, and applying the disturbance-
induced conductivies indicated in Figs.2-23 and 2-24,
i.e an increase by one to three orders of magnitude
for the mechanically or blast-disturbed shallow rock
and an increase by one order of magnitude for the
stress-disturbed zone, one finds the flux values
given in Table 2-5.
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Smectite Coating

Growth of Smectite From Chlorite Substrate

Figure 2-28 SEM pictures of smectite coating of chlorite
particles at 200°C (upper picture) and growth of
smectite on chlorite substrate. Scale is 10 urn
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Together with the chemical composition of the ground-
water, these values control the rate of degradation
of the buffers and backfills. It is concluded that
for any regional gradient the flux through the zone
of disturbance around the deposition holes is very
much larger for the upper half of the KBS3 holes
(across the holes) than across and along the lower
half. The flux along VDHs is about 1/10 of that of
VLHs, both being intermediate to that of the KBS3
extremes.

Table 2-5 Groundwater flux (q) through the nearfield of
canisters (gradient=l). A= cross section, k=
hydraulic conductivity

Concept

m
k
m/s in/s

Remark

VDH

(lower)

0.2
5

KBS3 (upper) 5
15

(centr.) 15
15

0.6
0.3

10
10

10
10

10
10

10
10

-8

-10

-8

-8

-9

-9

-9

-9

2x10
5x10

5x10
2x10

2x10
2x10

6x10
3x10

-9

-9

-8

-7

-8

-8

-10

-10

(Axial)
(Axial)

(Tangential)
(Axial)

(Tangential)
(Axial)

(Tangential)
(Axial)

VLH 2.5
20

10
10

-8

-9
3x10
2x10

-8

-8
(Axial)
(Axial)

(Total axial flux of VDH=7xlO"9 m3/s,
total axial flux of VLH=5xlO"8 m/s)

2.1.6 Groundwater composition

2.1.6.1 General

Rather recently it has become clear that groundwater
in crystalline rock has a high electrolyte content at
depth. Thus, it is clear that the deployment zone of
a VDH repository would probably be located in rock
with a salt content that is at least on the same or-
der of magnitude as that of sea water. Also, various
studies, including the ongoing measurements at Äspö,
show that calcium tends to be the major cation at
depths larger than about 500-1000 m (Fig.2-29), and
Russian investigations in deep boreholes tend to show
the same. They indicate that salt water is met with
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Figure 2-29 Na/Ca ratio as a function of depth in Äspö ground-
water (After Tullborg et al)

at around 1-2 km depth and that calcium is the domi-
nant cation down to 4-5 km. However, at larger depths
there are examples of sodium and calcium being more
or less equally represented (18).

Exchange of initially adsorbed sodium to calcium in
bentonite-based buffers and backfills will take place
even if the calcium concentration is significantly
lower than that of sodium (19). The replacement of
sodium by calcium, which is the only exchange pro-
cess of importance before radionuclides enter the
canister-embedding buffer, helps to preserve mont-
morillonite at higher temperatures and does not sig-
nificantly alter the physical properties of smectite
buffers of high density (20). However, it is essen-
tial for the physical behavior of the rather soft VDH
buffer and for KBS3 backfills with their low-density
bentonite gels in the ballast voids (21). The potas-
sium content of the groundwater controls the longevi-
ty of smectite barriers in a long-term perspective
(22).
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2.1.6.2 Assumptions with respect to the sealing power of
buffers and backfills

The total electrolyte content and the dominant cation
are determinants of the physical behavior of smectite
buffers and backfills. Using Finnsjön, Gideå and Äspö
data it is concluded that saline groundwater condi-
tions with 0.4-0.8 % salinity (3000 to 6000 ppm
chlorine) prevail at 200-600 m depth over relatively
large regions, while less salt water is also present
in many areas. At depths exceeding 600 in the salinity
is often significant and it increases with depth but
salinities approaching or exceeding those of ocean
water are not found at less than a few thousand me-
ters depth. Heat-induced convection will not drive
salt water up along VDHs to more than around 100 m
from the upper boundary of the salt regime in a 1000
year perspective (23). It is also estimated that con-
vection-induced upward transportation of salt
water will be very small in a KBS3 repository during
the heating period. The short heating period and the
heat and water flow conditions for VLHs imply that
salt grourdwater conditions do not have to be con-
sidered fcr this concept either (24).

The functional analysis will be based on the data
given in Table 2-6 for normal conditions. Much more
severe conditions, primarily in the form of consider-
ably higher salt contents for the KBS3 and VLH con-
cepts, will be assumed in a separate analysis of
"exceptional" conditions.

Table 2-6 Assumed groundwater composition in the functional
analysis (normal conditions). Ca is taken as dominant
cation

Con-

cept

VDH
VDH

KBS3

VLH

Depth

km

<2
2-4

0.5

0.5

Total electrolyte content

ppm

35 000
100 000

5 000

5 000

2.1.6.3 Assumptions with respect to longevity

The chemical long-term stability of smectite clay de-
pends on temperature and groundwater composition in a
very complex way. Thus, montmorillonite is converted
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to non-expanding hydrous mica in two ways: 1}beidelli-
tization through replacement of tetrahedral silica by
aluminum and uptake of external potassium, leading to
mixed-layer (IS) minerals with successively dominating
I (hydrous mica), neoformation of hydrous mica in
the voids of the smectite clay phase that supplies
silica and aluminum or magnesium, while potassium
enters from outside and triggers crystallization of
hydrous mica (22,25), cf. Fig.2-30. A separate mecha-

105C

777777

1 HYDR.

BEIOELU-
TIZATION

(d=10A)

Figure 2-30 Major features of current smectite alteration
model
Left row shows congruent dissolution, I/S (I
representing 10 Å minerals) transformation and
neoformation of hydrous mica.
Right row shows heat-induced contraction of
smectite stacks, permanent collapse at a critical
temperature, and precipitation of silica under
closed conditions
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nism of potential importance is cementation of silica
that is released in the high-temperature zone of the
canister-embedding buffer and precipitated in colder
parts. This may be illustrated by a model proposed
by Pytte for the case of conversion of smectite to
hydrous mica based on the dissolution rate of smec-
tite at unlimited access to potassium as illustrated
by Fig.2-31 (22). The model suggests that insignifi-
cant alteration and release of silica will have taken
place in a 2000 years long period with temperatures

TEMP 30-300°C

-2 -1 2 3 A 5 6 7

TiME (LOG YEARS)

10

Figure 2-31 Rate of alteration of montmorillonite at an
activation energy of 27 kcal/mol according to
Pytte (22)

of up to 90°C, while a 1000 year period with 120-
130°C would transform 50 % of the smectite and
release significant amounts of cementing silica.

Considering first the conversion from montmorillonite
to hydrous mica, which yields a dramatic drop in
swelling pressure (Fig.2-32) and stiffness and a sig-
nificant increase in hydraulic conductivity (Fig.
2-33), it is probable that the mechanism of neoforma-
tion of hydrous mica is dominant at temperatures be-
low around 130°C, while beidellitization associated
with release of up to one fourth of the lattice sili-
cons may be a major process at higher temperatures.
The thereby released silica will precipitate and
create cementation in the form of brittle bonds be-
tween and along the edges of the stacks of montmoril
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lonite flakes, preventing or reducing spontaneous
expansion, and delaying hydration.

The rate of conversion of montmorillonite to hydrous
mica in the heating period is assumed to be control-
led by the access to potassium irrespective of the
mechanism of transformation. This is the basis for
the recently proposed simple model for estimating
smectite alteration (22), which implies that the
fixation of potassium yields a sink that creates a K
concentration gradient that brings in more potassium
to the reaction zone. In stagnant water the migration
of K takes place by diffusion, which delays the con-
version very much, while moving groundwater will
bring in K at a rate that may keep up the concentra-
tion at a level that produces quick conversion.
Hence, in addition to the K-content of the ground-
water, the hydraulic conductivity and gradients are
determinants of the conversion rate in practice.
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Figure 2-33 Generalized diagram of the Darcy coefficient of
permeability (k) of "pure" clays versus void ratio
(e) and bulk density (pm) at complete water satu-
ration. M represents montmoriIlonite, H hydrous
mica, and K kaolinite

In the post-heating period, i.e. when the temperature
gradients have dissipated and the temperature has
dropped back to the original level, the same basic
mechanism of smectite conversion proceeds to yield
hydrous mica. However, the rate of dissolution of the
smectite, being an Arrhenius-type function, may then
be a determinant of the conversion rate, which is
expected to drop very strongly in the KBS3 and VLH
repositories, while it will remain to be significant
in the hotter part of VDHs as indicated by the dia-
gram in Fig.2-31.

Summing up, it is clear that the potassium content in
the groundwater and the flow conditions in the clay
barriers as well as in the nearfield rock, are essen-
tial parameters for estimating the performance of the
barriers. As to the potassium concentration it is a
wellknown fact that it is low, i.e. 5-15 ppm at
intermediate depths in crystalline rock, i.e. in the
interval 150-1000 meters, while it may be signifi-
cantly higher (>50 ppm) at larger depths as indicated
by deep drillings in Russia. Where sea water has in-
filtrated and raised the salinity as at Forsmark and
at 100-150 m depth at Äspö, potassium concentrations
of 40-70 ppm have been recorded. One can expect that
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the larger part of the deployment zone of VDHs will
be exposed to potassium contents of up to 50 ppm
under normal conditions, while this figure may be 100
ppm under the exceptional conditions that will be
discussed in a later chapter. For KBS3, where inflow
of seawater with 70 ppm potassium cannot be excluded,
the K concentration for normal and exceptional condi-
tions will be taken as 40 and 70 ppm, respectively.
For VLHs located in the potassium-poor depth interval
and where inflow of shallow salt water will be mini-
mized by the insignificant rock disturbance, the cor-
responding K concentrations will be taken as 15 and
40 ppm, respectively.

2.1.7 Tectonics

2.1.7.1 General

It is easily demonstrated by applying simple strength
analyses that tectonically induced shear will take
place along preexisting weak zones of long extension,
provided that their strength is considerably lower
than that of the rock matrix. In later years this has
been nicely documented by Slunga (26) who tentatively
concluded that earthquake-related movements have the
character of stick-slip sliding, triggered at asperi-
ties of steeply oriented faults where stress concen-
trations are built up in the course of lateral creep
motion of non-seismic type. The latter, slow motion
seems to be on the order of 1 mm per year, while the
peak slips that take place along the faults are typi-
cally 0.3-10 mm at earthquakes with a magnitude of
about 1-3. Information supplied by NEDRA on Russian
investigations has yielded creep rates of 2-5 mm/year
along regional discontinuities of 1st order (18).
Slunga concluded that the earth crust both in north-
ern and southern Sweden undergoes lateral compression
in approximately NW/SE direction, while the direction
of sliding is determined by the orientation of the
faults.

There are indications that vertical and horizontal
slip are on the same order of magnitude, meaning that
vertical movement along steeply oriented faults is
also about l mm/year, with "momentaneous" earthquake-
related peak slips of at least 30 mm. This appears to
be compatible with recorded shear displacements of
50-100 mm in 4 km deep South African mines associated
with earthquakes of magnitudes 2-3 (M 2-3), cf (27).

Much larger displacements have been reported for
stronger earthquakes, examples being the "one event"
slip of 20 m along the rather steep fault at Lands-
järv (M 6.5-7), a 1.4 m tunnel shear at the 1906 San
Francisco event (M 8.3), and a 200 mm displacement at
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the Skövde event (M 4.5). The type of damage caused
by relatively strong earthquakes, i.e. with magni-
tudes of around 5-6, is concluded to be both very
quick shearing along the fault, activation of previ-
ously healed fractures, and creation of new ones.

2.1.7.2 Definitions

From Slunga's data (26) it appears reasonable to
assume that while stronger earthquakes of the Skövde
type take place along "zeroth" order fault struc-
tures, peak slips of most earthquakes in Sweden occur
along steep 1st and 2nd order structures. Taking
earthquakes with a magnitude of 4-5 as a basis of the
functional analyses of the "normal case", it is
reasonable to assume that instantaneous shear dis-
placements of 200 mm may take place along 2nd order
structures that intersect repositories. Since such
movements are associated with angular distortion of
the entire system of large blocks separated by low-
order discontinuities, they can be assumed to be
associated by shear also along 3rd order breaks, and
in turn along 4th order breaks. Assuming that the
displacements along higher order discontinuities are
approximately proportional to the 200 mm movement
along 2nd order breaks and that around 50 % of the
higher order breaks are activated, 3rd order discon-
tinuities should undergo very quick shear of around
30-50 mm, which would in turn induce shear along 4th
order fractures and activate a number of 5th order
fractures. A very conservative but still reasonable
assumption would be that steeply oriented 4th order
breaks can be very quickly sheared by 20 mm.

Shear along flatlying structures is reported to be
less well developed although this may probably be due
to fewer opportunities and practical difficulties in
recording them. The Russian exploration of the earth
crust through deep drilling and comprehensive geo-
physical investigations have given evidence of the
presence of more or less regularly appearing flat-
lying structures to a depth of several kilometers,
which hence provide conditions for such events (18),
cf. Fig.2-34. We will assume here that tectonically
induced shearing along all low order structures will
be the same as along steeply oriented ones. Also, the
same shear rates, discussed in the subsequent text,
will be assumed.

2.1.7.3 Numerical modelling

Introduction

The matter of tectonically induced shear in the form
of quick displacements has been investigated in a
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Figure 2-34 Vertical sections of the earth crust indicating
the presence of steep as well as flatlying large
discontinuities (dash/dotted and broken lines).
Upper: Kola peninsula (cF-3 indicating the super-
deep hole). Lower: Caucasian area with the Tyrnauz
borehole indicated (km-scale)
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Figure 2-35 Case III fracture geometries.

pilot study based on the "basic rock structure" model
and applying Mohr/Coulomb failure modes (28,29).

The applied structure model made use of a hierarchy
of discontinuities of 1st to 4th order as illustrated
by Fig.2-17. The principal stresses were taken to be
30 and 10 MPa and the stress field was rotated with
respect to the structure for determining the associ-
ated joint shear displacements in the discontinui-
ties. Young's modulus for the rock was taken as 40
GPa and Poisson's ratio as 0.24. The joint normal
stiffness was 300 GPa/m, the shear stiffness 10
GPa/m, and the joint friction angle 16.7°. For cer-
tain cases the latter figure was taken as 11°
order discontinuities.

for 2nd

i number of cases with different geometries and types
of discontinuities were investigated, a typical case
of general interest being the one illustrated by
Fig.2-35, i.e. with 2nd, 3rd, and 4th order breaks
present. For the case shown to the right in the
figure the shear induced along 2nd order discontinui-
ties by the stress field rotation, which is taken to
illustrate the change in stress field associated with
an earthquake of magnitude 5, is around 200 mm. For
the 3rd order breaks the corresponding strain is 50
mm at maximum, while that along 4th order breaks is
0.5 mm at maximum. Thus, one finds that the shear of
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Figure 2-36 Maximum joint shear displacements as a function of
fracture half width at 45° stress field rotation.
Straight lines represent values obtained by use of
analytical expressions for different joint fric-
tion angles, while discrete plot symbols denote
calculated results. Leftmost plot symbols denote
effects found on 4th order fractures while the
rightmost symbols denote effects on 2nd order
fractures

the higher order discontinuities is in fact consi-
derably less than indicated by the simple estimate
given earlier in this chapter. Fig.2-36 is a compila-
tion of the calculations showing that the shear dis-
placements along the various discontinuities range
between 1/10 of a millimeter to around 200 mm.

Of even more interest and importance is of course the
effects on 4th and 5th order discontinuities in the
vicinity of deposition holes and tunnels when extern-
al stress fields are changed and the main outcome of
such a study is summarized below (29).

Description of models for studying the impact of
external loads on the rock structure in the vicinity
of excavations (KBS3 and VLH)

Three models were investigated using the 1.63 version
of the 2D distinct element code UDEC, one for the
KBS3 tunnel geometry (model #1) and two for the VLH
tunnel geometry (models #2 and #3). The dimensions of
the models were 400 m x 400 m. 3rd order discontinui-
ties with extensions of about 120 m were modeled as
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Figure 2-37 210 ro 3rd order fractures and system of 4th order
fractures in central part of model

shown in Fig.2-37. This figure also shows fractures
of the 4th order with extensions between 5 m and
30 m, which were modeled in a 30 i x 30 m region in
the central part. A 4 m x 6 m network of 5th order
fractures was integrated in the system of 4th order
fractures. The extension of the 5th order fractures
ranged between 0.5 m and 1 m.

Fig.2-38 shows the central part of the fracture sys-
tem and the location of the tunnel section for the
three models. In model #2 (left) the periphery was
intersected by steeply oriented 4th order fractures,
while the same fractures were located close to the
periphery in model #3 (center).

Fracture properties

For the 3rd order discontinuities a material model
with linear stress-closure behavior and a Mohr-
Coulomb failure criterion for shear displacements
was used. Dilation angle, cohesion and tensile
strength were all set at zero for these fractures
while the friction angle was set at 11°. The consti-
tutive model used for 4th and 5th order fractures
includes a non-linear stress dependent joint normal
stiffness and, for shear displacements, peak shear
strengths related to the roughness of the joint sur-
faces. The input parameters used in this study corre-
spond to residual friction angles of 25 and 30°, re-
spectively, for 4th and 5th order fractures. The
friction angles at peak strength were 27° (4th order
fractures) and 45° (5th order fractures). The
strength parameters were deliberately taken somewhat
lower than implied by the data in Table 2-3.
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Figure 2-38 Location of excavation peripheries for model #1
(KBS3) and models #2 and #3 (VLH)

In-situ conditions

The internal block stresses at the 500 m level were
set at 14 MPa (ov) and 18 MPa (<n>). Vertical gra-
dients, set to balance the effects of gravitational
acceleration, were specified for both stresses, with
a constant 4 MPa excess in horizontal stress. This
means 23 MPa (cn>) and 19 MPa (ov) at the bottom boun-
dary (700 m level), and 13 MPa (<xh) and 9 MPa (ov) at
the top boundary (300 m level). The lower boundary
was fixed, while boundary stresses corresponding to
the internal block stresses, were specified for the
other boundaries.

Calculation sequence

The following processes were simulated for all models
(#1, #2 and #3):

A) Tunnel excavation
B) Glaciation
C) Increase in stress level, and in stress anisotropy

in tunnel region by stress field rotation
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Step A), the excavation, was simulated as an in-
stantaneous removal of all material within the ex-
cavation periphery.

Step B), glaciation, was simulated by increasing the
boundary stresses by 30 MPa vertically and 7.5 MPa
horizontally. This corresponds to the load of a 3 km
thick ice sheet if the extension of the ice sheet is
infinite. This means that any increase in horizontal
stresses, associated with bending of the rock below
an ice sheet of finite extension, was not accounted
for. The increase in boundary stresses was performed
in steps, the final stresses at the tunnel level were
44 MPa (ov) and 25.5 MPa (au) .

Step C), increase of stress level and stress aniso-
tropy in the tunnel region, was simulated by adding a
10 MPa shear component to the boundary stresses ap-
plied in step B) and by reducing the friction angle
of the 3rd order fractures shown in Fig.2-37 to 6°.
At the tunnel level the new boundary conditions
mean that the stress field was rotated by 23° (coun-
ter clockwise) and that the principal stresses were
changed to 50 MPa and 20 MPa from initially 44 and
25.5 MPa, while the average stress remained un-
changed. In the tunnel region stresses were further
increased as a result of the slippage of the 3rd or-
der discontinuities. Fig.2-39 shows contours of maxi-
mum compressive stresses at the end of simulation
step C).

Simulation step C) was performed in order to create
conditions in the tunnel region which may initiate
shear failure in that region at larger distances from
the tunnel than in more normal cases. The means of
creating these condition, i.e. location of tunnel
between tips of large, low strength fractures and a
minor change in far field stresses, were not related
to any specific site or to any specific geological
process.

Results

Figs.2-40 and 2-41 show joint separations in the
vicinity of the VLH tunnel, model #2, after step A)
and step C). Only separations larger than 5 /im are
shown. The maximum separation was increased from 0.15
mm to 0.24 mm as a result of the changed stress con-
ditions in steps B) and C). Also the region of in-
fluence around the tunnel was increased. Both figures
show how apertures vary along the tracks of in-
dividual fractures as a result of the interaction
with intersecting, shearing fractures.

The fracture separations result in changes in hyd-
raulic conductivity. Figs.2-42 and 2-43 show the ax-
ial conductivity after simulation step A) and after
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JOB TITLE : tun5f.sav

UDEC (Version 1.6)

LEGEND

5/05/1992 13:29
cycle 64000

boundary plot
min pr str contours
contour interval» 5.000E+00
min=-7.000E+01 max=-4.000E+01

-7.000E+01
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min pr str contours
contour intervals 5.000E+00
number of contours/color= 7
min=-7.000E+01 max=-4.000E+01
shear displacements on joints
max shear disp = 3.965E-02
each line thick = 7.930E-03

CLAY TECHNOLOGY AB
Lund, Sweden
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Figure 2-39 Maximum compressive stress contours at the end of
simulation step C)

step C), respectively, as a function of the distance
from the excavation periphery. The conductivities
were calculated assuming cubic law flow. The initial
apertures were set at 5 urn and 2 um for 4th and 5th
order fractures, respectively, which gives initial

-ioJ

conductivities of about 10" m/s.

A general conclusion from these exercises is that the
effect of excavation (A-case) by far gave the strong-
es^ effect, yielding an axial conductivity of 1O~7 to
10" m/s within about 1 m distance from the periphery
of KBS3 tunnels and 10" to 10" m/s from 1-2 m dis-
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JOB TITLE: vlhole5b.sav

UDEC (Version 1.6)

LEGEND

4/12/1992 09:18
cycle 20000

boundary plot
joint opening
max jnt opening = 1.456E-04
each line thick = 5 000E-06
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Figure 2-40 Model #2. Fracture separations at the end of simu-
lation step A)

tance, and 10" to 10" m/s within rbout 0.8 m dis-
tance from VLHs. Glaciation and further stress
changes leading to a more anisotropic state gave a
net increase in axial conductivity by about 10 times,
the effect being negligible beyond l m distance from
a VLH and presumably also from KBS3 deposition holes
but significant at more than 2 m distance from KBS3
tunnels. As indicated in the preceding discussion in
Ch. 2.1.4.3, 2D analyses yield strongly exaggarated
axial conductivities and 3D effects will - in prac-
tice - strongly reduce the effect of excavation and
glaciation as well as tectonically induced strain.
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JOB TITLE : vlhole5f.sav

UDEC (Version 1.6)

LEGEND

5/09/1992 09:59
cycle 61000

boundary plot
joint opening
max jnt opening = 2.421 E-04
each line thick = 5.000E-06
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Figure 2-41 Model #2. Fracture separations at the end of
simulation step C)

The effect of glaciation and tectonic impact of the
magnitude implied by cases B and C referring to
"normal conditions" are concluded to be moderate
because of 3D effects and the flux data specified in
Table 2-5 are therefore still assumed to be valid.
For "exceptional conditions" the effect of such
events is more important.
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Figure 2-42 Axial conductivities, step A)
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Figure 2-43 Axial conductivities, step C)
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2.2 APPLICATION STAGE

2.2.1 VDH

2.2.1.1 General

The VDH concept implies that holes for plugging are
drilled with 1300-1400 mm diameter from 500 to 2000
meters, and that holes for canister disposal are
drilled with 800 mm diameter from 2000 to 4000 meters
(30). The general philosophy is that while the embed-
ment of canisters in the deployment part may not be
as good as in the competing concepts, the less good
sealing properties are compensated by very effective
plugging of the upper part of the VDHs.

2.2.1.2 Preparation of holes

According to the original plans, drilling will be
made by use of Na bentonite mud with a density of
1.15 g/cm , which has an ability to enter fractures
wider than around 100 jim. This is very advantageous
for sealing of intersected, steeply oriented frac-
tures but it may contribute to the formation of rock
fall by creating unstable rock wedges. In the preli-
minary study of the VDH concept such rock fall, asso-
ciated with further disintegration due to altered
stress conditions, was expected to yield a roughly
elliptic cross section of the hole, with a large and
small diameter of 1500 and 1300 mm, respectively, in
the upper part, and 1200 and 800 mm, in the lower
part.

Russian experience from deep drillings, illustrated
by information given at the drilling site at Kola,
shows that more extensive widening may take place
(31). Thus, the super-deep hole at that site, having
a theoretical diameter of 214 mm, had an actual width
of as much as 350 mm down to 4 km, and up to 600 mm
at about 8000 m depth. In the upper 4 km part the
maximum diameter was more than 30 % larger than the
theoretical diameter over 1200 m length (Fig.2-44).

As implied by the more detailed analysis in a later
chapter on the behavior of the bentonite buffer in
VDHs, it is concluded from the Kola experience that
the VDH concept would be ruled out if there were no
means of reducing or eliminating the strongly aniso-
tropic shape, which is primarily caused by penetra-
tion of drilling mud into fractures. However, it is
clear from discussions with representatives of the
Russian organization NEDRA and the drilling mud spe-
cialist Prof. Necip Guven, Texas Technical Universi-
ty, that fibrous muds in the form of organic "torf"
or sepiolite/saponite mixtures may reduce or elimina-
te the risk of rock fall associated with such pene-
tration.
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Figure 2-44 Actual shape of the super-deep Kola borehole
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One is forced to conclude from this that since
reliable mud techniques have not been demonstrated or
shovn to operate in a convincing mode, neither prac-
tically nor scientifically, the VDH concept requires
development of new or refined drilling/mud techniques
for continued candidature.

2.2.1.3 Canister application phase

We will confine ourselves here to discuss the case
when the cross section shape of the holes is within
the initially assumed range, i.e. with a maximum dia-
meter of 1200 mm.

The holes need to be equipped with cage-like metal
liners of suitable composition in order to prevent
rock fragments from blocking the holes at the appli-
cation of canisters and bentonite plugs, and to pro-
vide guiding of the sets of canisters and bentonite
plugs (30). The free inner diameter of the liner in
the plugging part is set at 1000 mm, while it is 600
mm in the deployment part. The maximum diameter of
the bentonite plugs and canister/bentonite units is
900 and 500 mm in the respective parts.

The original version of the concept implied that the
deployment mud should be sodium bentonite prepared
with sodium chloride solution, or a mixture of sodium
bentonite and finely ground quartz powder (30), but
since it has become obvious that rather high salt
contents with calcium as major cation are expected at
depth (18), updating of the concept in recent time
has led to the choice of a deployment mud prepared
with 10 % CaCl2 solution to a bulk density of 1.45
g/cm3, i.e. 1.5 times the liquid limit. It was con-
cluded that it is technically feasible to apply the
deployment mud by extruding it from containers sub-
merged in the drilling mud although it was pointed
out that it is required to verify this experimen-
tally.

Furthermore, the original version of the VDH concept
was based on the idea that blocks of highly compacted
bentonite, forming the end part of sets of 3-4 canis-
ters, will expand and create wall friction at a rate
that is sufficient to carry the respective sets with
only insignificant settlement of the column of canis-
ters and bentonite blocks. This is the most crucial
part of the application phase and although it may be
possible to obtain sufficient bearing capacity, it is
felt that the rate of maturation of the bentonite
blocks will probably be too low to make the concept
practical. An alternative procedure was therefore
considered, implying that the bentonite blocks form
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ing end parts of the canister sets be reinforced by
vertical wings that allow free radial swelling of the
bentonite but carry a sufficiently large part of the
vertical load to make the application rate partly
independent of the bentonite maturation rate. A can-
ister column of about 500 m height may hence be ap-
plied in one sequence with no delay. Then, a concrete
plug that carries the next 500 m column and prevents
upward squeezing of the lower deployment mud could be
cast, the procedure being repeated stepwise until the
deployment zone is finally filled.

For simplifying the application a totally different
procedure may also be possible, implying either
that the deployment mud is used also as drilling mud,
or that the Na bentonite drilling mud is replaced by
deployment mud in one continuous process, i.e by
pumping it from the lower end of the holes before the
canister application process is started. The canister
sets equipped with reinforced bentonite blocks at the
ends are then successively connected at the ground
surface (hanging in the tower) and allowed to sink in
the mud. Its bearing caps ty will not be sufficient
to prevent sinking unless stops of more than a few
months occur. If so, extra load applied to the con-
tinuous string of canisters may have to be applied to
bring it down.

One has to realize that several of the proposed tech-
niques have not been tried in practice and that both
the composition of deployment muds and the handling of
casings and canisters need testing on a full scale
before the candidature of VDH can be seriously con-
sidered. For the muds it is required that much more
systematic tests vith drilling and deployment muds be
conducted. The matter is further discussed in
Ch. 2. 3. 3. 3.

2.2.1.4 Retr ievabi1ity

Although appearing to be odd, retrieval of canisters
is probably simpler for the VDH concept than for the
others. Thus, oil well drilling expertise claims that
redrilling and picking up even heavy equipment from
deep holes is feasible. Still, considering the fact
that the canisters may be rather quickly corroded,
extraction and further handling is expected to be
very hazardous and difficult.
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2.2.2 KBS3

2.2.2.1 General

Emplacement of bentonite blocks and canisters, and
application of tunnel backfills in a KBS3 repository
are suitably made in the way described in this
chapter. Still, other techniques, like preparing
complete units of canisters surrounded by bentonite
blocks with a simple cage around the package for
lowering into the holes are possible.

The use of large precompacted bentonite blocks, simi-
lar to but even somewhat larger than those used in
the Stripa Buffer Mass Test (BMT) experiments is
implied (32), but considerably smaller blocks may
also be considered.

2.2.2.2 Deposition holes

The following procedure is recommended:

* The bottom of the hole is covered by a mixture
of bentonite powder and sand, that is compacted
on site

* All the blocks are emplaced one by one

* The block pile is then aligned with the aid of a
steel dummy

* The uppermost bentonite blocks are provided with
a temporary steel collar, which may extend
downwards. The coliar contains sensors for
automatic centering during lowering of the
canister

* The slots are filled with bentonite slurry or
water

* The top is covered with either well fitting ben-
tonite blocks or a copper plate to prevent the
sand/bentonite mixture from entering the slots

* Finally, the sand/bentonite mixture, which is
suitably composed of a mixture of 10/90 bento-
nite/ballast or a mixture with a somewhat higher
bentonite content, is emplaced and compacted in
200-300 mm layers up to about 100 mm below the
tunnel floor, the uppermost part being covered
with cement mortar that is removed in conjunc-
tion with the tunnel backfilling
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If the application is made in the way described, no
problems are expected, neither with the tolerances or
the bearing capacity of the bentonite blocks, the
latter being 10 tiroes higher than required, provided
that a plane bottom bed of sand/bentonite is applied
initially. Still, difficulties may arise if too much
water flows into the hole in conjunction with the
preparation of the bottom bed and the application of
the bentonite blocks. The matter has been considered
in the final part of the Stripa project where it has
been shown that clay grouting from inside the deposi-
tion holes can reduce the inflow to an acceptable le-
vel, which is assumed to be a couple of litres per
hour (33).

2.2.2.3 KBS3 tunnels

Backfilling

According to the current KBS3 concept the tunnels
will be backfilled with 10/90 Na bentonite/ballast
material that is compacted on site up to 2/3 of the
tunnel height, over which 20/80 Na bentonite/ballast
material is blown in pneumatically. The mixture for
layer-wise application and compaction is preferably
prepared in air-dry form, primarily because of simp-
ler and cheaper handling than mixing the components
with water to reach the optimum moisture content,
which would be the traditional procedure in civil
engineering projects. In fact, dry mixing and compac-
tion of suitably composed material is preferable also
because this technique turns out to yield very homo-
geneous mixtures of high dry density, i.e. up to
about 2.2 g/cm (34), which yields a hydraulic con-
ductivity of less than 10" m/s.

Experience from the Stripa BMT study showed that the
upper, more bentonite-rich mass did not become suf-
ficiently dense to serve as an active support of the
roof and upper parts of the rock walls. This upper
part will have a rather high initial hydraulic con-
ductivity and it will be very sensitive to salt water
that may flow in. Hence, while the backfill managed
to fill up the tunnel space at Stripa where very
electrolyte-poor groundwater conditions prevailed,
the much salter conditions at Äspö or Forsmark would
yield a drop in swelling pressure to less than the
50-100 kPa pressure that is expected in salt-.vee
water. Even spontaneous consolidation of the softest
part of the backfill may then take place, yielding an
open space between the roof and the backfill and this
will in turn cause rock fall from the roof at the
rate indicated in Ch. 2.1.4.3, i.e. starting after a
few hundred years and extending up to at least some
decimeters. These effects can be minimized by ap-
plying the backfill at a high density, which requires
a more effective compaction technique than blowing,
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and a significant increase in bentonite content, i.e.
to at least 30 %.

It should be realized that disintegration of the roof
due to creep-induced, successive reduction in rock
strength, cannot be hindered unless the pressure
exerted by the backfill is on the sane order of mag-
nitude as the tangential stress, i.e. several MPa.
This requires use of highly compacted bentonite in
the form of relatively well fitting blocks, applied
over a level corresponding to 2/3 of the tunnel
height, i.e. on top of the less bentonite-rich, lay-
er-wise applied backfill. A compromise representing a
probable optimum with respect to hydraulic conducti-
vity and swelling potential may be to fill the entire
tunnel with compacted blocks of bentonite/ballast
with a moderate bentonite content.

For further candidature of the KBS3 concept it is
desired that an improved compaction technique be em-
ployed for obtaining a high density and homogeneity
of the entire backfill. Alternatively, techniques
should be developed for filling the tunnels with
blocks of highly compacted bentonite or of a suitable
bentonite/ballast mixture.

Conditions for closure

As to the KBS3 tunnels, two different philosophies may
be employed for the closure: They may be backfilled
soon after emplacing the canisters, or they can be
left open for longer periods of time, making inspec-
tion and measurements possible. We will examine both
in the subsequent text.

A matter to be considered first is that of water in-
flow in conjunction with the backfilling operation.
Where KBS3 tunnels Intersect 3rd cr lower order dis-
continuities, the water inflow may cause problems and
local cement grouting and application of temporary
water collectors may be needed. The way of backfill-
ing is of importance in conjunction with this: Layer-
wise filling and compaction are expected to cause
more problems than sideways application and compac-
tion (35, p.182), referred to as "Cassius Clay" tech-
nique, or application of blocks of highly compacted
bentonite or bentonite/ballast mixtures.

Early closure

If the backfilling operation is started and completed
within a couple of months after emplacement of the
canisters, the water uptake in the highly compacted
bentonite and the overlying backfill in the deposi-
tion holes will not have proceeded far enough to
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Late closure

If the repository tunnels are not backfilled within a
couple of months, all the deposition holes should be
sealed with prefabricated, well-fitting concrete
plugs, which need to be supported by steel columns
that can carry 40 MN for preventing upward displace-
ment of the plugs. The supports must be designed for
eccentric loading and the load transferred to the roof
must be distributed over about 1 m area.

It must be pointed out that there are several disad-
vantages in leaving the tunnels open over long periods
of time. A major one is that the completion of the
water saturation of the highly compacted bentonite in
the upper part of the deposition holes is delayed be-
cause of the low water pressure and this yields higher
temperature in the bentonite. Another one is that the
lack of support of the roof and floor will tend to
open fractures, especially in the floor where the tem-
perature is raised.

It is concluded that the KBS3 tunnels should be back-
filled rather soon after canister emplacement. Selec-
tion of optimum techniques and time schedule with
respect to water saturation and build-up of swelling
pressures should be made on the basis of numerical
calculations using appropriate models of soil materi-
al and rock structure.

2.2.2.4 Retrievability

Retrieval of canisters from a closed KBS3 repository
is feasible. Shafts and tunnels backfilled with sand/
bentonite material are easily emptied by convential
excavation methods while the extraction of canisters
is estimated to be most suitably made by applying
slot drilling technique so that the canisters with
their clay envelopes can be hoisted.

2.2.3 VLH

2.2.3.1 Emplacement of canisters and clay buffer

The emplacement phase of the concept of very long
drilled holes is described in detail in the report
"Storage of Nuclear Waste in Long Boreholes" (2). If
acceptable techniques for transport, handling and
emplacement of the canister and bentonite blocks can
be developed, there are still two critical phases in
the emplacement:
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A delay by several days in completing the appli-
cation of the set of blocks surrounding each
canister is expected to yield problems. Thus,
water uptake and swelling of applied bentonite
blocks will take place and cause difficulties
in fitting in remaining blocks with required
accuracy and in filling the space between the
blocks and rock with water or clay slurry in a
controlled fashion. If there is local inflow of
50 liters per day and spot, a delay by several
hours would mean that so much soft bentonite
will be produced that it has to be removed be-
fore the application of blocks can be continued.
A delay by several days probably means that
more comprehensive restoration is required, i.e.
removal of disintegrated blocks etc.

In order to minimize the problem with inflowing
water, which will be limited from 4th and higher
order discontinuities but significant from 3rd
and lower order breaks, "Megapacker" grouting
with clay or cement can suitably be made prior
to the application of blocks and canisters (35).
According to the structural model, the spacing
of intersected major water-bearing zones (3rd
order) may be on the order of 50 m, which indi-
cates the frequency of the sealing activities.

In the main concept the bentonite blocks are
almost water saturated and the slots filled
with water or bentonite slurry in order to ob-
tain a high heat conductivity. The water is kept
in place either by plugging the outer end of the
space between blocks and rock with wedge-shaped
pieces of highly compacted bentonite, or by
injecting a dense clay slurry.

Although the entire process of preparing, handling and
emplacing canisters and bentonite blocks is not fully
investigated, and problems may arise from inflowing
water in the emplacement phase, the concept is consi-
dered to be feasible. Practical, safe and simple mo-
des of applying canisters and blocks need to be work-
ed out in detail and full-scale testing of Megapacker
grouting should be given high priority.

2.2.3.2 Retr ievabi1ity

The VLH concept offers much greater problems in re-
trieving canisters than the other concepts. The only
reasonably practical method would be to apply slot
drilling at the clay/rock contact and pull out the
canisters embedded in clay, one by one. The extrac-
tion work would be very tedious and the handling and
transport of the slippery units from the inner part
of the holes are expected to be extremely difficult.
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2.3 MATURATION STAGE

2.3.1 General

Maturation can be used as a general term for the pro-
cesses that ultimately lead to equilibrium conditions
of buffers and backfills. We will primarily focus on
the maturation of the canister-embedding clay buf-
fers, i.e. water saturation and expansion involving
microstructural reorganization caused by moistening,
heat effects and strain associated with expansion and
consolidation. We will start by analyzing the moiste-
ning since it is the most important process that
takes place in the transformation of the apparently
solid clay that is applied in block form around
canisters, to the effectively isolating substance
that ultimately surrounds them.

Before arriving at complete water saturation of
canister-embedding, dense bentonite clay that has an
initial degree of saturation of around 50%, which
will be the case if air-dry bentonite powder is used
for preparing compacted blocks, processes take place
that have an impact on the clay. The most important
mechanism is the heat-induced redistribution of the
moisture content that leads to drying at the hot
canister surface and wetting at the rock wall that
take place early after emplacement (cf. Fig.2-45).
In all the repository concepts the piezometric press-
ure in the surrounding rock will be sufficiently high
to drive water into the deposition holes and ulti-
mately yield complete water saturation of the clay,
but in the initial phase redistribution of porewater
cannot be avoided unless the buffer is water satu-
rated to 100% at the start.

The drying causes macro- and microscopic cracking
which reduces the heat conductivity and increases the
temperature in the hot part. The combined effect of
the heat gradient and the successively increased
water pressure leads to a steep moisture gradient and
a relatively distinct boundary between an outer, largely
saturated and an inner rather dry zone. The boundary
moves towards the hot canister at a rate that is de-
termined by the suction power of the clay and by the
water pressure and the hydraulic conductivity of the
nearfield rock and bentonite. Under the common
condition that the conductivity of the nearfield rock
is higher than that of the clay and that the water
pressure is sufficiently high to provide unlimited
amounts of water at the rock/clay boundary, the rate
of wetting can be simulated as a diffusion process,
using an average value of 3x10" to 4x10 m /s of
the diffusion coefficient (35). The actual wetting
process is very complex and not fully understood at
present.
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Figure 2-45 Example of actual moisture distribution in heater-
test hole (No. 4 at BMT, Stripa)

In the successively narrowing zone of low water con-
tent the vapor that is formed in the cyclic evapora-
tion/condensation process will attack the clay and
cause dissolution/precipitation and mineral altera-
tion (37), which reduces the barrier capacity of the
bentonite. Since the degradation is at least to some
degree time-dependent it is clear that a high initial
degree of saturation, or a high saturation rate is
beneficial. For the latter case, a quickly raised
water pressure around the deposition holes is re-
quired.



67

2.3.2 Degradation processes

2.3.2.1 Dehydration

Dissolution of the smectite crystals and migration of
dissolved components depend on the amount of water
that is present in the clay and the degree of dehy-
dration is therefore essential for the degradation.
Using empirical data from the BMT heater tests (35),
one finds the following approximate data for the
distribution of porewater in a closed borehole with
highly compacted bentonite (pd=l.8 g/cm ) exposed to
a radial temperature gradient of around 2°/cm and
with an initial water content of 9% :

Hot boundary Half distance Cold boundary
between boundaries

T=70-80°C T=50-55°C T=30-40°C
W=2-5% W=9-ll% w=18-20%

T=100-120°C T=70-90°C T=55-65°C
w=0-3% W=3-5% w=22-26%

Applying recent microstructural data it is estimated
that 95% of the porewater is in interlamellar ("in-
ternal") positions, forming 1 and 2 hydrate layers in
Na and Ca montmorillonite clay with a dry density of
1.8 g/cm3 (21), cf. Fig.2-46. Since the major part of
the hydration potential is associated with these po-
sitions it is concluded that almost 100% of the
porewater is "internal" at water contents lower than
about 5%, and that the large majority is in the form
of 1 interlamellar hydrate layer. At water contents
of 10-15% it can be assumed that 2-5% of the total
water content is "external", forming a very thin
partly continuous film around the stacks of flakes.
One concludes from this that dissolution and trans-
port of dissolved components like silica and alumi-
num are very limited when the water content is lower
than 5-10%. At higher water content than about 15%,
"external" water forms up to 10% of the total water
content, by which dissolution and ion transport are
facilitated.

Early estimates, which will be discussed in conjunc-
tion with the moistening of the buffers of the
respective concepts, indicate that saturation will
require 10 years to yield a high degree of water sa-
turation of KBS3 canister-embedding clay even at un-
limited access to water. Even longer time is required
for VLH buffers, while VDH clay will get saturated
much sooner. This suggests that degrading processes
that depend on unsaturated conditions will go on for
at least a decade except in VDHs. We will consider
two such processes in the subsequent text.
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Figure 2-46 Microstructural features of smectite clays

Upper left: Dense clay with A) large and B) small
void with "external" water, D) stack of flakes, D)
interface between stacks. Interlamellar
("internal") water is contained between flakes

Upper right: Expanded Na smectite clay gel with
practically only external water

Lower: Theoretical relationship between dry bulk
density and content of "internal" water expressed
in percent of the total pore volume
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2.3.2.2 The evaporation/condensation process

The matter of transient heat and mass transfer, lead-
ing to water redistribution in soils under thermal
gradients, has been extensively treated in agricul-
ture and an attempt was made in conjunction with the
Stripa BMT study to make a prediction of such re-
distribution in the highly compacted bentonite sur-
rounding electrical heaters, applying theories and
models that have been applied in this scienti-
fic field. A simple version of the "film" theory
("Knudsen flow") outlined by Winterkorn and others in
the fifties (38,39) was adopted and found to yield
values in reasonable agreement with measured moisture
profiles in short term field experiments, like the
one shown in Fig.2-45. This investigation gave both
theoretically based and experimentally supported evi-
dence of porewater circulation in the unsaturated
clay, the driving force being the thermal gradient.
The major mechanism is thought to be that water is
evaporated in the hot region and moves in vapor form
through interconnected, wider passages towards and
into the colder region where it condensates and moves
back by film transport along external stack surfaces
that are exposed in fine void systems. The main force
that drives water back towards the hot end is assumed
to be osmosis (35).

2.3.2.3 Chemical processes

In the water saturation phase three major types of che-
mical processes are expected to take place in the
inward-moving transition zone between the outer (col-
der) , largely water saturated clay and the inner zone
with less water content than 2-5%:

1. Dissolved elements in the groundwater and
clay porewater, moving in with the water that
is taken up by the clay in the water satu-
ration process and in the evaporation/
condensation process, will precipitate in
the incompletely water saturated transition
zone (35)

2. Dissolution of smectite crystals, starting
at stack edges, with concomittant diffusion
of (primarily) Si into the colder part,
where precipitation takes place. This
yields cementation of smectite stacks re-
sulting in poor expandability and brittle-
ness (37)

3. Dissolution of acce- i , sulphur-bearing
minerals and carbc ;£ in the clay and
migration in ionic :m of S and Ca towards
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the hot part where precipitation takes
place, yielding i.a. anhydrite (40)

It is clear that since the transition zone moves all
through the clay, the larger part of the clay body
will be exposed to these processes. As to the second
one it is estimated that dissolution and loss of Si
(and Al) from the smectite minerals in the transition
zone is less rapid and comprehensive than under the
subsequent period of complete water saturation. Like-
wise, it is assumed that the third process is more
important after reaching a high degree of water satu-
ration but we will consider it as part of the first-
mentioned one, i.e. accumulation and precipitation of
elements emanating from the surrounding groundwater
and clay porewater in the evaporation/condensation
phase.

Precipitation of salt is expected to be dominant in
the maturation stage and will have sufficient time to
give significant effects provided that the ground-
water is electrolyte-rich. The elements that can ac-
cumulate in the clay are the ones that precipitate
due to chemical reactions, the major ones being the
cations Na, Ca and Mg, and the anions Cl and S04. The
main products are assumed to be crystallites of so-
dium or calcium chloride, and of sodium and calcium
sulphate (anhydrite). Precipitates of these sorts
will most certainly serve as cements, giving the clay
brittle properties with a strongly reduced swelling
ability, but they will also cause the hydraulic con-
ductivity to drop.

The phenomenon of enrichment of salt was not observed
in the BMT field experiments but this is explained by
the very low salt content of the Stripa groundwater.
With more electrolyte-rich water such enrichment is
expected to be significant, the controlling para-
meters being 1) the thermal gradient, 2) the ground-
water composition, 3) the rate at which groundwater
exchange takes place by flow along the deposition
holes, and 4) the diffusion rate in both groundwater
and clay porewater.

Recently performed laboratory experiments illustrate
that salt accumulation actually takes place to a
practically important extent (41). The experiments
had the form of exposing Na bentonite clay samples
with a dry density of 1.27 g/cm and a degree of
water saturation of 24% to a temperature gradient of
14°/cm, the cold end being exposed to 3.5% NaCl so-
lution through a filter stone while keeping the hot
end (steel plate at 100°C) closed in most of the
experiments. The water was pressurized to 50 kPa,
which is significantly less than in the deposition
holes of any of the concepts.
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Salinity change in free pore water and clay water ratio
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Figure 2-47 Test A - Change in "NaCl" content with respect to
that of the reference MX-80 samples dispersed in
water (22.43 mg/g of clay) The water content
distribution is also given (41)

Fig.2-47 illustrates the enrichment of salt in the
dry/wet transition zone 30 days after test start,
both chlorides and sulphates masquerading as "NaCl"
(cf. Fig.2-48). Such enrichment was also noticed in a
test with 100% initial degree of water saturation in
which a drop in water content took place at the hot
end (Fig.2-49). Part of this drop was interpreted as
replacement of water by precipitated salt, while part
was concluded to be due to actual drying or to gas
formation. One concludes from these tests that the
rate of salt accumulation was higher than the ability
of dissolved species to migrate through the outer,
colder part of the sample, which therefore became
exhausted in Na and Cl.
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Salinity chage in free pore water and clay water ratio
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Figure 2-49 Test C - Change in "NaCl" content with respect to
that of the reference MX-80 samples (22.43 rog/g
of clay). The water content, which was initially
42% corresponding to complete saturation, is given
as well (41)

Fig.2-50 demonstrates another important effect of
electrolyte concentration, i.e. the fact that the
hydraulic conductivity of soft and moderately dense
smectite clay increases significantly when the elec-
trolyte content increases, and that the wetting rate
is controlled by the external water pressure if
it is sufficiently high. This effect, which is par-
ticularly obvious when Ca is the dominant cation, is
expected to have an important effect on the satura-
tion rate of the canister-embedding clay in the VDH
concept (cf. 21).

Salinity change in free pore water and clay water ratio
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Figure 2-50 Test B - Change in "Nad" content with respect to
that of the reference MX-80 samples (22.43 mg/g of
clay). The water content distribution is given as
well (41)
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It should be pointed out that the effects of salt
accumulation and precipitation observed in these
tests may be smaller in practice because the tempera-
ture gradient will be significantly lower in a repo-
sitory (<4°C/cm). Still, the very slow rate of water
saturation that takes place if low water pressure
conditions prevail, like in a KBS3 repository that is
kept open for long periods of time, may lead to con-
siderable salt precipitation, a matter that needs
further investigation.

2.3.3 Physical behavior of the buffer and backfills of the
three concepts

2.3.3.1 General

The initial 10 to 50 years after deposition are cha-
racterized by significantly transient temperature and
water pressure conditions. The bentonite becomes sa-
turated and homogenized and the water pressure in the
rock is built up at the same time as the temperature
rapidly increases and approaches a maximum value.

The behavior of the buffer material depends on the
pore water chemistry in the surrounding rock, the
maximum temperature in the bentonite and the type of
buffer material used. For "normal" conditions the
following basic assumptions have been assumed:

* Groundwater salinity according to Table 2-6

* Maximum temperature in the bentonite: 100°C

* Mx-80 sodium bentonite used for block prepa-
ration and as clay component in backfills

2.3.3.2 VDH

In the maturation phase of VDH, the drilling mud has
been exchanged by deployment mud according to the
basic outline of the concept. Thus, at the start of
the maturation process the canisters with their en-
velopes of highly compacted bentonitr. are submerged
in deployment mud that exerts a pressure of 20-40 MPa
on the bentonite. The major questions concerning the
maturation phase are the following:

1. How quickly does the bentonite around the canis-
ters homogenize?

2. How effective will the sealing ability of the
"buffer" be?
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3. Is there any risk of axial displacement of the
canisters during and after the maturation phase?

The third question is important for the final design
of the concept and it focusses on the question
•whether it is possible to have bentonite plugs be-
tween the canister packages or not. We will go
through the physical processes associated with this
problem and will consider both the 2 km long deploy-
ment zone and the overlying 1.5 km long plugging zone
consisting of clay.

Plugging zone

The geometry of the plugging zone is shown in Fig.
2-51. For the case with a theoretical diameter of the
bore hole of 1.3 m the extreme case is assumed to be
an ellipse with a maximum diameter of 1.5 m. The ben-
tonite cage is assumed to be made of metal with 100
mm mesh aperture and a bar diameter of 10 mm. The
outer metal cage, which serves as a protection
against rock fall and for guiding the canister sets
in the application phase, is taken to have a mesh
aperture of 50 mm.

The deployment mud is taken to be one of the
following three mixtures:

1, 100% Mx-80 Na-bentonite
w=100% (bulk density p» at saturation 1.5 t/m )
10% NaCl solution used for preparation of the mud

2. 30% Mx-80 Na-bentonite and 70% quartz filler
i/=70% (bulk density p» at saturation 1.6 t/m )
2% NaCl solution used for preparation of the mud

3. 100% Moosburg Ca-bentonite
v=100% (bulk density pm at saturation 1.5 t/m )
10% CaCl2 solution used for preparation of the
mud

In the maturation phase the Na bentonite plugs are
assumed to have a dry density of pa=2.1 t/m3, which
gives them a high expansion potential. Hence, they
will swell and compact the surrounding deployment mud
considerably. If the first or third mixture (100% Na-
or Ca-bentonite mud with 10% salt) is used, the
resulting, ultimate densities will be:
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Figure 2-51 Plugging zone in VDH. Measures for 1300 mm wide
holes

pd=i.4<i t/m

p«=1.89 t/m3

The resulting density after homogenization of the
30/70 mixture was calculated assuming that the densi-
ty of the consolidated mud and the expanded bentonite
plugs becomes the same, disregarding the influence of
the space occupied by the cages. The density will
then be:

pd=i.5C t/m3

pn.=i.95 t/m3



7 6

lE-IO

E 1E-11

1E-12

1E-14

Disullcd

0.5% NaCI

3.5% NaCI

50 100

Temperature. °C

150

I E l I

1E-12

1E-13

1E-I4

&•—_—

n

| _i^<;_

!zfcb==—"0=

Distilled

0.5% CaCi:

3.5% CaCI2

50 100

Temperature. °C

150

Figure 2-52 Hydraulic conductivity of bentonite with a density
at saturation of 2 g/cm . Upper: sodium, lower:
calcium

The physical properties of the resulting clay bodies
are largely determined by the salinity of the sur-
rounding groundwater after a few weeks. The hydraulic
conductivity using deployment mud 1 would not exceed
10' m/s at a net density of 1.9 t/m as concluded
from laboratory percolation experiments with somewhat
denser clay, conducted at up to 130°C (Fig.2-52).
This figure also shows that the conductivity is al-
most as low when deployment mud 3 is applied.

We will only consider deployment muds 1 and 3 in the
subsquent analysis. The latter is of interest since
it has a viscosity that is low enough the ensure sue-
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cessful emplacement but we will see that it is not
suitable for other reasons.

Deployment zone

The geometry of the deployment zone is shown in
Fig.2-53. If the Ca-bentonite and 10% CaCl2 are used
for preparing the deployment mud, one finds the fol-
lowing density values for the expanded bentonite
blocks between canisters sets:
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1. Assuming that all swelling takes place radially,
i.e. with no swelling into the slot between the
canisters and the rock:

pd=1.30 t/m

p«=1.82 t/m3

2. Assuming swelling into the slot with complete ho-
mogenization:

pd=0.85 t/m3

p»=1.54 t/m3

The vertical pressure on the bentonite from the 3
canisters of one set will initially be about 760 kPa
at the bentonite/canister contact and 300 kPa in the
central part of the bentonite between the canisters.
At equilibrium, the lifting force of the pore water
will reduce the stress by 17% (Archimedes) but it
will anyway be very critical considering the actual
swelling pressures of bentonite (Figs.2-54 and 2-55).
Thus, the swelling pressure of Na-bentonite with the
density derived from the first calculation 1.82 t/m3

is about 500 kPa in electrolyte-poor water and in the
water assumed for deepest parts of VLHs (about 10%
salt) it will be reduced to less than 50% of this
value.

The function, which may hence be critical, is in fact
very complex. When the bentonite expands against the
rock wall there will be a vertical reaction force of
110 kN emanating from the friction against the rock
walls, and this force counteracts but does not fully
balance the weight of the canisters. Assuming the
swelling pressure to be 250 kPa and the friction ang-
le 10°, which is the upper limit of the probable
range 6-10° (42), the net force for each canister set
is obtained as:

F(net)=F(can. weight) -F(Archimedes)-F(friction)
F(net)=150-25.5-110=14.5 kN

This load must be carried by the canisters below, and
it is hence obvious that they will settle. The situa-
tion will of course be even worse if the extreme rock
geometry at rock breakout is considered.

The overall conclusion is that there may be signifi-
cant settlement of the canisters if the concept is
not changed. If settlement can at all be accepted,
the concept can be further considered, paying special
attention to the matter of rock wall stability with
respect to the use of drilling muds that cause mini-
mum damage. The design should be decided on the basis
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of predictions of the actual magnitude of the dis-
placements of canisters and bentonite, which requires
laboratory determination of the rheological proper-
ties of salt bentonite, and application of numerical
codes. Verification tests are also required.

Alternative designs

Alternative design principles can be imagined and
reasonably practical ones would be to increase the
density of the bentonite close to the rock, still
leaving highly compacted bentonite blocks between the
canisters, or to let the canisters carry each other
without relying on the friction against the rock.
This can be achieved by one of the following alter-
natives:

1. Increase the density of the deployment mud
by introducing highly compacted bentonite
pellets in the deployment mud

2. Increase the number of bentonite plugs to
e.g. one per canister instead of one per
three canisters. This should give enough
friction to withstand the weight of the
canisters after completed swelling

3. Use a denser deployment mud and fill the
hole completely with this mud before the
canisters are inserted. The procedure of
bringing the canisters down can then be
made in a continuous fashion since the
shear resistance of the mud gel will ba-
lance the weight of the cansisters. This
may even require an additional load

4. Delete the bentonite blocks between the
canisters and let the canister column
support itself, which may be feasible
depending on the type of canisters.
Otherwise, the problem of obtaining a
sufficient bearing capacity may be sol-
ved by casting concrete plugs at certain
intervals as mentioned earlier in the text

The first possibility, implying that bentonite pellets
are filled in the deployment mud, has been considered
in some detail and it is concluded that this would
raise the density of the bentonite in the slot be-
tween the canisters and rock very significantly. A
possible practical procedure would be the following
(Fig.2-56):
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Sets consisting of three canisters and one
1 m high bentonite plug are emplaced as
separate units. At the emplacement the sets
are equipped with a hopper that is filled
with highly compacted bentonite pellets
and attached to the top of the upper canis-
ter

After applying a set so that it rests on
the top of the upper canister of the pre-
viously emplaced set, the hopper is lifted
while the conical base still rests on the
canister
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The pellets are allowed to flow down into
the slot between the canisters and the rock
and when the hopper is empty it is hoisted
to the surface. The emptying can be facili-
tated by vibrating the hopper by which the
shear strength of the mud is reduced which
also improves the penetration of pellets

Saturation and homogenization rates

The time for saturation and homogenization depends
on the design as outlined below for the original
version and the one with pellets.

1. Without pellets

Applying the basic concept with bentonite blocks
between the canisters and no pellets in the slot
the time for the blocks to complete their radial
swelling - disregarding axial penetration into
the slot between the canisters and the rock -
can be estimated in the following way if the
water uptake is assumed to take place according
to the basic diffusion-type model:

The coefficient of consolidation is taken to be
Cv«1.5-10"10 m2/s (43). If the coefficient of
swelling is assumed to be the same and if the
salt content in the pore water and the higher
temperature are assumed to yield a fivefold net
increase in Cv, it will take about 5 years for
arriving at complete homogenization and about 1
year to get 50% homogenization of the bentonite.
Where breakouts have given an extreme hole
shape, the time to reach homogenization will be
up to 5 times longer. However, the recent find-
ing that salt water under high pressure enters
bentonite of moderate density much quicker than
the diffusion model implies, suggests that the
time for saturation and homogenization is pro-
bably very much shorter.

2. With pellets

If the alternative with pellets is chosen, the
homogenization will be much faster since the
pellets are very small (e.g. about 1 cm) and
surrounded by water. Complete homogenization
of the pellets will hence take about l month
while 50% homogenization will take less than a
week, applying the diffusion-type water satu-
ration model. A nice property is that breakout
zones will not influence the time required for
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homogenization. The above-mentioned phenomenon
that very salt water under high pressure will
enter bentonite quickly accelerates the satu-
ration and homogenization processes even more.

A general aspect of the potential of the VDH concept
is that the function of the canister/bentonite system
in the maturation stage is not altogether clear. It
is required ? o reconsider the use of muds and the
utilities . r bringing in the various components be-
fore rel le functional analyses can be performed.
The ea, ]..<:r raised point that the application tech-
nique? and selection of suitable muds need to be
investigated in detail remains as a major obstacle.

2.3.3 . KBS3

Saturation process, deposition holes

The rate of water uptake and thus the development of
swelling pressures in the deposition holes are func-
tions of the rate of water flow from the nearfield
rock to the holes. If no water is added to the space
between the highly compacted bentonite blocks around
the canisters and the rock, the time to reach comple-
te saturation of the buffer material may be very
long, especially if bentonite powder is applied in
this space, which is an option that was tested in the
Stripa BMT experiments (35). Since there are no prob-
lems with filling it with water in the vertical holes
of the KBS3 concept, and since quick water saturation
is very favorable for the heat conductivity and
longevity of the bentonite, it is recommended and
assumed here that water will be artificially filled
into tha holes. Electrolyte-poor water may well be
used for reducing salt accumulation.

For practical reasons the slot width should not be
too small and 20-50 mm appears to be a reasonable
interval. Taking the width as 30 mm the degree of
saturation will be Sr«75% in a few years in most
parts of the bentonite. The additional water required
for complete saturation will be supplied by the sur-
rounding rock at a rate that is a function of the
hydraulic conductivity of the surrounding rock and
the piezometric pressure. Complete saturation is es-
timated to be achieved within 10-20 years as indi-
cated by the diagram in Fig.2-57. Deposition holes
located in rock that is very poor in water-bearing
discontinuities of 4th order, and where the primary
rock stress situation does not cause activation of
higher order breaks, may have insignificant amounts
of water entering the holes radially. However, it is
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Figure 2-57 Moistening rate of the KBS3 overpack in richly
water-bearing rock (35)

estimated that the mechanically disturbed very narrow
and shallow zone along such holes, which has a signi-
ficantly higher hydraulic conductivity than the high-
ly compacted bentonite (cf. Ch. 2.1.5) and which is
connected to the pervious tunnel floor, will supply
the bentonite uniformly with sufficient amounts of
water to keep up the saturation rate at a level that
is on the same order as indicated in Fig.2-57 once
the water pressure is built up after closing the tun-
nels. Strategically placed bentonite-filled slots for
cutting off the axial drainage along the tunnels that
is known to delay the piezometer rise are preferable.

Saturation process, tunnels

The time to reach saturation of the tunnel backfill
depends on the initial degree of saturation of the
mass as well as on the hydraulic conductivity of the
rock and the prevailing piezometric condition. If the
average dry density of the backfill is p<i=2.0 t/m3

the void ratio will be e=0.35 and the total amount of
water in the saturated material about 4 m per meter
tunnel length. As described earlier in the report dry
application and compaction are preferred and 3.5m3

water per meter tunnel must hence be supplied by the
rock to yield saturation. If the average radial hy-
draulic conductivity of the surrounding rock is
fc=10~ m/s it will take about 1.5 years to saturate
the backfill, while at k=10"nm/s, 15 years are re-
quired. However, since air is entrapped in the voids,
it must be compressed in order to make room for the
water and this will slow down the rate of saturation.
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Before high water pressures have been built up there
will be 50-100 liters of compressed air left per
meter tunnel in the central part of the backfill.
With time the air will be dissolved and move out of
the backfill into the rock by diffusion.

Using the more expensive and time-consuming wet com-
paction technique, which also yields somewhat lower
density, very little air will be left in the voids
since the initial degree of saturation can be as high
as 90-95%.

Homogenization and development of swelling pressures

When the swelling pressure rises and yields upward
expansion of the dense bentonite in the deposition
holes, the backfill in the upper part of the holes
undergoes consolidation and is displaced upwards. If
the density of the tunnel backfill is low, the de-
formation may be large and problems may occur since
this would further reduce the density of the bottom
part of the backfill (Fig.2-58). The heave depends on
the compressibility and hence on the density of the
backfill and we will show an example referring to a
case with low density for illustrating the character
of the displacement process and the magnitude of the
movements. The matter is being further investi-
gated by applying numerical methods using an appro-
priate material model (42).

Example of expansion of canister-embedding
clay and displacement of overlying tunnel
backfill in a KBS3 repository

The study was made by using an axisymroetric element
mesh of the hole, canister and tunnel, while assuming
the rock to be an infinitely rigid medium.

The buffer and backfill were modeled according to the
effective stress theory with plastic failure accor-
ding to the Drucker-Prager theory and elastic swel-
ling according to the Porous Elasticity Theory (42).
The parameters of the material models were intended
to simulate the behavior of the buffer and backfill
with the following compositions and densities:

buffer material: Mx-80 Na-bentonite compacted
to water saturation with a density of pm=2.lO
t/m at water saturation

Backfill: A mixture of 10% bentonite and 90%
sand compacted to a density of pm=l.9 t/m at
water saturation
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Figure 2-58 Upwards swelling of the buffer due to low backfill
density may further reduce the density in the
backfill

The materials were assumed to be water saturated from
start since the material models are not valid for
unsaturated soils. The water uptake process in an
initially unsaturated buffer will delay the swelling
but the net results will still be similar.

The contact zone between the rock and the bentonite
buffer, and between the canister and the bentonite,
is simulated by interface elements with a friction
angle of 8° - i.e. a mean value of the friction angle
interval 6-10° (42) - while the contact zone between
the bentonite-poor backfill and the rock is simulated
by interface elements with the friction angle 25s.
The shear resistance along the rock and canister sur-
faces is thus assumed to be lower than the shear
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resistance of the buffer and backfill, which is in
agreement with ordinary soil mechanics theory and
practice.

The calculation was difficult to perform since the
deformations were large and it was only possible to
simulate the process for the first 12.7 years when
complete equilibrium was not yet reached. The results
are illustrated in Fig. 2-59, which shows the deformed
element structure after 3.2 and 12.7 years. The fi-
gure shows that two gaps will be formed: one between
the floor and the backfill close to the deposition
hole, and one at the top of the canister.

The latter gap, which is produced by the upward swel-
ling of the bentonite that surrounds the top part of
the canister, is only temporary. It is caused by
rather quick uptake of water of the bentonite close
to the rock while moistening and swelling of the ben-
tonite on top of the canister is delayed by the slow
migration of water through the bentonite to this
part, which will thus only be moved by the heave of
the peripheral part, leaving a gap between the can-
ister top and the bentonite. However, the gap will be
closed with time as the water will travel through the
peripheral bentonite to the inner part, causing ex-
pansion of the bentonite and closing of the gap. This
is illustrated by the diagram representing 12.7
years.

The gap at the floor, which is caused by extrusion of
backfill from the hole to the tunnel, will not be
closed since the swelling ability of the backfill is
too low. As seen in Figure 2-59, it will instead con-
tinue to increase until equilibrium is reached. Since
the own weight of the backfill was omitted in the
calculations a true gap may not Le formed, while a
zone of very low density will definitely be caused.

The canister will heave as is also obvious from the
diagrams in Figure 2-59. However, the firm grip on it
lower down in the bentonite envelope prevents large
uplift, which, according to this calculation, will
therefore not exceed 10-20 mm. Since a gap is formed
at the top of the canisters, the axial tensile stres-
ses in them will be high.

The swelling will make the buffer and the backfill
quite inhomogeneous, which is shown in Fig. 2-60. The
void ratio in the buffer after 3.2 years varies from
0.6 in the lower parts to more than 1.5 close to the
buffer/backfill interface, and in the backfill from
0.7 close to that interface, to 1.4 close to the
tunnel floor.
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Figure 2-59 The deformed element mesh close to the tunnel
floor after 3.2 and 12.7 years. The black areas
are gaps formed by the swelling
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Figure 2-60 The void ratio in the buffer (left) and the
backfill after 3.2 years
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Figure 2-61 Pore pressure in the buffer after 3.2 years

Equilibrium is obtained when there is no pore pres-
sure differences in the clays, which, in this case
implies the same pressure as at the boundaries, i.e.
0 kPa. Fig.2-61 shows that there is a negative pore
pressure as high as -9 MPa in a large part of the
buffer on top of the canister after 3.2 years, while
it has decreased to -1.5 MPa after 12.7 years. The
negative pore pressure is caused by the swelling abi-
lity of the bentonite, which is the driving force for
water migration. The strong decrease after 12.7 years
indicates that equilibrium will appear in 15-20 years
after start. The pore pressure in the backfill is
very low due to the high permeability and the low
swelling pressure throughout the heave. It should be
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underlined that the piezometric pressure at the
boundaries was set at zero in the calculations, while
higher pressure will prevail in practice but this
does not affect the outcome of the calculations.

The total heave of the buffer/backfill interface is
about 300 mm according to the calculation but such a
large heave will not take place if the backfill is
carefully and effectively compacted all the way up to
the roof. Thus, a rough estimate shows that the heave
of the buffer/backfill interface can be reduced to
100 mm by effective compaction and to less than that
by applying highly compacted blocks in the tunnels.

Effects of swelling pressure on the rock

The fracture system in combination with the disturb-
ance from blasting, stress release or thermal expan-
sion may create wedges extending from the deposition
holes to the tunnel floor as indicated in Fig.2-62.
If the density of the backfill in the tunnel is low
close to the floor, such wedges may be displaced up-
wards, creating openings in the rock as well as flow
passages between the buffer and the backfill.

At least two types of movements may occur. One caused
by the horizontal swelling pressure en», and one by
the shear stresses TTV associated with the heave.

A. Effects of cm

A rough calculation of the possible maximum lateral
movement of a wedge from the deposition hole can be
made by use of a force polygon as shown below (cf.
Fig 2-63) .

Example of calculation of wedge movements in
the floor of a KBS3 repository; simple force
polygon approach

The wedge is taken to be formed by a rather flat-
lying joint and of two steeply inclined ones, giving
the wedge a length of 6m, a width of 1.6 m, and a
height of 2 m. The upper meter of the hole, which is
filled with sand/bentonite is not considered. The
friction angles are taken to be:

- buffer/rock: 0=10°
- rock/rock: 0=20°
- backfill/rock 0=30°
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Figure 2-62 Upwards movement of a rock wedge in the tunnel
floor of KBS3

With an assumed swelling pressure of 10 MPa and no
wall friction in the fractures that form the steep
boundaries of the wedge, there will be only one
possible force polygon, i.e. the one shown in
Fig.2-63. Since the vertical load exerted by the tun-
nel backfill increases with increasing deformation,
the translation movement will continue until the po-
lygon is closed, which occurs when the vertical load
is 10 MN. Since the weight of the 1.6 m wide block
is 260 kN, a force of about 9.74 MN, corresponding to
a pressure of 1.0 MPa, is required to stop further
displacement. According to earlier oedometer tests
this yields a compression of 0.5 to 1.5% of a 10/90
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Figure 2-63 Rough calculation of the invoiced forces on a rock
wedge

bentonite/sand mixture depending on its density, pro-
vided that the material is unsaturated. If the pres-
sure is assumed to spread upwards in the buffer ac-
cording to the commonly used simplified solution of
the expression for the settlement of foundations de-
rived from the theory of elasticity (44), the average
vertical pressure in the buffer will be 420 kPa,
which gives a vertical movement of 22 to 67 mm and a
horizontal movement of 66 to 200 mm.

If the backfill is saturated, the pressure 1.0 MPa
exerted by the block equals the swelling pressure of
the buffer at a dry density of 2.05 t/m , which can
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be arrived at by applying effective compaction and
which would strongly reduce the wedge displacement.
Since the most critical stage is when the backfill is
only partly saturated it is concluded that rock move-
ments in the upper parts of the deposition holes may
be induced by the swelling pressure in the deposition
holes. The advantage in backfilling the tunnels with
very dense material at an early stage is hence ob-
vious.

Considerations of this sort show that practically
important displacement of rock and backfill may take
place and the matter requires further attention, par-
ticularly with respect to the influence of the heat
produced by the canisters.

B. Effects of Tv

The shear stress Tv along the boundary between the
bentonite and the walls of a deposition hole cau-
sed by the expansion of the bentonite may generate
upward displacement of rock slabs along steep joints
close to the holes.

Since the friction angle between bentonite with high
density and the rock walls in the deposition holes is
about 10° (42) and the friction angle of fractures is
hardly lower than about 10* (plane, chlorite-coated
joints) such rock displacements should not be possib-
le. Still, the combined effect of swelling pressure
and lifting power of the bentonite in the deposition
holes may result in rock block displacements of prac-
tical importance as illustrated by the pilot study
using the ABAQUS code that is described below.

Example of wedge movements using the ABAQUS code

The study concerned a very steep rock wedge, with its
lower end located at the same level as the top of the
canister and being separated from the adjacent rock
by intersecting joints that yield an inclination of
the base of the wedge of 8° with respect to the axis
of the hole. In a first calculation the friction be-
tween the rock wedge and the rock was assumed to be
zero. This calculation concerned the conditions after
swelling for one year, assuming complete water satu-
ration from the start. Fig.2-64 illustrates that the
heave of the steep wedge becomes very large (120 nun)
but that the gap between the canister top and the
bentonite is much smaller than when no wedges are
present (cf. Fig.2-59). The ultimate heave of the
rock at equilibrium is estimated at 200-300 mm.
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Figure 2-64 The deformed element mesh close to the tunnel
floor after 1 year with a loose rock wedge. The
black areas are gaps formed by the swelling

Thermomechanical effects

The field experiments in stripa Phase 3 demonstrated
that a temperature pulse causes permanent changes of
the rock structure (33). Such changes cause an in-
crease in hydraulic conductivity due to expansion of
fractures resulting from small irrecoverable block
movements. Calculations applying the Stripa rock
structure model and using UDEC and 3DEC show that the
residual aperture increase can be on the order of 30
jim for the investigated case, which corresponds to
KBS3 deposition holes scaled 1:2 with heating of the
holes to around 100°C (33). If the geometry is un-
favorable, i.e. with long continuous fractures paral-
lel to the tunnel axis, the aperture increase can be
one order of magnitude larger. The matter requires
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some additional investigation, applying KBS3 hole
geometry and adequate rock stresses. In this context,
it should be recognized that the hydrothermal condi-
tions created in the heating period are expected to
yield significant self-healing of the fractures.

If water saturated bentonite blocks are used and the
holes filled with water, the expansion of the pore
water in the buffer may cause problems that are in
common with the VLH concept, i.e. generation of very
high pressures on the canisters and the rock. Preli-
minary estimates show that the rate of drainage from
the buffer matches the pore pressure increase but
numerical calculations need to be performed to verify
this.

A general conclusion concerning the function of a
KBS3 repository in the maturation stage is that
no processes vil.l take place that jeopardize the
long-term isolation power of this concept provided
that salt accumulation in the canister-embedding den-
se bentonite can be accepted from the point of can-
ister lifetime. If this is a critical point the use
of almost fully watex—saturated canistei—embedding
bentonite appears to be a solution.

It is desirable that backfilling of the tunnels is
made so that the compressibility of the fillings be-
comes very lov and it is strongly recommended that
the tunnels are backfilled soon after the emplacement
of the canisters for good performance.

2.3.3.4 VLH

Saturation process

The analysis of the function of a VLH repository that
was performed and reported in 1991 (2) showed that
application of highly compacted bentonite blocks of
the sort intended for KBS3, i.e. with 50% degree of
water saturation, would yield bentonite temperatures
of up to 120°C, assuming 24 BWR elements, and this
led to a concept based on application of almost water
saturated blocks and filling of the open joints with
water or bentonite slurry (2). This version, which
was found to give a maximum temperature in the bento-
nite of around 100°c, is the one considered in the
present report.

Homogenization and development of swelling pressure

Assuming the diameter of the long hole to be 2.4 m
and that of the canisters to be 1.6 m, the ultimate
density of the bentonite will be pa=1.74 t/m
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(p»=2.12 t/ro ) provided that the blocks can have a
dry density of 1.9 t/m3 and that the slot between the
bentonite blocks and rock is 50 mm at the most in the
top region, and can be filled with bentonite grout
with a water content of 300%. This state is reached
fairly soon after emplacement according to simple
calculations, the rise of the swelling pressure as a
function of time being illustrated by Fig.2-65.
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Figure 2-65 Estimation of the development of the swelling
pressure from the bentonite barrier against the
rock during the homogenization process. Saturated
bentonite concept (45)

Effects of swelling pressure on the rock

Since the bentonite is confined with no possibility
for inward rock movements, the entire system of
rock/bentonite/canister is expected to be physically
stable except if the initial degree of saturation is
so high that the bentonite will exert unacceptable
pressure on the canisters.

Rock mechanical calculations performed assuming
swelling pressures of 10-30 MPa have been made by
Shen & Stephansson using 3DEC and a rock structure
characterized by joint patterns with an average
spacing of 5 m, and principal stresses of 20 MPa and
16 MPa in the horizontal plane and 13.5 MPa verti-
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cally (46). This study concerned the deposition holes
of the K8S3 concept but can be used for drawing major
conclusions also concerning VLH. It showed that the
swelling pressure onlv affects the close vicinity of
the holes and - logi ' lly - that the virgin stress
conditions are appro ohed for pressures ranging be-
tween 10 and 20 MPa while 30 MPa generates strain
along major discontinuities.

A second study conducted by Hökmark & Pusch using the
UDEC code and the BMT rock structure, and assuming
the vertical principal stress to be 6 MPa and the
horizontal to be 15 MPa, showed that a swelling pres-
sure of 6 MPa does hardly affect the joint aperture
at all. The pressurization was found to yield maximum
joint shear displacements that are about 1/5 of those
caused by the excavation (3).

Thermomechanical effects on the rock.

Thermal stresses in the rock were considered by
Hökmark & Pusch in the aforementioned study (3). They
found that the hoop stress is expected to rise by
more than 100% for the considered rock structure and
primary stresses and that this would tend to close
previously open fractures in the nearfield in a 8
year perspective. This is in agreement with the study
on KBS3 holes that was conducted by Shen &
Stephansson in their 3DEC study in which only one,
flatlying joint intersected the hole (46). They
showed that irrecoverable shear strain of up to
700 um will take place along this joint in a 10 -year
perspective and that it would tend to become closed
in the first thousand years.

Thermomechanical effects in the rock/buffer/canister
system

General aspects

The VLH concept implies that the buffer has an initi-
al very high degree of water saturation. The heat
generated by the waste and the resulting increase in
temperature of the nearfield will cause an expansion
of the materials that may create very high stresses
in the canister and the rock. The high coefficient of
thermal expansion of the saturated bentonite is the
main reason for the high stresses.

Since the expansion of the saturated bentonite is
nainly caused by the expansion of the porewater, the
increase in stress with temperature is controlled by
the drainage of the porewater through the rock. A
fundamental question is thus if the drainage is fast
enough to prevent unacceptably high pore pressures
and preliminary calculations indicate that the tem-
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perature increase will be slow enough to ensure
simultaneous dissipation of the porewater pressure.
Since this is a critical issue for using saturated
bentonite blocks, the effects are being thoroughly
investigated using ABAQUS, an example being given
below.

Calculations

The VLH repository was simulated by an axisymmetric
element *r.ssh which includes the copper/steel canister,
the buffer and 100 m rock. The element mesh and the 4
material models are descibed in (45).

Complete drainage of the rock surface of the tunnel
with a water pressure of 3 MPa was assumed, which is
non-conservative but probably valid for TBM-drilled
holes because of the draining function of the shallow
zone of mechanical damage.

The heat power of the waste was assumed to decline
according to equation (2:1).

P=2950- (0.769-e-OO2T+0.163-e-
OO02T

+0.068-e-
0OO02T) (2:1)

where P is the total power generated by the waste in
the canister in watts and T the time in years after
deposition. The waste is assumed to be deposited
after 40 years of intermediate storage. The canister
contains 24 fuel elements, each with an initial power
of 122.9 W.

The calculation was made in two steps. At first the
temperature development in the structure was calcu-
lated, since this process is not coupled to the me-
chanical effects. Then, the thermomechanical calcula-
tion, coupled to the calculation of the pore water
flow and porewater pressure dissipation in the
buffer, was made. The calculation was run for 10s

seconds or about 32 years simulated time.

Results

The temperature increase with time at the canister
surface, which equals the highest temperature in the
buffer, and at a point located in the rock 10 m from
the center line, shown in Fig 2-66. A maximum tempe-
rature at the canister's surface of 80°c will be
reached after 2.5-10 seconds or about 8 years.
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Figure 2-66 Temperature evolution at the canister (upper
curve) and in the rock

The key parameter of the thermomechanical calculation
is the pore pressure in the bentonite. Fig 2-67 shews
the calculated pore pressure distribution in the ben-
tonite at four different times during the period. The
maximum pore pressure is as high as about 15 MPa al-
ready after 1.7-10 s (20 days) but the overpressure
has dissipated completely after 10 s (32 years). The
graph also shows that the pore pressure is highest
between the canisters, which is explained by the
higher temperature and by the large distance to the
drained borehole periphery. The maximum pore pressure
obviously occurs after about 10 sec. or 100-200
days. The effect on the canister and rock should thus
be at maximum at that time.
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Figure 2-68 Deformation of canister

The deformed shape and plastic strain in the canister
are shown in Fig 2-68. The displacement magnification
factor of the deformed canister in the graphs is very
high (1300) and the real displacements thus quite
small. Still, the axial compression of the canister
will, according to this calculation, be 0.5-1 mm. No
plastic strain will occur in the steel but the copper
will yield with a plastic strain of up to 0.15%. The
Mises stresses in the rock will be quite high ac-
cording to this calculation (up to 25 MPa) and there
will be tensile stresses of about 12 MPa close to the
tunnel surface. Since no in situ stresses have been
applied to the rock, these values represent the
change in stress due to the heating. Considering the
actual rock stresses in situ one finds that no net
tension stresses are expected.
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Conclusions

The thermomechanical calculations show that the
drainage compensates the induced high pore pressure
in the saturated buffer since the highest pressures
are reached after 100-200 days while the highest tem-
perature is not reached until after about 8 years.
However, despite the drainage effect the induced
pressure will be quite high and the effect on the
canister and rock cannot be neglected. The efficiency
of the drainage ability of the near field rock is
uncertain and it is required to certify experimental-
ly whether the hydraulic conductivity of the shallow
mechanically disturbed zone is high enough to make it
serve as a drainage.

A general conclusion of the function of VLH in the
maturation stage is that no processes associated with
the build-up of temperatures and water pressures are
expected to be critical to the buffer, canisters and
nearfield rock in this period, provided that suffici-
ently effective drainage of the highly pressurized
porewater in the bentonite is offered by the rock.
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2.4 HEATING STAGE (< 2 000 YEARS)

2.4.1 General

Heating caused by the radioactive decay has an impact
on the canister-embedding smectite clay, and on the
chemical interaction of the canisters and clay, as
well as on the physical properties of the surrounding
rock.

2.4.2 Heat evolution

2.4.2.1 Ambient temperature

The ambient temperature at 500 m depth is commonly in
the interval 10-15°C while it is considerably higher
deeper down. Hence, while VLH and KBS3 repositories
will be located in rock with a low starting tempera-
ture the deployment part of VDHs will be exposed to
high temperatures. The temperature gradient can be
expected to be in the range of 1.3 to 1.6°C/100 m
(30), which means that the ambient temperature at the
lower end of the deployment hole may range between
65°C and 80°C and between 40-55°C at the upper end.

2.4.2.2 Maximum temperature

The heat cycle will be somewhat different in the
various concepts. In the KBS3 concept the canisters
are emplaced close enough for overlapping of the tem-
perature fields around the deposition holes while the
overlapping in VLH and VDH is negligible. In a one-
storey repository of KBS3 type with 30 m tunnel dis-
tance and 6.2 m spacing of the canister holes, the
maximum temperature (ambient + raise) at the can-
ister/clay interface will be about 66°C and this will
occur after 12 years (47).

In VLHs the temperature increase at various distances
from the canister surface is given by Fig.2-69 for
the assumed case with initially water saturated
bentonite (2). The maximum temperature increase at
this contact will be slightly less than 90°C after 10
years, which yields a maximum net temperature of
about 105°C.

In VDHs the temperature increase will be considerably
less than in the other concepts (30) while the am-
bient temperature is much higher. Thus, Fig.2-70
shows that the temperature increase will be about
17°C at the canister/clay interface after about 6
years, meaning that the net temperature at the bottom
end of the deployment zone may reach a temperature of
slightly less than 100°C. At the upper end of this
zone the net temperature is expected to be 55-75°C.
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Figure 2-69 Temperature increase as a function of the distance
from the centre of the canister at different times
for the main concept with water saturated buffer
(2)

2.4.2.3 Temperature decay

Since there is no overlap of temperature fields of
adjacent deposition holes in VLH and VDH reposi-
tories, the drop in temperature is faster than in
KBS3. 50 years after deposition the temperature in-
crease at the canister/ clay interface has dropped by
25% from its maximum value in VDHs and VLHs, while it
is still close to maximum for KBS3. Thus, after 100
years the temperature will only have dropped to 54°C
and to 43°C after 1000 years. In VDHs and VLHs the
heat conditions are almost back to the virgin state
after a few hundred years.

The temperature gradient over the buffer mass will
initially be 4°C/cm in VDHs and 2°C/cro in VLHs while
it will be less than l°/cm in KBS3 holes. It will be
negligible after about 100 years in all the concepts.
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the canister for the slimhole option (30)

2.4.3 Chemical effects on the buffers and backfills

2.4.3.1 General

As outlined in Ch. 2.1.6.3 the presently used model
of smectite longevity implies that different de-
grading mechanisms dominate in different temperature
regimes. With some simplifications one can state that
below a temperature of around 130 C (+/- 30 C) dis-
solution of the smectite and neoformation of hydrous
mica ("illite") are taken to be the dominant process-
es, while "high-temperature" transformation to bei-
dellite is an additional process that becomes import-
ant at higher temperatures. It is associated both
with release of tetrahedral silica and with conver-
sion to hydrous mica at a rate that is controlled by
the access to dissolved potassium.



108

2.4.3.2 Conversion to hydrous mica

Since the maximum temperature in the clay buffers and
backfills will not exceed about 1000C in any of the
concepts, the basic degrading mechanism is concluded
to be congruent dissolution of the crystal lattice of
the montmorillonite particles to an extent and at a
rate that is determined by the temperature-dependent
concentration of dissolved silica in the porewater.
Since, in practice, one can assume that the porewater
will be saturated with silica both in the clay and in
the surrounding rock, the amount of dissolved clay
will be insignificant unless precipitation due to
some silica-consuming reaction takes place, of which
neoformation of hydrous mica is a major one.

Such conditions will prevail in the heating period of
VLH and KBS3 repositiories and throughout the opera-
tive lifetime of VDHs, during which the rate of con-
version of smectite to hydrous mica by neoformation
is determined by the access to potassium. This means
that, after an initial period in which potassium ori-
ginally present in the porewater and released from
degrading potassium-bearing accessory minerals in the
clay is used up, the groundwater composition and flux
along the rock/clay interface at the periphery of the
deposition holes control the transformation rate.

Fig.2-71 illustrates a theoretical example of ex-
haustion in potassium concentration in stagnant
marine groundwater due to neoformation of hydrous

so-,

40-

.30

§

c.
fOO 200

300 400

to-

oJ

O.S'SO4 ycor»

SO 000 ytcrt

2 000 y«ar«

BENTONITE

Figure 2-71 Calculated change in the concentration (C) of dis-
solved potassium in the porewater of the sediment
overlying the lowest bentonite bed at Hamra
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mica in a natural bentonite layer. The formation of
hydrous mica creates a sink causing a concentra-
tion gradient in potassium that drives K-ions to the
reaction zone by diffusion. The K-concentration in
the porewater of the dense surrounding clay is hence
reduced at a successively increased distance from the
layer. The case is assumed to be representative of
the lowest bentonite bed at Hamra on Gotland (25).
Assuming that the rate of conversion to hydrous mica
has been controlled solely by potassium diffusion
from the surroundings, the clay fraction of the
4 x 10 year old smectite layer should still hold
about 30 % montmorillonite, which is actually also
the case.

This example indicates that in the special case of
very potassium-poor, stagnant groundwater - i.e. at
500 m depth in crystalline rock in Sweden - the clay
will be largely preserved in its original form even
after many millions of years.

2.4.3.3 Cementation

In the period when temperature gradients prevail in
the buffers and backfills, silica will also migrate
from the hot part of the clay to colder parts where
it will precipitate in the form of cristobalite or
amorphous silica, causing cementation. There is no
physico/chemical model that describes this process
but a rough estimate can be made by application of
Pytte's model of smectite/Millite" conversion since
it implies lattice reorganization of similar type.
This model would suggest that 10 % of the smectite is
converted in 1000 years at 100°C and 50 % in 10 000
years at this temperature, and that 10 % is converted
in 100 000 years at 70°C (Fig.2-31), yielding free
silica. Since 100 % conversion amounts to 10 % of the
total smectite mass, assuming the conversion to take
place through beidellitization, a conservative esti-
mate would be to assume that cementing precipitates
will constitute about 1 % of a bentonite clay mass
that has undergone conversion to hydrous mica by 10
%, and that such precipitates form 5 % of the mineral
mass in bentonite that has been converted to 50 %.

As described in Ch. 2.3.2.3 there is also a second
process that yields enrichment of salt even if the
canister-embedding clay is fully water saturated,
i.e. precipitation of substances with low solubility
at higher temperatures, like sulphates.
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2.4.4 Quantitative estimates of clay degradation

2.4.4.1 VDH

Conversion to hydrous mica by potassium uptake

Using the flow data in Table 2-5 and assuming that
the hydraulic gradient is 10~ , i.e. in agreement
with earlier simplified flow analyses, one finds that
around 3 liters per year pass along the deployment
part of the deep holes. Applying the figure 50 ppm K
concentration (p.44) one finds that about 0.2 g of
potassium may be available per year for transforma-
tion of montmorillonite. A rough estimate is that all
montmorillonite has been converted when potassium
makes up 5-10 % of the total solid mass , from which
one finds that less than 1/1000 of the montmorillo-
nite content, which is 300 000 g per meter length,
may be converted to hydrous mica in the heating
period. Complete conversion to hydrous mica would
mean that 15 000-30 000 g of potassium have to be
taken up to yield such alteration and the time for
this process strongly depends on how water enters the
pervious rock zone along the hole. A conservative
estimate is that it will take at least 20 000-30 000
years.

Under stagnant groundwater conditions conversion to
hydrous mica would take place by uptake of potassium
that migrates through and from the surrounding rock.
Applying the model of uptake indicated in Ch. 2.4.3.2
one finds that it yields even slower conversion. Even
if both flow and diffusion combine to provide the
bentonite clay with potassium the rate of conversion
will not yield measurable conversion in the first few
hundred years, and complete conversion is not expec-
ted in the first 15 000 years.

As to the plugging zone, of which at least 1 km will
not be exposed to higher temperatures than about
30°C, degradation will be even slower. Here, the dis-
solution rate of the smectite will control the con-
version and using Pytte's model (Fig.2-31) it is ex-
pected that it will take hundreds of thousands of
years befcre significant mineral alteration has taken
place in the larger part of this zone.

Cementation

Applying the simple rule for estimating the rate and
extent of cementation due to silica release and pre-
cipitation associated with heating, one finds that

*' 5% is the stoechiometrically correct figure, but 10% may be
more correct with respect to uptake also in exchange
positions
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free silica corresponding to about 5 % of total mine-
ral mass will have formed in 10 000 years, and that
10 % of this mass will have the form of cementing
agents after about 15 000 years.

An amount of cementing material of 5-10 % would
roughly correspond to that of the Kinnekulle bento-
nite, of which samples were taken for creep testing
in an earlier study (48). One concludes from the dia-
grams in Fig.2-72 that such cementation certainly af-
fects the physical behavior but that the typical duc-
tile and creep behavior of unheated montmorillonite
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clay are still reasonable well preserved. NAGRA-
studies of the same clay bed validates the hypothesis
that silification in the form of cementing precipi-
tates has resulted in some brittleness of the Kinre-
kulle bentonite and a smaller ability to expand spon-
taneously than unheated montmorillonite clay (49).

The conclusion from these considerations is that the
VDH buffer serves veil as a seal in the first 5000-
15 000 years, but that comprehensive conversion to
cemented hydrous mica with very significantly
increased hydraulic conductivity - i.e. by two to
three orders of magnitude - vill take place in the
subsequent 15 000-20 000 years. Actually, the convei—
sion to hydrous mica may cause substantial micro-
structural heterogeneity and large canister displace-
ments because of the lov bulk density. Cementation
vill, on the other hand, cause significant strengthe-
ning and increase in bearing capacity. The net effect
on the physical properties of the clay in a long time
perspective is not knovn.

The bentonite clay in the plugging zone vill have its
physical properties largely preserved ever many
hundreds of thousands of years, by vhich the deploy-
ment part is effectively sealed off.

2.4.4.2 KBS3

runnel backfill

The temperature of the backfill is estimated to be in
the interval 45-55°C (47,50) after about 100 years
and it will remain approximately at this level for
one to two thousand years. This relatively low tem-
perature will retard the dissolution and conversion
of the smectite component to hydrous mica, but due to
the lack of safe data we will assume that such con-
version will still take place according to the simple
model, i.e. at a rate solely controlled by the access
to potassium.

Two phenomena need to be considered; firstly conver-
sion of smectite in the bentonite component of the
backfill to hydrous mica, and secondly alteration of
ballast minerals that can affect the smectite compo-
nent. Starting with the first-mentioned alteration
mechanism we can identify a case of potential impor-
tance by considering KBS3 repository tunnels inter-
sected by steep 3rd order discontinuities with an
average spacing that can be about 50 m. Assuming that
the difference in water head, (hi-h2) in Fig.2-73,
over the 50 m distance between two such zones is 1 m
in the first few thousands of years of enhanced tem-
perature when heat-induced convection prevails one
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WATER-BEARING
NATURAL STRUCTURE

GROUTED PART = 15 m

Figure 2-73 Example of KBS3 tunnel used for estimation of the
influence of local grouting on the axial water
flow through the disturbed zone (D) and its effect
on the chemical stability of the smectite compo-
nent of the backfill (B). to and kz=lO m/s,
kc=10" m/s. kB=10" m/s. Virgin rock conducti-
vity 3x10 m/s

finds the pressure gradient to be 2xlO"2. The net
hydraulic conductivity of the disturbed zone around
the tunnel, including both blast- and stress-induced
damage to the rock, is assumed to be 10 m/s, and
the bulk conductivity of the water-bearing zones is
also taken to be 10" m/s, i.e. within the range
valid for discontinuities intermediate to those of
2nd and 3rd orders. The tunnel is assumed to be back-
filled with bentonite/sand with an initial conducti-
vity of 10" m/s, while that of the surrounding,
virgin rock is taken to be 3x10 m/s.

The flow along the tunnel backfill through the distur-
bed zone can be calculated by use of a FEM analysis
(51), applying the simplified element net in Fig.2-74
and rotational symmetry. The flow calculation is simp-
lified since the flow conditions on a larger perspec-
tive are disregarded but the results are still assumed
to be on the right order of magnitude. The outcome of
the calculations is that around 1000 liters of
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Figure 2-74 FEM element used for the flow calculation

groundwater pass along the rock/backfill interface
per year, which makes about 40 g of potassium avail-
able for transformation of backfill montmorillonite
to hydrous mica per year. With 10 % bentonite of a
10/90 mixture, meaning that the montmorillonite con-
tent is around 7 %, the total amount of montmorillo-
nite is around 25 000 kg over the 50 m long distance.

Applying the rule that conversion of montmorillonite
requires an amount of potassium that corresponds to
around 5-10 % of the montmorillonite mass, one finds
that about 1000-2000 kg potassium are required to
yield complete conversion of the montmorillonite con-
tent to hydrous mica over a 50 m long distance. Since
about 80 kg of potassium will pass through the near-
field in the 2000 year long period one finds that 4-8
% of the smectite will undergo transformation in the
heating period. Although this may seem to be of little
concern it has a significant effect on the conducti-
vity and rock-supporting ability of the backfill.
Thus, the conductivity of the peripheral part of the
backfill will increase by 1000 to 10 000 times and
this will increase the groundwater flow through the
backfill and accelerate the conversion to non-
expanding hydrous mica. Also, the conversion of even
a small part of the montmorillonite content means
that the swelling power and thereby the rock-
supporting ability will disappear. In turn, this
means that the aforementioned disintegration of the
roof and upper parts of the walls of the tunnels
takes place and that the nearfield also becomes more
permeable, which speeds up the degradation of the
tunnel backfill further.

Considering now the alteration of ballast minerals
one finds that if ordinary glacial material is used,
K-bearing minerals, which may form as much as 10 %
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of the ballast mass, will be partly or wholly dis-
solved and release potassium, leaving a residue of
amorphous hydrated silica/aluminum complexes to be-
come precipitated on cooling. The potassium that is
set free will cause additional conversion to hydrous
mica and it is clear that even if only 10 % of the
K-bearing minerals become dissolved in the heating
period as much as 1000 kg of potassium may become
available and yield complete conversion of the smec-
tite. It can be expected that the associated precipi-
tation of amorphous silica/aluminum complexes, which
emanate also from other silicates, produces cementa-
tion by which the backfill will loose practically all
of its rock-supporting and self-sealing function in
the heating period.

If the ballast consists of minerals that are poor in
potassium, the conditions will be less severe both
with respect to the degradation of the smectite and
to the cementation effects. Thus, the aforementioned
scenario with potassium being supplied only by
groundwater flowing in the nearfield is most probable
if the amount of K-bearing minerals, like micas and
the feldspars orthoclase and microcline, is less than
1-2 %. The cementation effects are then estimated to
be rather insignificant, i.e. comparable to those in
lower parts of ordinary podsol profiles in Scandi-
navia.

A more severe scenario with respect to the hydraulic
conductivity of the tunnel and backfill can be
imagined by considering the time-dependent disinte-
gration of the tunnel roof that may result from creep
in the rock. Hence, referring to Ch. 2.1.4.3 (p.33),
and keeping also the temperature effect on rock creep
in mind, it is highly probable that the roof will
disintegrate and create a highly conductive zone,
extending at least half a meter into the rock mass,
on top of the settling backfill. A counteracting pro-
cess is, on the other hand, hydrothermal alteration
of fracture-filling chlorite and mica. This latter
process will tend to self-seal minor fractures in the
tunnel floor.

It is concluded that although quick alteration and
drop in sealing ability is not expected for the tun-
nel backfill, its mechanical and tightening properti-
es are significantly changed in the heating period.
Its physical properties and operational lifetime can
be very significantly improved if the axial flow in
the disturbed zone is reduced by grouting as demon-
strated in the Stripa Project (51). However, it
appears that a significant increase in bentonite con-
tent and in density are needed. The latter requires
development of effective compaction techniques. The
bal?.ast material should not be rich in K-bearing
minerals.
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It should be added that if the tunnels are oriented
in a proper fashion with respect to prevailing rock
structure orientation, the average axial conductivity
of the disturbed zone is minimized, which strongly
retards the degradation of the smectite in the
backfill.

Deposition holes

Using the hydraulic data given in Table 2-3 and
taking the hydraulic gradient as 2x10" , i.e. the
same as for the tunnel backfill, one finds that
around 10-1000 liters pass along the central and
lower parts of a deposition hole per year, which may
make 0.4 to 40 g of potassium available for formation
of hydrous mica per year (cf. p.44). Applying the
same crude criterion concerning the required amount
of potassium for complete transformation frois mont-
morillonite to hydrous mica as in the previous cases,
i.e. that potassium must make up 10 % of the solid
mass, it is clear that complete alteration to hydrous
mica of the 15-20 t of montmorillonite in each hole
will take hundreds of thousands of years. Insignifi-
cant changes in physical behavior are expected in the
heating period, i.e. the first few thousand years.

As to cementation, the moderate maximum net tempera-
ture 66°C will yield a negligible amount of cementing
agents in the heating period.

It is obvious that the bentonite in the deposition
holes will undergo very insignificant conversion to
hydrous mica and cementation in the heating period.
The processes in the application phase are believed
to be more important, i.e. the possible cementation
effects in the saturation period.

2.4.4.3 VLH

The temperature level, i.e. about 100°C for less than
100 years, is sufficiently high to make the conver-
sion rate depend on the access to dissolved potas-
sium. Also, cementation will be of some importance
because of the relatively high temperature.

Applying, as for the KBS3 and VLH concepts, the hy-
draulic data in Table 22~3 and assuming that the hy-
draulic gradient is 10" , one finds that around
5 liters per year will pass along VLHs in the heat-
ing period, making around 0.1 g of potassium availab-
le for hydrous mica formation per year and meter
length with the assumption respecting the K-
concentration given on page 44. This means that the
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conversion will be even slower than for KBS3, and
that the montmorillonite content of the dense ben-
tonite is practically preserved in the heating period.

Cementation will be somewhat more extensive than in
KBS3. Thus, estimating the amount of released silica
by use of Pytte's model, one would expect that about
5 % of the smectite may be transformed, yielding
cementing agents that make up 0.5 % of the total
smectite mass. This will not affect the physical pro-
perties of the bentonite to a measurable extent.

The degradation of the bentonite in VIM is expected
to be even less extensive than in KBS3. Some very
slight cementation vill occur in the heating period.

2.4.5 Heat effects on the interaction of clay/canisters

2.4.5.1 General

Chemical interaction of canister-embedding clay and
canister metal will take place to an extension that
is determined by the choice of canister material and
by the temperature and groundwater compositions. We
will consider only copper and steel in this survey
and confine ourselves to discuss possible changes in
clay properties.

2.4.5.2 Copper canisters

Under "normal" as well as "exceptional" conditions,
the influence on the clay is limited to quick release
of copper in ionic form in the oxidation phase and
initiation of cation exchange from Na to Cu when the
clay has been wetted all the way to the clay/metal
contact, which happens early in the heating phase. Cu
ions will be given off from the copper at a rate that
is determined by the solubility of copper, which can
be taken as 1 ppm in the heating period. In a 2000
year perspective this may bring about complete copper
saturation and ion exchange from sodium to copper in
a few millimeter thick annulus, and partial satura-
tion within 1-2 centimeters distance form the canis-
ter surface. This process, which is expected to have
a similar influence on the clay as saturation with
calcium, will not cause any significant changes in
physical behavior of the canister-embedding clay in
KBS3 and VLH because of the high bulk density. For
VOH, on the other hand, the significantly lower bulk
density of the clay will cause a very significant
increase in hydraulic conductivity and loss in swell-
ing power of the few millimeter thick annulus of clay
at the canister contact if the clay is not initially
saturated with calcium. Although such changes may not
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be very critical to the overall function of the clay,
it further reduces its rather poor performance in
VDH.

One concludes that the concepts KBS3 and VLH are
superior to the VDH concept if copper canisters will
be used.

2.4.5.3 Steel canisters

Iron hydroxide and magnetite are formed in the cor-
rosion process that is initiated when wetting all the
way to the clay/canister contact has taken place.
They are both expected to be accompanied by hydrogen
gas production, yielding free Fe * under the high DH
conditions of low-salj.ne water, and presumably Fe +

in salt water. Iron in ionic form will migrate very
slowly from the clay canister interface, probably at
a rate comparable to that of copper ions, causing ion
exchange but only insignificant change of the physi-
cal properties of the clay, except - as in the case
of copper canisters - for the VDH clay.

However, iron in ionic form (Fe or Fe ) may become
precipitated as Fe +Fe * hydroxy compounds in the
clay. Goethite may be formed from small soluble en-
tities like /Fe(OH)2/* which feed the growing FeOOH
crystals, and it may even precipitate directly from
the porewater solution. A number of such compounds
can be formed, cementing the smectite stacks to-
gether, and when they precipitate, a concentration
gradient is created that brings more iron from the
canister into the clay. The precipitates are expected
to form coatings that prevent the stacks from expand-
ing and the clay may ultimately undergo complete ce-
mentation and turn into claystone. The concentration
gradient will keep the migration rate rather high and
it is estimated that extensive cementation may take
place in a few hundred or thousand years.

The hydrogen gas that is most probably formed irre-
spective of the corrosion mechanism is anticipated to
follow a few major continuous passages through the
clay when the pressure equals the sum of the prevail-
ing piezometric head and the swelling pressure, the
migration pattern being finger-like. Continuous or
intermittent gas passage may, over a long period of
time, create microstructural changes and there may be
reactions between the clay and the hydrogen gas.

It is concluded that the rate of release and migration
of2|ron+ leading to precipitation of cementing
Fe Fe compounds, must be further investigated and
modelled. Also, it is required to run long-term hydro-
gen gas percolation tests for finding out possible
physico/chemical effects on the clay.
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2.4.6 Heat effects on the rock

2.4.6.1 General

A major heat effect, already described in the discus-
sion of the Maturation Phase, is that fractures in
the nearfield will be exposed to tension or compres-
sion and shear depending on their location and orien-
tation. Such changes will be reduced in the course of
the heat cycle but some permanent net change in frac-
ture aperture will remain when cooling to the origi-
nal temperatures has taken place. A major mechanical
effect that appears in the heating period is that
creep will be enhanced, by which larger strain is
produced both in the nearfield and in large discon-
tinuities. This effect is expected to affect the
integrity of the tunnel roof in KBS3 tunnels as
discussed earlier in the text.

It should be recognized that heating has a signifi-
cant, beneficial effect on fracture minerals like
chlorite. Disintegration of such minerals due to
blasting and stress changes activates them and causes
conversion to hydrated clay-type minerals with
improved sealing ability (17).

2.4.6.2 Large-scale effects

A matter of possible importance is that KBS3 reposi-
tories will cause large-scale effects by the heat
production, while VDH and VLH repositories will only
affect rock within a very moderate distance from the
holes. The thermal effect on a rock mass that hosts a
KBS3 repository has been investigated in a pilot
study using the UDEC code and considering a rock
structure dominated by a rhombohedral pattern of 2nd
order discontinuities (52). The E-modulus was taken
at 39.6 GPa and Poisson's ratio as 0.2, while the
linear thermal expansion coefficient was 8.3x10" K"1,
the thermal conductivity 3.0 W/m,K, and the specific
heat 0.8 kJ/kg,K. The friction and dilation angles of
the large discontinuities were 21.8° and 2.9°, re-
spectively, and the normal and shear stiffnesses 300
GPa/m and 10 GPa/m, respectively.

The heat production was assumed to be uniformly dis-
tributed within a 1000 m x 1000 m x 30 m repository
zone, the total residual power being taken as 5400
kW. For a vertical 2D section through the repository
the initial specific power was hence 0.18 W/m . The
outcome of the study was that the accumulated rock
displacements were considerable in the rock mass
overlying the repository, involving i.a. a vertical
heave of around 5 cm at the center of the repository
and upward and outward movements of the edges of the
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repository zone after about 1000 years (Fig.2-75).
Still, the induced shear strain of several hundred
microns along the major discontinuities (Fig.2-76)
does not imply that they would leave the elastic
state and become plastiziced. Although some block
movements also along high-order discontinuities is
expected, they would not be critical to the canisters
and cause only very limited alteration of the flow
paths and bulk hydraulic conductivity of the host
rock.

2.4.6.3 VDH

At the bottom end of the deployment zone the rock
temperature due to the heat production will reach a
maximum of around 95°C after about 6 years, the am-
bient temperature being about 80°c at maximum. The
increase by about 13°C in the nearfield rock is not
sufficient to produce any significant change in aper-
ture of the discontinuities or to cause shear dis-
placements along them. However, since the hoop stres-
ses due to excavation are very high, heating may en-
hance creep strain and trigger failure.

Figure 2-75 Accumulated rock displacements 1600 years after
deposition (52)
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Figure 2-76 Joint shear displacements, larger than 0.02 mm,
100 years after deposition. Also rock displace-
ments, scaled as in previous plots, are shown (52)

2.4.6.4 KBS3

In KBS3 repositories the change in fracture aperture
is limited to the vicinity of the deposition holes,
except in the upper part near the tunnel floor where
changes due to block displacements appear also at
some distance from the holes, as concluded from both
field tests and numerical calculations (36). With the
heat production rate and geometry of KBS3 reposi-
tories, the tunnel floor will undergo heave by about
1 millimeter after around 1000 years (53). The char-
acter of the block displacements that are associated
with the heave is illustrated by Fig.2-77 from the
earlier mentioned 3DEC study (10), which gave floor
displacements in reasonable agreement with this fi-
gure.

Numerical calculations referring to the BMT geometry
and Stripa rock structure (Fig.2-20) and using 2D as
well as 3D codes illustrate the general effect of a
heat cycle on the nearfield rock. One finds that
heating tends to close most fractures, flatlying as
well as steeply oriented, while cooling produces sig-
nificant expansion (Fig.2-78). The net effect of a
complete cycle in the Stripa case, for which the
power was set at 1500 W for 60 days, yielding a maxi-
mum temperature of 100°C, was a permanent increase in
aperture by a few tens of micrometers, and an associ-



122

Cl«y16 n v . -Snip» C*%»\ h M » on lor 60 <S*fl

30EC (Version 1.3)

Cro«» nction plot:

12-M*r->1 12:»

g*oa»txir *cal>

Jt.00

St-01

dip- »0.00
dd « 110.00
»star O.000t«00

-2.O0OC«0O
1.0001-05

cut-pl. O.000E*00
»9 • 4.00
cycle »750

9.41K-04

«F«lconpHdo«

Figure 2-77 Displacement of rock with KBS3 tunnel according to
3DEC study using the Stripa rock structure

ated very significant increase in bulk hydraulic con-
ductivity. For a KBS3 repository with a maximum rock
temperature of about 60°C, the effect is smaller and
the net increase in conductivity can be estimated to
be included in the proposed net hydraulic conductivi-
ty of the disturbed zone at the base of KBS3 tunnels
(cf. Fig.2-24).

It should be realized that the nearness to the tunnel
floor in combination with the rather local heat
source is the main reason for the relatively signifi-
cant influence of heating on the fractures and the
bulk conductivity (54).

2.4.6.5 VLH

The effect of a temperature pulse has a significantly
smaller effect on the fracture apertures in VLH re-
positories than in the KBS3 deposition holes due to
absence of a nearby tunnel and to the "linear" heat
source. UDEC and 3DEC calculations have shown that a
temperature increase will close the fractures around
VLH, while the subsequent temperature decrease will
tend to bring them back to approximately the same
width as before the heat pulse, with only very
slight, permanent change. This is explained by the
finding from some of the calculations that the
closing of the fractures on heating as well as the
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Figure 2-78 Thermal effects on subhorizontal joint intersec-
ting the hole about 1 m below the floor (3DEC
model). The x-axis represents distance from the
tunnel axis.
Upper: at distances 1.5 m +/- 0.5 m from vertical
mid-section through tunnel
Middle: distances +/- 0.5 m from vertical mid-
section
Lower: distances -1.5 +/- 0.5 m from vertical
mid-section

opening on cooling are only elastic and not associ-
ated with plastic deformations. The reason for the
purely elastic deformations are the high compression
stresses caused by the circular geometry of the ex-
cavation.
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In conclusion, it is estimated that the heating has
only a very small effect on the fracture aperture and
physical properties of the nearfield rock in VLHs and
VDHs, while it is more obvious in KBS3 repositories.
Still, the net change in hydraulic conductivity of
the rock surrounding the larger part of the KBS3
deposition holes is small. No attention has been paid
so far to the influence of heating on creep and
stress relaxation of the rock, but although the tem-
perature level is not sufficiently high to produce
very significant creep or stress changes in any of
the concepts, heating vill tend to even out stress
concentrations and reduce aperture changes.

Hydrothermally induced self-healing of fractures,
especially chlorite-coated ones, is expected to
counteract the possible increase in bulk hydraulic
conductivity. This effect should be at maximum for
the VDH concept because of the high temperature but
it may be significant also for the other concepts.

2.5 POST-HEATING STAGE

2.5.1 General

While the environmental conditions were assumed to be
constant with respect to groundwater chemistry and
only moderate tectonic impact was considered for the
heating period, changes in these respects need to be
taken into consideration in a long term perspective.
The most important possible changes are those associ-
ated with a rise in sea level and flooding of a re-
pository area with strongly brackish or ocean water,
a glaciation/deglaciation cycle, and tectonically
induced movements of other origin than those gene-
rated by ice loads.

We will consider the following items in analyzing the
processes in the post-heating period: clay longevity,
clay/canister interaction, and tectonic effects.

2.5.2 Transformation of smectite, particularly
montmorillonite, to hydrous mica

2.5.2.1 VDH

The description of the conversion process in the pre-
ceding period of heating shows that insignificant
conversion of the montmorillonite to hydrous mica,
i.e. a state where more than 10-20 % has been alter-
ed, will not take place in the heating period. In
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contrast to KBS3 and VLH, the high ambient tempera-
ture maintains a high constant dissolution rate of
the smectite so that the rate of potassium uptake
will control the conversion to hydromica also in the
post-heating period. As indicated in Ch. 2.4.4.1 the
buffer will remain largely intact in the first 5000
to 10 000 years and complete conversion of the smec-
tite component in the deployment zone will require at
least 15 000 years. Precipitation of cementing silica
compounds corresponding to about 10 % of the total
mineral mass is also expected to have taken place in
this period of time.

In the plugging zone the transformation rate from
montmorillonite to hydrous mica is much slower than
in the deployment zone primarily because of the
lower temperature. As indicated in Ch. 2.4.4.1, the
smectite component of the bentonite is expected to be
largely intact even after hundreds of thousands of
years.

2.5.2.2 KBS3

Tunnel backfill

While conversion of the smectite component will take
place in the heating period at a rate that is assumed
to be controlled by the access to potassium, the re-
turn to the low initial ambient temperature 10-15°C
after a few thousand years means that the strongly
retarded rate of dissolution of the smectite compo-
nent will control the conversion rate.

By extrapolating the relationship between potassium
uptake and conversion of montmorillonite to hydrous
mica in the heating period one finds that the smec-
tite component of the entire backfill mass of the
tunnels in a KBS3 repository will be converted in a
few tens of thousand years if the ballast material
consists of potassium-poor minerals. Thus, while 4-8
% is expected to become converted in the first 2000
years, i.e. when there are still considerable heat
effects, complete conversion would require 25 000-
50 000 years. However, the significantly reduced tem-
perature after 3000-4000 years implies that the
strongly reduced smectite dissolution rate will
control the conversion rate and it is therefore
reasonable to assume that the smectite content is not
very much changed in the central part of the backfill
for hundreds of thousands of years.

Unfortunately, the persistence of the smectite in the
central part of the backfill is of very limited help
for the long-term sealing and rock-supporting func-
tion of the backfill since it will be largely ruined
already in the preceding heating period when its
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peripheral part of the backfill degraded. As shown
earlier, almost complete conversion will have taken
place in the heating period if K-bearing minerals
form 10 % of the ballast.

Deposition holes

As indicated in the preceding chapter dealing with
the heating period, complete conversion is concluded
to require a very long time. Thus, assuming that an
average hydraulic gradient of 10" persists per-
manently, one finds that 4-400 liters of groundwater
pass along the central and lower parts of a deposi-
tion hole per year, which would make about 0.2 to 20
g of potassium available for hydromica formation per
year, and this would mean that at least 50 000 years
are required for complete conversion of the 15-20
tons of montmorillonite in each hole. Since the tem-
perature drops very significantly after 3000-4000
years, the dissolution rate of the smectite probably
controls the rate of formation of hydrous mica in the
larger part of the post-heating period and complete
conversion is therefore not expected until after

ras of thousands of years.

A conservative estimate is that 25 % alteration to
hydrous mica, i.e. the point where significant
changes in conductivity and swelling properties begin
to appear, may require at least 10 000 years provided
that the degradation process is solely controlled by
potassium uptake. More substantial changes would be
expected after 25 000 to 50 000 years. The hydraulic
conductivity of the reference clay with pd=1.8 g/cm ,
will then be around 10"n to 10"1 m/s and the swell-
ing pressure a few hundred kilopascals.

2.5.2.3 VLH

The somewhat higher flux along the periphery of the
very long holes than along the larger part of KBS3
deposition holes is estimated to result in a somewhat
quicker conversion rate of the VLH buffer, provided
that it will be controlled by the access to dissolved
potassium. However, the assumed lower potassium con-
centration in the groundwater means that the net al-
teration rate is probably the same. Thus, alteration
of 25 % of the almost intact smectite remaining after
the heating period may be expected in 10 000 years,
while it may take 25 000-50 000 years to produce more
substantial changes, with the buffer still having an
average hydraulic conductivity of 10"n to 10"10 m/s
and a swelling pressure of several hundred kPa.
Further degradation leading to almost complete con-
version of the smectite to hydrous mica is expected
to take hundreds of thousands of years, resulting in
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a buffer with a somewhat enhanced hydraulic conducti-
vity and reduced swelling pressure.

2.5.3 Clay/canister interaction

2.5.3.1 Copper canisters

Provided that the geochemical environment remains the
same, the interaction between the canister-embedding
clay and the canister metal will be a slow process in
the post-heating period.

Considering first copper canisters, the solubility of
copper is expected to be only a small fraction of 1
ppm, meaning that further release and migration of
copper after the heating period is very much retard-
ed, except in VDH where the process may go on at a
constant rate although with no effect at all on the
physical properties of the clay if it is originally
saturated with calcium. For the KBS3 and VLH concepts
a rough estimate would be that complete saturation of
the canister-embedding clay with copper would take
hundreds of thousands, or even millions of years re-
sulting in only insignificant changes in bulk physic-
al properties because of the high bulk density and
the much smaller influence of adsorbed cations when
the smectite converts to hydrous mica.

2.5.3.2 Steel canisters

As to steel canisters, it is expected that corrosion
yielding iron in ionic form will continue to cause
very slow but finally complete saturation of the
clay. As in the case of copper, the physical proper-
ties caused by the cation exchange will not alter the
physical properties of the dense KBS3 and VLH can-
ister embedments significantly. However, the precipi-
tation of hydrated Fe +/Fe+ complexes that most cer-
tainly is initiated in the heating period, is expect-
ed to continue and alter the smectite clay to clay-
stone in a few thousand years. The hydraulic conduct-
ivity of the clay may be reduced by this process but
the swelling and self-sealing ability will disappear
completely because the stacks of montmorillonite will
be cemented together. Tectonically induced shear may
produce fractures in the claystone and openings along
the contact with the canisters, by which radio-
nuclides may be free to pass from the corroded canis-
ters without moving through the clay. However, such
transport may be hindered if the corrosion products
form a zone of low density at the clay/canister con-
tact, a matter that should be investigated.

It is anticipated that the gas production that is
expected to be initiated in the heating period will
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continue. The extent to which the "finger-like" ca-
pillary channel system nay develop is not known and
requires attention.

2.5.4 Tectonic effects

2.5.4.1 General

The impact of glaciation has to be considered in the
post-heating period and tectonically induced shear
along low-order discontinuities also requires atten-
tion in a long-term perspective. The basic reasonings
and outcome of a series of numerical calculations
were given in Ch. 2.1.7 in conjunction with the
discussion of the structural framework of rock. We
will return to this discussion in the present chapter
and apply some of the practically important results
to the various concepts.

2.5.4.2 VDH

The generalized rock structure model suggests that
one flatlying discontinuity of 1st order will be in-
tersected by each deployment part of the holes in VDH
repositories, while they will pass through approxi-
mately four 2nd order discontinuities, and about 40
3rd order breaks. By proper and lucky location of the
holes, intersection of the 2 km long deployment parts
by steeply oriented 1st and 2nd order discontinuities
can probably be avoided, but normal borehole devia-
tion and the common undulation of the entire struc-
tural framework imply that 3rd order discontinui-
ties will interfere with the boreholes as indicated
in Fig. 2-79. Assuming that the undulation is of the
type shown in this figure, which was derived from
borehole data in Stripa granite, it is estimated that
as much as 25% of the deployment part of a VDH, i.e.
500 m, may be unsuitable for hosting canisters be-
cause of the high conductivity of intersected flat-
lying and steeply oriented 3rd order breaks.

Returning to the discussion of tectonic impact on the
discontinuties in Ch. 2.1.7 one concludes from
the numerical calculations that glaciation will not
produce significant shear or change in aperture of
3rd and higher order discontinuities. However, earth-
quakes of magnitude 5, producing instantaneous 200 mm
shear strain along 2nd order discontinuities, or
creep strain of this magnitude, may produce 50 mm
shearing along 3rd order discontinuities without
causing more than 0.5 mm shear strain along 4th order
breaks. This suggests that the rock is strongly af-
fected where it is intersected by 3rd order disconti-
nuities while the rock mass in between is not very
much affected by such slips. Taking again the geo-
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Figure 2-79 Model of presumed regular varation of the
orientation of steep fractures with respect to the
vertical direction. Right picture shows an example
of possible wedge formation at the steepest part
of fractures that intersect a vertical borehole

metry of Fig.2-79 as a basis one finds that approxi-
mately 30 % of the deployment hole will undergo dis-
placements that will affect canisters.

Assuming that tectonically induced shearing of this
type takes place once per 1000 years, corresponding
to 0.5 mm annual shearing, 3rd order breaks may be
sheared by more than one meter in a few tens of
thousands of years. Still/ 4th order breaks will not
have undergone shear displacements by more than 10
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nun, which will not affect the canisters. They will
not be exposed to a geometrically critical condition
until after hundreds of thousands of years.

2.5.4.3 KBS3

Tunnels

In contrast to the VDH, design and construction of a
KBS3 repository can be adapted in an optimum fashion
to the rock structure. A basic principle for minimi-
zing the disturbance of rock excavation is to orient
the tunnels such that the angle between the tunnel
axis and major fracture sets is in the interval 15-
45°. Because of the undulation of the structural
framework that one has to consider, even "ideal" ori-
entation will lead to a very strongly enhanced axial
hydraulic conductivity over 20-35 % of the tunnel
length (3). Still, proper location of the tunnels
with respect to low-order discontinuities makes it
possible to minimize "short-circuiting" of such
structures.

For a simple "one-generation" rock structure implied
by the basic rock structure model, a 400 m long KBS3
tunnel will be intersected by 8 steeply oriented 3rd
order discontinuities and possibly by one of 2nd or-
der. Flatlying discontinuties of 3rd and lower orders
can probably be avoided.

The numerical calculations reported in Ch. 2.1.7.3
(p.53) indicate that shearing along 2nd order dis-
continuities by an amount that corresponds to severe
earthquakes, i.e. 200 mm instantaneous displacement,
will cause expansion of natural 4th order disconti-
nuities that are more or less aligned with the tun-
nels and increase the axial hydraulic conductivity by
several orders of magnitude within about 2 m distance
from the periphery. Still, 3D effects are estimated
to reduce the average increase to around 10 times.
The net increase in conductivity, which may be rather
effectively counteracted by self-sealing hydrothermal
processes, may speed up the rate of degradation of
the tunnel backfill by the same factor.

Deposition holes

Since there is access to the tunnels for visual in-
spection and geophysical measurements like radar
surveys as well as for pilot drilling, the location
of the 8 m deep deposition holes can be made such
that they will not interfere with 3rd and lower order
discontinuities. Hence, a typical deposition hole
will be surrounded by rock with 3 to 6 4th order
breaks that are responsible for the large majority of
the water flow in the nearfield (Fig-2.80).
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THICK LINES
INDICATE INTER-
SECTION OF
ELLIPSOIDS AND
DEPOSITION HOLE

Figure 2-80 Schematic view of generalized rock structure with
water-bearing 4th order discontinuities. Upper: 2D
view of nearly orthogonal fracture system. Lower:
Application to KBS3 deposition hole

Tectonically induced effects on the nearfield of KBS3
deposition holes can be roughly estimated by con-
sidering the effects on VLHs. As concluded below, the
latter will be only slightly affected by tectonic
events of the magnitude considered under "natural
conditions11.
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2.5.4.4 VLH

VLH can be adapted to the rock structure to some ex-
tent, but their long extension implies that a number
of low-order discontinuities will be intersected.
Thus, the about 4 km long holes will probably inter-
fere with a couple of 1st order zones, with 4-5 2nd
order zones and with about 50-100 3rd order breaks if
they are oriented favorably, i.e. forming about 45°
with major fracture sets. Interference with flatlying
structures will also take place, particularly with
3rd order discontinuities, while it cannot be exclu-
ded that one 2nd order zone will interact with a VLH
because of undulation or change in inclination of
such discontinuities. Flatlying 1st order disconti-
nuities can be avoided.

The numerical calculations reported in Ch. 2.1.7.3
(p.53) show that shearing along 2nd order disconti-
nuities caused by severe earthquakes has an effect on
4th order discontinuities by which the axial conduct-
ivity is increased almost as much as in the case of
KBS3 tunnels although at much smaller distance from
the periphery. However, 3D effects are assumed to
reduce the increase in axial conductivity to around
10 times or even less. Self-sealing may cause further
reduction of the axial conductivity, which is esti-
mated to speed up the degradation of the buffer by 10
times at maximum.

One concludes that intersection of the deployment
parts of holes in a VDH repository by low-order dis-
continuities along which tectonically induced strain
can take place, may significantly affect the possi-
bility of storing canisters. Thus, a considerable
fraction of the length of the holes, i.e. around 30%,
may be unsuitable for the location of canisters,
and since it is expected - at least for the initially
proposed design with canisters "floating" in clay -
that considerable displacement of canisters can take
place vertically and expose them to rock shear, the
VDH concept has very significant drawbacks.

For KBS3 it is clear that while the immediate
surroundings of the tunnels may undergo significant
increase in axial conductivity primarily through
interfering, flatlying low-order discontinuties,
proper location of the tunnels can minimize such
effects and make it possible to utilize a very large
part, probably about 90%, for locating deposition
holes. Tectonic events leading to enhanced axial
conductivity along the tunnels may speed up the
degradation by 10 times. Still, it will require many
tens of thousands of years.
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For VLB one finds that the interaction vith many
discontinuities of 2nd and 3rd orders may lead to
somevhat less effective utilization than for KBS3,
presumably 70-80%. Tectonic events are concluded to
have the same influence on the degradation rate of the
buffer as in KBS3 repositories.
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FUNCTIONAL ANALYSIS, "EXCEPTIONAL CONDITIONS"

3.1 Geological aspects

3.1.1 General

Large deviations from "normal conditions" can be as-
sumed to occur with respect both to rock structural
features, tectonics, and groundwater composition. The
major general difference between the "normal" and
"exceptional" cases is that the latter are expected
to represent more intense tectonics induced by
glaciation/deglaciation and large-scale faulting. He
will focus on this matter but will consider also pos-
sible associated changes in ambient temperaturs and
groundwater chemistry.

3.1.2 Rock stress conditions

3.1.2.1 Initial conditions

The rock stress conditions assumed for "natural con-
ditions" may be underestimated for certain areas in
Sweden, and higher lateral primary stresses should be
considered under "exceptional conditions". The re-
corded stresses at URL in Canada are taken as a basis
for defining the primary rock stress conditions for
the latter conditions, cf. Table 3-1.

Table 3-1 Primary rock stress conditions

Concept Depth Max horiz. Min horiz.

km MPa MPa

Vertical

MPa

VDH

KBS3

VLH

0.5-1.
1.0-2.
2.0-3.
3.0-4.

0.5
1.0

0.5
1.0
1.5

0
0
0
0

35-45
45-75
75-100
100-125

35
45

35
45
60

15-20
20-35
35-60
60-85

15
20

15
20
27

12-25
25-57
57-80
80-108

12
25

12
25
40
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3.1.2.2 Glaciation/deglaciation

Under preglacial conditions, which are estimated to
prevail for the next few thousand years, both the
primary lateral stresses and the vertical stress can
be assumed to be largely unchanged, while they will
all be significantly altered in the course of a gla-
ciation/deglaciation cycle. Disregarding from tem-
perature-induced changes it is probable that the
rock stresses are altered by the following mechan-
isms:

1. Due to the build-up of glaciers the ground
surface may be exposed to a steadily grow-
ing vertical pressure of up to 30 MPa,
which ultimately drops to zero. This cre-
ates high lateral stresses which will be
partly preserved at the deglaciation and
which lead to growth of preexisting
subhorizontal 4th order discontinuities to
form flatlying major fractures of long
extension at shallow depth

2. The vertical pressure is not uniformly dis-
tributed and the load gradient hence induces
shear stresses in the rock mass. Such
stresses are also produced by the flow of
glacier ice producing tangential forces,
especially in the early phase of ice cap
formation when the pressure gradient over
the ground surface is high

3. At rapid ice front retreat the glacier
shape may imply that high "artesian" pres-
sures exist in flatlying structures, by
which fractures in such structures may be
expanded and filled with permeable soil
material {55)

The stress conditions below a large glaciated area
with an ice cap of 3 km like in the major Pleistocene
glaciation stage, can be estimated by numerical cal-
culations and this suggests that a horizontal pressure
increment of 7-30 MPa may be generated depending on
the extension of the glaciated area (56). Making the
conservative choice that the higher figure is valid,
which is actually also supported by the probable
evening out of pressure differences by creep, the
conditions of "earth pressure at rest" with Ko=i
(Heim's rule) would yield the primary stresses in
Table 3-2 for the maximum glaciation stage. At quick
deglaciation the vertical stresses will drop parallel
to the reduction in vertical load, while the lateral
stresses may remain almost unaltered for a consider-
able period of time, yielding the postglacial stress
conditions in Table 3-2. Preserved, high lateral
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stresses are characteristic of all mechanically over-
consolidated soil layers, like basal till.

Table 3-2 Approximate primary rock stress conditions caused by
glaciation/deglaciation. The maximum pressures are
assumed to represent the net rock stresses including
the effect of an ice load

Depth

km

0.1
0.5
1.0
2.0
3.0
4.0

Max glaciation
MPa

Horiz. Vert

35
45
60
85
110
140

35
45
60
85
110
140

Postglacial
MPa

Horiz.

35
45
60
85
110
140

Vert

5
15
25
55
80
110

Naturally, the assumption that the horizontal stres-
ses are preserved during deglaciation cannot be per-
fectly true since stress relaxation will take place
due to creep and to the aforementioned formation of
flat-lying, long-extending fractures through brittle
failure. Still, the fact that basal tills often ex-
hibit Ko=i conditions means that the stress condi-
tions may be as indicated in Table 3-2, which would
suggests that a larger part of the very high lateral
stresses that have been reported in parts of Scandi-
navia and Canada may be relicts from Quaternary
glaciations.

One concludes, on this basis, that the maximum prin-
cipal stress ratio after deglaciation should be at
least 0.7, i.e. not far from isotropy at more than 2
km depth, while it may be about 0.4 at l km depth,
and 0.3 at 500 m depth. At 100 m depth the ratio
could be as low as 0.14, i.e. not far from uniaxial
stress conditions. A quick check of the tangential
stresses at the periphery of horizontal tunnels lo-
cated down to 500 m depth shows that unstable condi-
tions with spa11ing in the roof and expansion of
flatlying fractures at midheight of the walls may
prevail. We will look deeper into this in a sub-
sequent chapter.

3.1.3 Rock structure

Exceptional conditions with respect to rock structure
could be either "obelisque"-type, i.e. extremely
fracture-poor rock with a spacing of 4th order dis-
continuities of more than 10 m, or very richly frac-
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tured rock. The first-mentioned type of rock would
imply a very high bulk strength and an ability to
sustain considerably increased stresses during the
glaciation period, while tectonically induced shear
may cause large changes in aperture of the few water-
bearing fractures (Fig.3-1). The smaller average
spacing of the discontinuities in richly fractured
rock, on the other hand, would cause less change per
structure unit and is therefore less critical. Since
the "obelisqueM-type rock would mean that most KBS3
deposition holes would not be intersected by any
water-bearing fractures at all, there are reasons to
stick to the general rock structure model (Table 2-2)
also for the "exceptional conditions" with respect to
high-order discontinuities. However, one has to rea-
lize the possibility that discontinuities of 1st to
3rd order are more frequent because of the super-
position of several generations of tectonic impact
and we will therefore apply the following version of
the structural model:

1st order structures, 1 km spacing
2nd order structures, 200 ro spacing
3rd order structures, 25 m spacing

The denser spacing of low-order discontinuities
implies more frequent unexpected interaction with
deposition holes for VDH and VLH but hardly for KBS3
although the fraction of the tunnel length that can
be effectively utilized drops from up to 90% for
"normal conditions" to 70-80% for the "exceptional".

This structural pattern is estimated to correspond to
an average hydraulic conductivity of a 104 m3 rock
block of around 10 to 5x10 m/s.

Figure 3-1 Fracture response to stress changes of "obelisque"
and less fractured rock (After Stephansson)
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3.1.4 Influence of excavation- and heat-induced damage of
nearfield rock

3.1.4.1 Mechanical damage

In principle, the damage by fragmentation, i.e. dril-
ling and blasting, is estimated to be the same as
under "normal conditions". However, unforeseen diffi-
culties with respect to drilling of deposition holes
may create stronger disturbance and it cannot be ex-
cluded that the average hydraulic conductivity of the
rock within 10 cm distance from the periphery may be
up to 10 times higher than assumed for "normal condi-
tions" , thus becoming 10"8 m/s for KBS3 holes and
VLHs and 10~ m/s for VDHs, irrespective of the type
and conductivity of the virgin rock.

As to the influence of blasting of KBS3 tunnels it is
estimated that the disturbance of the nearfield may
be stronger than under "normal conditions", i.a. be-
cause of technical difficulties with orientation of
the blasting-holes. It is estimated that this can
result in an average hydraulic conductivity of 10"
m/s within 1 m distance from the periphery.

3.1.4.2 Stress redistribution

Construction period

The higher primary stresses assumed for "exceptional
conditions" have several important effects on the
rock stability in the construction period. Hence,
using the data in Table 3-1, the lateral primary
stresses may be up to 35 MPa at 0.5 km depth, while
the vertical pressure may be only around 12 MPa,
which creates tangential stresses at the periphery of
VLHs that varies between about 93 MPa and almost zero
along the periphery (cf. Table 3-3).

Table 3-3 Tangential stresses at the periphery of the holes of
the three concepts

Concept

VDH

KBS3

VLH

Depth
km

0.5
1.0
2.0
4.0

0.5

0.5

Max stress
MPa

90
115
190
290

90

93

Min stress
MPa

10
15
30
130

10

1



139

As to VDH it is concluded that the density of the
drilling mud has to be higher than under "normal con-
ditions" in order to prevent spalling (3), and since
this is not believed to be possible from practical
points of view this concept can hardly be considered
as feasible in present design for "exceptional condi-
tions" .

Concerning the KBS3 concept the stress conditions are
different at the upper end of the holes, where the
secondary stress regime is affected by the nearness
of the tunnel, and deeper down where it may be as
indicated in Table 3-3. VLHs represent more critical
conditions than the KBS3 holes because the hoop
stress is very low at half height of the walls and
cause natural, flatlying 4th order discontinuities to
expand and 5th order breaks to be activated and pro-
pagated. The corresponding effect at KBS3 holes, i.e.
expansion of certain steep 4th order breaks that
intersect the holes, is much smaller.

For KBS3 and VLH the hoop stresses are far less than
the compressive strength of granite core samples,
which is commonly in the range of 200-350 MPa, but
critical conditions, yielding spalling and local rock
fall, may still occur close to unfavorably oriented
3rd and 4th order discontinuities as concluded from
the analysis of the "natural conditions" (3). Also
discing in the upper parts of KBS3 holes may take
place.

An attractive property of the KBS3 concept is that
the shape of the tunnel section can be selected so as
to fit even very anisotropic primary stress fields
better than the circular shape of VLHs. An example of
such adaption is given by the "elliptic" SVC drift at
Stripa (Fig.3-2). As indicated by the figure the
change in aperture and creation of major fractures
(57) are rather insignificant.

Operational period

The strongly anisotropic primary stress field and
high stress level under "exceptional conditions"
cause significant damage in the form of shear strain
and expansion of certain critically oriented dis-
continuities in the nearfield of VLHs, and - although
to a lesser extent - in the surrounding of the KBS3
holes. Also, there will be more creep strain in the
rock and an increased risk of delayed failure. The
net effect will be an enhanced axial hydraulic con-
ductivity along holes and tunnels, particularly where
the rock structure leads to the formation of inter-
connected wedges that become unstable directly after
excavation or by heat-influenced creep. Since 3rd
order discontinuities intersecting KBS3 tunnels and
VLHs are supposed to have a smaller spacing than
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Figure 3-2 UDEC-BB model (No. 8) showing, in clockwise order;
pricipal stresses (max. 61.9 MPa), joint shearing
(max. 0.8 mm; 1 line=10 Mm), deformation (max. 1.32
mm), and major conducting apertures (max. 0.58 nun).
(After Vik & Barton)

under "normal conditions", a more conductive system
will be created. As under the latter conditions, 3D
effects and self-sealing of sheared fractures reduce
the axial conductivity except in the most shallow,
"overstressed11 zone.
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3.1.4.3 Basic structural and hydraulic models of the
nearfield

The impact of the various disturbing mechanisms on
the nearfield rock structure others than tectonic
events associated with glaciation and very large
changes in the regional stress fields, is expected to
result in an increased axial conductivity along the
holes and tunnels but the general shape and size of
the zones of disturbance are still taken to be of the
sort assumed for the "normal conditions", cf.
Figs.2-23 and 2-24.

Applying the estimate that mechanical damage due to
blasting and drilling operations cause a ten times
higher increase in hydraulic conductivity in the most
shallow rock than under "normal conditions", and es-
timating the increase in axial conductivity caused by
stress release in the surrounding rock to be one to 2
orders of magnitude higher than under "normal condi-
tions", one arrives at the following basic data:

* Virgin rock (isotropic) k=3xlO~lom/s
* Mechanically disturbed VDH k=10 m/s
zone by drilling (10 cm) KBS3 k=lO~* m/s

VLH k=10^ m/s
* Blast-disturbed zone (1 m) ^=10"8

 m/s

* Stress-disturbed zones VDH k=10" m/s
KBS3 (upper) k=2xl0 m/s
KBS3 (centr.) k=2xlCK m/s
KBS3 (lower) k=3xlp m/s

VLH k=10 m/s

3.1.4.4 Influence of tectonics including glaciation

For the "exceptional conditions" we will consider the
effect of tectonics before evaluating the groundwater
flux along the holes. Considering first the effect of
glaciation we find from the values in Table 3-2 that
the primary stress conditions at 0.5 km depth yield a
uniform hoop stress of 90 MPa, which is on the same
order of magnitude as the maximum hoop stress in the
construction period. Since the isotropic secondary
stress field produces less shear strain than in this
earlier period and in the operative preglaciation
period, the glaciation case considered in Ch. 2.1.7.3
is more critical. This case, termed B in the con-
densed description of the numerical calculations per-
formed for KBS3 tunnels and VLHs, turned out to have
a smaller impact on the discontinuities and nearfield
hydraulic conductivity than the excavation case term-
ed A (cf. Fig.3-3).
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Figure 3-3 Model #2. Fracture separations at the end of
simulation step B), "Glaciation" (cf. Figs.2.40 and
2.41)

The deglaciation case turns out to be the most criti-
cal one as indicated by the strongly anisotropic pri-
mary stress field that is manifested by the post-
glacial figures 45 and 15 MPa in Table 3-2. For VLH
.me finds that the hoop stress at the top and floor
will be 120 MPa while the hoop stress at mid-height
of the walls will be zero, and like in the excavation
and preglacial operation periods this will yield
expansion of flatlying 4th order discontinuities that
intersect the walls and also activate and propagate
simililarly oriented 5th order breaks in the walls,
in the roof and floor spa11ing may take place to a
somewhat larger extent than in the preglaciation
stage. The strongly anisotropic stress field is ex-
pected to cause more shear strain and fracture ex-
pansion also within a larger distance from the peri-
phery, yielding a higher axial conductivity.
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The effect of tectonic events of other types, like
very severe earthquakes that may be related to degla-
ciation but which can also be of different origin,
can be visualized by considering the scale-dependence
of the strength of the discontinuities. Such an
attempt has recently been made by Hökmark (29) on the
basis of analytical solutions referring to the basic
rock structure model. These solutions give the maxi-
mum total inelastic shear displacement for a discon-
tinuity in a given stress field and requires as input
the extension and friction coefficient of the discon-
tinuity and the elastic properties of the rock. Fig
3-4 shows magnitudes of inelastic relative block dis-
placements along discontinuities of orders 1 to 5
that would occur if they were subjected to anisotro-
pic stress fields oriented with their maximum shear -
to normal stress ratios in the planes of the discon-
tinuities, assuming the shear modulus of the rock to
be 25 GPa and Poisson's ratio to be 0.24. Two stress
field cases were considered: one with principal
stresses 10 and 30 MPa, denoted by thick lines in
Fig.3-4 (a), and the other with stresses 5 and 60 MPa
(b), denoted by thin lines. Displacements are presen-
ted for a number of assumptions regarding the joint
friction angle. The first case gives no inelastic
displacements for friction angles exceeding 30° (line
4, i.e. thick line in the lower right corner). For a
15° friction angle discontinuity of the 1st order,
this stress field gives a shear displacement of about
0.5 m (I, line 2). The second case gives no inelastic
displacements for friction angles exceeding 57° (line
11, i.e. bottom-most thin line). For a 15° friction
angle discontinuity of the 1st order, this stress
field gives a shear displacement of about 2 m (II,
line 6). For a 35° friction angle 4th order disconti-
nuity of about 3 m extension, the shear displacement
would be about 0.8 mm (III, line 8). Hence, one con-
cludes that events causing very large shear strain
along low-order discontinuties still do not produce
critical displacements along high-order breaks inter-
secting deposition holes or KBS3 and VLH reposi-
tories.

While rock block displacements due to glaciation will
yield an enhanced hydraulic conducitivity that is
estimated to be within the limits of the hydraulic
models described in Ch. 3.1.4.3, deglaciation will
cause enhanced axial conductivity along the holes.
However, since this will require a preceding glacia-
tion of the magnitude similar to that in Pleistocene
time, it is clear that the deglaciation phase will
not be reached until about 100 000 years after the
onset of glaciation. It is therefore not considered
further in this report.
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Joint Shear Displacement vs Discontinuity Extension
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Figure 3-4 Analytically calculated maximum displacements along
discontinuities of different extensions and fric-
tion angles

3.1.5 Groundvater flux along deposition holes

Using the conductivity data in Ch. 3.1.4.3, one finds
that the average axial flux values of the nearfield
of the respective concepts are around 10-100 times
higher than under "normal conditions", and the
averages given in Table 3-4 are taken to be valid:
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Table 3-4 Groundwater flux along deposition holes under
"exceptional conditions11

Concept q, m3/s Remark

VDH 10"7 100 x "normal case11

KBS3 (upper) 5x10"! 100 x -"-
(central) 2x10 10 x -"-
(lower) 3x10 10 x -••-

VLH SxlO"6 100 x -"-

3.1.6 Groundwater composition

Applying the data derived in Chapter 2.1.6 the
groundwater compositions in Table 3-5 may be expec-
ted:

Table 3-5 Groundwater composition under "exceptional condi-
tions"

3.2

3.2.1

Con-
cept

VDH
VDH

KBS3

VLH

Depth
km

<2
2-4

0.5

0.5

APPLICATION STAGE

VDH

Total electr. content
ppm

35 000
100 000

35 000

35 000

K cone
ppm

50
100

70

40

The major difference between "normal" and "exceptio-
nal" conditions is that the higher primary rock
stresses under the latter conditions yield much
higher hoop stresses with the following consequences:

Greater risk of break-outs and outflow of
deployment mud into the rock in the course
of application of canister sets. This pro-
cess may be severely disturbed or even
impossible: Half-filled holes may have to
be abandoned and plugged in a less effect-
ive mode than planned and new holes may
have to be drilled
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Greater risk of unstable rock over the
entire hole length, with more extensive
rock fall resulting in less dense and much
more heterogeneous canister-embedding clay
after consolidation of the deployment mud

Greater risk of unstable rock that may both
damage the outer cage and make the shallow
rock very pervious

The most severe event is estimated to be of the first
type, i.e. sudden rock failure under ongoing applica-
tion since it may lead to uncontrolled movement,
breakage and eccentric location of canisters in the
holes, as well as to large heterogeneity and density
variations in the deployment mud. If rock fall takes
place in the deeper part of the plugging holes or
high up in the deployment holes when only a few sets
of canisters have been emplaced, a large part of the
holes may have to be left with no canisters in them,
and retrieval of canisters may become necessary.

Stable rock vails require drilling and deployment
muds of higher density but this is hardly feasible
with a maintained high bentonite content.

The effect on the isolating properties of the deploy-
ment mud by widening of the cross section through
rock fall may be very significant. Thus, a drop in
dry density by 30 %, which may well take place local-
ly, would make the clay gel unstable and apt to con-
solidate under its own weight. Locally, at least, one
would expect zones with a hydraulic conductivity of
at least one order of magnitude higher than the clay
under "normal conditions". Since the density under
"normal conditions" is already low it is estimated
that the concept will not work in an acceptable fash-
ion with the present design under "exceptional condi-
tions".

3.2.2 KBS3

3.2.2.1 Rock behavior

The high primary rock stresses and stress ratio under
"exceptional conditions" will increase the axial con-
ductivity along the deposition holes significantly as
shown in Ch. 3.1.4.2. Even stronger effects are ex-
pected in the floor and roof of the tunnels, where
spalling and rock fall may take place. Although this
has a particularly strong effect on the hydraulic
conductivity of the nearfield rock, especially in the
tunnel roof and floor as well as in the upper parts
of the deposition holes, it is felt that the major
difference with respect to "normal conditions" is
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that less safe conditions will prevail in the con-
struction phase.

It is estimated that the construction work needs much
more temporary and permanent support in the form of
bolting and that the design must be made very care-
fully with respect to the cross section shape
(ellipse-type). Still, no significant stability prob-
lems are foreseen except where 3rd and 2nd order dis-
continuities are intersected. Here, shotcreting and
casting of buttresses are required and if the spacing
of such low-order discontinuities is as small as pre-
sumed (30 m), the amount of cement in the repository
is estimated to be sufficiently high to make the mat-
ter of chemical stability of interacting clay/cement
an important issue.

3.2.2.2 Conditions for closure

Under the assumed high-stress conditions, creep ef-
fects are expected to cause significant time-
dependent propagation of natural and blast-induced
fractures, by which the hydraulic conductivity of the
nearfield rock is enhanced and the risk of rock fall
increases. This calls for early closure.

3.2.2.3 Buffers and backfills

It is estimated that discing may take place down to a
few meters depth in the deposition holes in conjunc-
tion with the drilling and this will result in a
higher inflow of water than under "normal condi-
tions". Hence, it is expected that the natural inflow
may be considerably higher than the acceptable couple
of litres per hour, and that grouting of many holes
down to 3-4 m depth is required.

As to the backfilling of the tunnels, the expected
higher inflow of water probably requires rather ex-
tensive grouting of the intersected low-order discon-
tinuities. If such activities are sufficiently effec-
tive, the same backfilling technique as the one indi-
cated for the "normal conditions" (Cassius Clay) is
expected to be applicable without significant pro-
blems although a stronger inflow of water is still
expected than under "normal conditions". A superior
technique may be to apply sets of precompacted blocks
of bentonite or bentonite mixtures since this proce-
dure is quicker.

In conclusion, the much more severe rock stress con-
ditions that are assumed to prevail under "excep-
tional conditions" vill require comprehensive stabi-
lization for safe construction of the repository and
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for application of canisters, buffers and backfills.
The issue of accepting cement in contact with smec-
tite may become critical but it is estimated that the
concept is still feasible.

The particularly intense rock disturbance that is
expected in the tunnel floor due to the rock stress
conditions can be partly counteracted by giving the
tunnel section a suitable, elliptic shape by vhich
discing can be minimized. Still, a great advantage
may be to extend the length of the deposition holes
by 3-4 m. The fraction of the tunnel length that can
be used for drilling deposition holes vith no inter-
action with low-order structures will drop from
around 90% under "normal conditions" to 60-70%.

3.2.3 VLH

3.2.3.1 Rock

The high tangential stresses in the roof may cause
spa11ing and unstable wedges and a major risk is rock
fall in the course of transportation and application
of bentonite blocks and canisters.

The higher frequency of low-order discontinuities and
more complex rock structure under "exceptional" than
under "normal11 conditions makes it more difficult to
adapt VLH to the rock structural framework and unex-
pected interaction of the large holes with low-order
structures is probable. Hence, it can be assumed that
at least 2-3 1st order and 10-20 2nd order disconti-
nuities will be intersected and that several zones of
this order and of 3rd order will be truncated at a
small angle, which may cause considerable rock fall.
These effects probably mean that the fraction of the
hole that can be used for locating canisters may be
reduced from 70-80% for "normal conditions" to less
than 50% for "exceptional conditions".

3.2.3.2 Buffers

The larger number of strongly water-bearing disconti-
nuities under "exceptional" than under "normal" con-
ditions means that drainage problems will appear un-
less very effective grouting has been made. Still,
experience tells that the net effect on the inflow is
not very strong: water will be redistributed to 4th
and activated 5th order discontinuities under the
higher piezometric conditions that are created. The
following difficulties may arise:
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Even after comprehensive grouting water may
enter the space between the canister-
embedding clay and the rock at a rate that
causes comprehensive uptake and softening
in the course of the block application,
which may become very difficult

After application of a canister/clay set
water entering from the rock builds up
high water pressures and causes piping and
erosion. If the inflow is high, a slurry of
clay and water may thereby flow along the
bentonite blocks to the front of the set
that is being applied, making the whole
operation difficult or impossible

As for KBS3, "exceptional conditions" are likely to
have an impact on hov effectively one can utilize the
holes for hosting canisters, and VLH appears to be
somewhat less good. Furthermore, VLH is sensiti-
ve to the more severe conditions of less stable roof
and stronger water inflow in the application phase.

3.3 MATURATION STAGE

3.3.1 VDH

Even if the canisters and clay can be acceptably lo-
cated and embedded in the application phase, the he-
terogeneity and locally very low density of the clay
barrier will persist.

The concept in its present design can hardly be
expected to yield acceptable conditions for effective
support and isolation of the canisters even if the
version with self-supporting canisters and signifi-
cantly increased density of the deployment mud is
applied.

3.3.2 KBS3

The processes involved in this stage are the same as
under "normal conditions" but a major difference is
expected to be that the water saturation process is
quicker due to the higher average conductivity of the
rock mass and the quicker build-up of high piezo-
metric pressures. With the assumed higher salinity of
the groundwater under "exceptional conditions", the
water saturation rate is expected to be significantly
higher than under "normal conditions" as outlined in
Ch. 2.3.2.3. Quicker saturation means that the heat
conductivity increases faster than under "normal con-
ditions".
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3.3.3 VLH

The bentonite blocks have to be largely water satu-
rated at the application as under "normal condi-
tions". The higher inflow from the rock under "ex-
ceptional conditions" means that the joints are
relatively quickly filled with water and that no
artificial water injection is required.

With special respect to the maturation rate, "ex-
ceptional conditions" are actually more favorable
than "normal conditions", especially for the KBS3
concept. Hence, both the time for salt accumulation
to take place and for arrival at a high thermal con-
ductivity will shorten.

3.4 HEATING STAGE

3.4.1 General

The main difference between the "normal" and "ex-
ceptional" conditions in the heating stage is that
groundwater is expected to flow along the deposition
holes and tunnels at a higher rate in the latter
case, which will cause quicker degradation of the
smectites in the buffers, a matter that we will focus
on. The influence of tectonics, yielding shear that
may influence the properties of nearfield rock and
affect canisters is expected to be less important
than in the long post-heating phase and these proces-
ses will therefore be treated in the chapter dealing
with this latter phase.

3.4.2 Quantitative estimates of clay degradation

3.4.2.1 VDH

Using the flow data in Ch. 3.1.5 and applying the
same gradient as for the "normal conditions", i.e.
10" , one finds that around 100 liters per year pass
along the deployment part of the holes. Applying the
earlier conservative assumption concerning the mode
of exposure of the clay to flowing water and the
figure 100 ppm (p.44) for the potassium concentra-
tion, one finds that the larger part of the montmo-
rillonite content may become converted into hydrous
mica in the heating period. Thereby, shrinkage of the
clay will take place due to an almost complete loss
in swelling capacity and very little hindrance of
water flow along the interface between rock and clay
will result. The canister sets will settle in an un-
controlled fashion unless they are self-supporting.
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Degradation of the clay in the plugging holes will
proceed much slower. Since convection will not bring
up very salt water over the larger part of the low-
temperature parts of the plugged zones the operation-
al lifetime of the smectite is expected to be similar
to that under "normal conditions", i.e. hundreds of
thousands of years. The risk of significant downward
movement of canisters and clay in the deployment zone
suggests that a concrete plug should be cast at the
lower end of the plugged holes so that they can main-
tain their integrity irrespective of the processes
deeper down. This matter naturally requires atten-
tion, particularly with respect to the influence by
chemical effects on the physical behavior of both the
clay and the concrete.

One concludes that the quick degradation of the
smectite buffers underlines the earlier conclusion
that VDH vill not sustain "exceptional conditions".
Still, if the sealing function of the plugging zone
is considered to be sufficiently good vith respect to
hindrance of radionuclide transport, the quicker clay
degradation is of less importance to the overall
performance.

3.4.2.2 KBS3

Tunnel backfill

Assuming that the disturbed zone around the tunnels
is characterized by the earlier derived figure for
the hydralic conductivity 10~7 m/s, and applying the
figure 70 ppm (p.44) for the potassium concentration,
one finds that a hydraulic gradient of 10~2 may cause
conversion of the major part of the montmorillonite
component of the backfill to hydrous mica in the
heating period. This will increase the hydraulic con-
ductivity of the 10/90 bentonite ballast backfill to
around 10" to 10" m/s, which makes it the dominant
conductor in a KBS3 repository.

Since the temperature may in fact not be sufficiently
high to make the access to potassium a determinant of
the conversion process, it may be significantly slow-
er in practice. Still, applying the described con-
servative scenario one finds that a change of the
bentonite/ballast ratio from 1/10 to 1/3 and an
increase of the dry density to about 1.3 g/cm will
leave about 50 % of the smectite intact after 2000
years. Since the density of the presumed reaction
product hydrous mica is then about 1.9 g/cm at water
saturation, the net hydraulic conductivity of the
ballast will probably not exceed 10"10 m/s. However,
the swelling potential will be very strongly reduced
at that time and thereby the major part of the rock-
supporting ability. Still, it appears possible to
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maintain a considerable part of it by increasing the
bentonite fraction to about 50 % and by raising the
density further. This points to the use of highly
compacted blocks of bentonite/ballast mixtures pro-
vided that the ballast is poor in potassium-bearing
minerals.

Deposition holes

Considering the central and lower parts of the KBS3
holes one finds, by using the data_ in Ch. 3.1.5 and
applying the hydraulic gradient 10~ and the potas-
sium concentration 70 ppm (p.44), that less than 10%
of the montmorillonite content will be converted to
hydrous mica in the heating phase, while the larger
part of the smectite in the upper third of the holes,
which are assumed to be located in very pervious
rock, will be converted. Since the density of the
highly compacted bentonite is expected to remain at
least at 1.9 g/cm the hydraulic conductivity will
still be on the order of 10" m/s, while the swel-
ling and self-sealing ability will be very strongly
reduced. Application of the simple Pytte model for
estimating the effect of cementation, suggests that
no more than 1 % of the total mineral mass may appear
in the form of cementing substances, and this will
not affect the physical properties.

A simple way of compensating for the smectite degra-
dation is to deepen the holes by 3-4 m because this
will result in the same insignificant conversion of
the buffer from the base of the holes to well over
the top of the canisters.

The estimate that the conversion of the montroorillo-
nite may be comprehensive in the heating stage is
very conservative since its solubility rather than
the access to potassium may be a determinant at the
relatively low temperature level. A significant part
of the montmorillonite may therefore still be intact
in the upper part of the holes at the end of the
heating period.

It is concluded that "exceptional conditions" yield
significantly quicker degradation of the smectite of
the backfill and the buffer in the upper part of the
deposition holes in the heating period than under
"normal conditions". However, it is believed to be
effectively counteracted by increasing the bentonite
content in the backfill and by deepening the deposi-
tion holes. If these steps are taken the degradation
of the clay barrier components can probably be re-
duced to the same level as under "normal conditions".
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3.4.2.3 VLH

Applying, as for the other concepts, the hydraulic
data in Ch. 3.1.5, and taking the hydraulic gradient
as 10~2, one finds that around 500 liters will pass
along the holes per year in the heating period,
making around 10 000 g of potassium available for
hydrous mica formation in the heating period. As-
suming that the flow conditions are such that this
amount of potassium is given off to each meter length
of the clay buffer, about 5 % of the 2.4 tons of ben-
tonite would be converted to hydrous mica. Thus, even
this extremely conservative assumption would yield a
negligible quantity of degraded clay in the heating
period under the assumed "exceptional conditions".
As under "normal conditions", cementation will be
insignificant as well.

It is concluded that VLH vill serve almost as well as
under "normal conditions" with respect to the longe-
vity of the smectite components in the heating
period.

3.5 POST-HEATING STAGE

3.5.1 General

The major difference between the "normal" and "excep-
tional" conditions in a long-term perspective is that
tectonics may be much more important under the latter
conditions and that the different geochemical condi-
tions will lead to quicker degradation of the clay
buffers. We will consider these two issues in the
present chapter.

3.5.2 Degradation of clay buffers

3.5.2.1 VDH

Almost complete conversion to cemented hydrous mica
clay is expected in the deployment zone already in
the heating phase. In a longer time perspective, the
altered clay will probably remain stable with respect
to the mineralogy as indicated by a number of geolo-
gical examples of which the Ordovician Burgsvik ben-
tonite is an outstanding one (58).

Since the rock stresses are very high and the clay
offers practically no support to the rock, large
time-dependent deformations may take place by rock
moving into the hole and compressing the clay. The
fact that its density is low initially in the post-
heating stage and its porosity consequently high may
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lead to precipitation of various components brought
to the clay by diffusion or flow. Both processes,
i.e. precipitation and compression, are expected to
cause stiffening and transformation to claystone. The
brittleness of such material causes fracturing by
tectonics but it may perform better as a seal in the
long run than in the first few thousand years.

It is concluded that rather little change or possibly
even improvement of the physical properties of VDH
clay buffers vill take place in the post-heating
period.

3.5.2.2 KBS3

Tunnel backfill

A considerable part of the smectite component of
10/90 bentonite/ballast backfills may have been con-
verted to hydrous mica in the heating period, but
further degradation would be slowed down very much.
Hence, complete conversion of the montroorillonite
content in a backfill poor in potassium-holding
ballast grains would not be completely converted
until after 10 000 to 20 000 years.

If a very dense mixture with more bentonite is used
for backfilling, like the one proposed in Ch. 3.4.2.2,
conversion of the montmorillonite that remains after
the heating period, i.e. about 50 % of the original
amount or 25 % of the total backfill, will stay vir-
tually intact for tens of thousands of years and it
will serve well - also after significant conversion
to hydrous mica - for hundreds of thousands of years.

Deposition holes

Further degradation beyond the one taking place in
the heating period will proceed at a strongly retarded
rate. Thus, the rate of dissolution of the montmoril-
lonite residue is expected to be a determinant of the
conversion to hydrous mica and cementation and it is
estimated that it will remain largely intact for
hundreds of thousands of years as under "normal con-
ditions11 .

It is concluded that "exceptional conditions" may not
yield any quicker conversion of the smectite buffer
components than under "normal conditions". The reason
for this is that the temperature, which is taken as a
determinant of the conversion to hydrous mica and of
cementation, is similar in both cases.
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3.5.2.3 VLH

Since the temperature, which is taken to be a deter-
minant of the conversion of montmorillonite to hy-
drous mica and of cementation, will be low and of
similar magnitude for the KBS3 and VLH concepts, and
the potassium content of percolating groundwater will
be lower for VLH, further conversion and cementation
in the post-heating stage is expected to be slower
for VDHs than for the KBS3 deposition holes. Hence,
it is estimated that the buffer of VLH will stay lar-
gely intact for hundreds of thousands of years.

It is concluded that VLH buffer undergoes even slower
degradation than that of KBS3. It is expected to per-
form very veil for hundreds of thousands of years
even under "exceptional conditions".

3.5.3 Tectonics

2.5.3.1 General

Tectonics affect the rock structure and properties
and also the stability of the canisters if shear
takes place across deposition holes. Both issues
will be considered here referring to the basic
discussion in Ch. 3.1.

3.5.3.2 Rock shear

The analyses presented in Ch. 3.1 indicate that even
very severe earthquakes, yielding quick shearing of
1st and 2nd order discontinuities by one or a few
meters and of 3rd order discontinuities by a few cen-
timeters, will not generate shearing by more than a
millimeter along 4th order breaks, i.e. the ones that
may interfere with canisters, since none of the
stress analyses concerning preglaciation and glacia-
tion states indicate larger strain than under "normal
conditions", the conclusions given in Ch. 2.5.4 (cf.
also Ch. 2.1.7) should apply also to "exceptional
conditions".

Still, the fact that shear strain will not be uni-
formly distributed among high-order discontinuities
when a low-order zone is activated but involves
more strain closer to the major shear planes -
as manifested by the existence of "rim zones" (Ch.
2.1) - implies that 4th may undergo more strain with-
in 5-10 m from 3rd order zones and presumably within
25 c from 2nd order discontinuities. We will there-
fore consider larger shearing of 4th order breaks by
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which also for the matter of long-term creep will be
covered.

VDH

Since the deployment parts of VDHs are expected to be
intersected by almost 150 flatlying 3rd order dis-
continuities and 10 similarly oriented 2nd order
zones as well as by l st order zone, practically all the
canisters may be exposed to transverse shear of more
than 1 mm, and 20 % of them may be indirectly affect-
ed by shear along 2nd order discontinuities, yielding
considerably more transverse strain. Assuming a
linear relationship between the distance from the
center of a 2nd order break and the shear displace-
ment of adjacent parallel 4th order discontinuities,
and assuming that the instantaneous displacement
along the 2nd order breaks is 1 m, it is estimated
that at least 20 canisters will be exposed to trans-
verse shear by as much as 200 mm.

Since the canisters will move from their original
positions, provided that no stiff support between the
canisters is applied, the number of sheared canisters
may increase significantly in a long-term perspec-
tive. This becomes obvious when considering a number
of major tectonic events producing the aforementioned
strain on the order of one per 1000 years (p.129). In
this case, 100 mm shearing along the least affected
4th order discontinuities may be expected in a
100 000 year perspective.

Steep, low-order discontinuities, primarily of
3rd order, will also probably interfere with the
holes, which means that large strain may also take
place longitudinally, affecting many canisters.

KBS3

A particular advantage of the KBS3 concept is that
the deposition holes can be located at sufficiently
large distance from 2nd and 3rd order discontinuities
to restrict shearing along 4th order breaks to around
1 mm per tectonic event. However, assuming the same
frequency of very major tectonic events as for VDHs
one would expect that shearing of 4th order discon-
tinuities that intersect KBS3 deposition hole will
give an accumulated shear strain of 100 mm in 100 000
years, and we will consider such a case in the sub-
sequent analysis.
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VLH

The conditions with respect to shearing are the same
in VLH as in KBS3, i.e. no canisters will be directly
exposed to shearing along intersecting 3rd and lower
order discontinuities. Still, the larger shear strain
of 4th order breaks within 5-25 m from major shear
planes will play a more important role in VLHs i.a.
because they will inevitably pass close to low order
zones that escape identification. Also, as for KBS3
holes, there will be a number of tectonic events that
may result in a total shear strain along 4th order
breaks of 100 mm in 100 000 years.

3.5.3.3 Shearing of clay/canister in deposition holes

Introduction

Tectonically induced rock shear may naturally damage
canisters although the softness of the buffer materi-
al compared to the rock and the canister will appre-
ciably reduce the damaging influence. The geometry,
the canister design and the bentonite composition are
the parameters that control the strain, which is dif-
ferent in the different concepts.

Before discussing the importance for the various con-
cepts we need to define the conditions and properties
of the clay material, considering all processes that
may have taken place in the maturation and heating
periods. The following basic relationships are valid:

An increased salt content will decrease the
swelling pressure slightly (10-50% by satu-
ration with seawater) and increase the
friction angle. The swelling potential will
drop to approximately that at Ca-saturation

An increased salt content will increase the
hydraulic conductivity (»10 times by
saturation with seawater)

Alteration to hydrous mica ("illite") will
strongly reduce the swelling potential and
swelling pressure, while it will increase
the hydraulic conductivity and the friction
angle

Cementation associated with heating will
cause stiffening and loss of swelling
potential
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The properties of smectite clay affected by these
processes as well as of unaltered clay are being in-
vestigated in the laboratory and material models,
suited for considering the change in properties that
may take place, are being developed. The following
tentative conclusions can be drawn:

High salt concentration in the pore water,
and conversion to Ca-form by cation ex-
change will change the rheological proper-
ties in a similar fashion. The friction
angle will increase by about 50%, while the
swelling potential will decrease and the
hydraulic conductivity increase. Laboratory
investigations show that Na-bentonite will
have properties similar to those of Ca-
bentonite when saturated with 3.5% seawater

Alteration to illite increases the fric-
tion angle by 100-200%. However, the
swelling pressure will decrease strongly,
which means that the effect of rock
shearing is estimated to be:

1) a decreased influence on the canister
if the shear is fast enough to be
undrained since the average effective
stress in the clay will be much lower
during shearing (the pore pressure
will balance the average stress).

2) an equal or increased influence on
the canister if the shearing is slow
enough to be drained, since the
average stress will increase very much
in the compressed parts and decrease
in the expanded parts.

One calculation with illite-type clay
referring to the KBS3-holes has been per-
formed and it confirmed the first state-
ment, i.e. plastization did not take place
in the copper. However, the second state-
ment is uncertain because the high density
of the illite may induce considerable
dilatancy which would strongly increase
the average stress during undrained
shearing and increase the shear strength
during drained shear. A material model of
illite based on triaxial tests and supple-
mentary shear calculations are needed for a
more accurate judgement.
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Figure 3-4 Calculated deformed structures after 100 mm rock
displacement in seawater-saturated Na bentonite.
The upper picture shows the entire deposition hole
with the double-walled canister (magnification of
displacement 2.5 x). The lower picture shows
the deformed copper (10 x)
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Figure 3-5 Calculated plastic strain in the copper

Cementation of the bentonite is perhaps
the most severe threat to the canister
since it will strongly increase the shear
strength and make the material brittle.
The mechanical properties of cemented
smectite are not known and laboratory tests
on strongly cemented smectite clay are
required. A set of calculations, based on
a material model derived from such tests
would be representative of a "worst case
scenario"

VDH

No calculations of the effect of a rock shear in VDH
have been made so far but estimations can be made:

1. For densities of the surrounding bentonite
material lower than pm=l.9 g/cm it is
reasonable to believe that the effect is
negligible if the stiffness of the canister
is comparable to that of the KBS3 canisters
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If the density of the surrounding bentonite
is higher than pm=1.9 g/cm3 there will
probably be some effect. Such high densi-
ties may have to be used if the alternative
with benonite pellets introduced in the de-
deployment mud is chosen

The conclusion is that calculations of the effect of
a rock shear in VDH are only required if a final den-
sity of pm>l.9 t/m is expected to be reached.

KBS3

Several studies of the effect of horizontal rock
shear across a deposition hole and passing through
its center have been made assuming that the canister
is of the solid copper type or the double-walled
copper/steel type, taking the displacement to be
100 nun. We will confine ourselves here to cite the
outcome of ongoing studies of the double-walled
canister.

Material models for these constellations are now at
hand and one shear calculation referring to Na ben-
tonite saturated with seawater has been performed.
The results show that the effect of a 100 mm instan-
taneous rock shear on the double-walled copper/steel
canister is actually not stronger than under "normal
conditions" (Figs.3-4 and 3-5). Thus, the copper
shielding does not undergo more than 1.7 % strain and
will not fail.

The major conclusions from the analyses are:

1. A displacement of more than about 10 mm is
required to cause plastization in the
copper shielding

2. A large part of the copper is plasticized
at a displacement of 50-100 mm but the plas-
tic strain is small (1-2 %)

3. It seems as if the thickness of the clay
barrier is of less importance than the
length of the canister. The longer the can-
ister, or rather the higher the length/
diameter ratio, the stronger is the impact
on the canister

4. The end shape (spherical or plane) seems to
be of minor importance
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5. At densities below pm=l.9 g/cm3 of the
buffer material Na-bentonite, no plasti-
zation of the copper canister will take
place

6. "Asymmetric11 shearing along a plane located
at one fourth of the canister length from
its ends seems to affect the canister
slightly more than shearing across its
center

The low shear strength of the buffer material and its
excellent plastic properties are thus protecting the
canister from being badly damaged by rock shear of
100 mm and probably up to 200 mm. However, the effect
of extremely quick shearing generated by strong
earth-quakes and the long-term effect of creep in the
copper should be further studied.

The behavior of a solid copper canister has been
investigated using the same code and it is clear that
the two canister types behave in a similar fashion.
However, it is concluded that the solid copper
canister is somewhat less affected by tectonically
induced shear than the copper/steel canister.

Although the matter needs to be investigated in
greater detail, experimentally as well as theoreti-
cally. Using the material models and numerical codes
that are being developed, one tentatively concludes
that KBS3 canisters will be very little affected even
by extreme tectonic events that may take place under
"exceptional conditions".

VLH

One calculation with the large copper/steel canister
in VLH has been performed and it was found that there
is no significant difference in behavior of KBS3 and
VLH.

It is concluded that VLH serves equally yell as KBS3
with respect to tectonically induced shear.
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COMPARISON OF THE FUNCTIONS OF THE THREE CONCEPTS

4.1 General

4.1.1 Basic criteria

The functional analysis of the VDH, KBS3 and VLH con-
cepts described in the preceding chapters shows that
the nearfield rock, buffers and backfills behave in
different ways both in short and long term perspecti-
ves. Since several oI the identified differences may
not be of importance for their overall behavior we
will start the comparison by defining the major func-
tions of a repository according to the authors'
views.

It is iroplicite that the main purpose of an under-
ground repository is to retard and minimize release
of radionuclides from the nearfield as much as pos-
sible. This requires that the canisters are mechani-
cally and chemically protected over very long periods
of time, which in turn makes it necessary to provide
them with a suitable environment. The more than 15
year old idea of using dense smectite clay as one of
the barriers in Swedish HLW repositories is still
applicable as concluded from the present functional
analysis, while it shows that such seals may not
offer a very good long-term service under the condi-
tions that prevail in one of the concepts, i.e. VDH.
Still, also this concept may be a candidate provided
that the sealing function of the plugged part is con-
sidered to be the essential component and that the
complex degradation processes in the deployment part
are taken less seriously.

One principle, that is favored by the authors, is to
try to maintain the physical and chemical properties
of the rock, buffers and backfills as long as possib-
le, which suggests that the design and applied tech-
niques as well as the choice of materials should be
such that the nearfield rock and the sealing materi-
als undergo as little change as possible. This leads
to the following recommendations:

1. The canisters should be located such that
the risk of shearing generated by tectonics
is minimized

2. The canisters should be embedded by a clay
medium with the following properties main-
tained over very long periods of time:
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Optimum rheological behavior re-
presenting largely preserved
stress/strain behavior at tec-
tonically induced shearing

Swelling potential largely pre-
served for maintaining maximum
self-sealing ability

Low hydraulic conductivity main-
tained throughout the operative
lifetime of the repository

High ion adsorption capacity and
low ion diffusion transport
capacity maintained largely
preserved

Suitable chemical environment for
minimum corrosion rate largely
preserved

3. The nearfield rock should retard radio-
nuclide release and transport of agents
that affect the clay in a negative fashion.
This requires a low hydraulic conductivity
and high sorption capacity as favorable
properties.

4.1.2 Basis of comparison

The aforementioned criteria suggest that one should
review the three concepts with respect to the fol-
lowing behavior of the nearfield:

A. Rock properties

It is favorable if the deposition holes
can be located so that the frequency of
intersecting discontinuities along which
tectonically induced shear can take place
is at minimum. Referring to the analyses,
intersection by 4th order breaks can be
accepted with no limitation respecting the
utilization of the holes for placing can-
isters, while 3rd and lower order breaks
imply less efficiency. The risk of form-
ation of wedges should be at minimum.

The criterion that the nearfield rock
should have minimum hydraulic conductivity
but maximum sorptive capacity suggests that
drilling is used for the holes and not
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blasting. The drilling techniques proposed
for the respective concept provide suitable
rock properties.

The influence of heating on the nearfield
rock around drilled holes is not very im-
portant and can be left out in comparing
the concepts.

B. Efficiency

Efficiency is taken here to quantify how
effectively a repository rock mass can host
canisters, expressed i.e. in terms of per-
centage of tunnel length that can be used
for placing canisters. The efficiency de-
pends on the frequency of major interfering
discontinuities and the possibility of
adapting the deposition holes to the rock
structure for minimizing interaction with
such breaks. Such interaction should be at
minimum.

C. Canister-embedding clay

The clay should have a high swelling poten-
tial but the swelling pressure should not
be higher than the prevailing stresses in
the nearfield rock. The stress/strain pro-
perties should be at optimum with respect
to the effect of tectonically induced
canister shear and to the ability to main-
tain the canisters in their original posi-
tions in the holes. This requires that the
bulk density at water saturation is in the
interval 1.9-2.1 g/cm .

The canister-embedding clay should have a
hydraulic conductivity that is lower than
that of the nearfield rock so that ground-
water flow will take place through the rock
rather than through the clay. This suggests
that the conductivity of the clay should
not exceed 1O~ m/s at any stage.

The clay should not be exposed to high
temperature gradients or to temperatures
exceeding about 1OO°C.

The clay should not be exposed to ground-
water that is very rich in potassium. Stag-
nant groundwater conditions are favorable.
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4.2 Comparison of the concepts

4.2.1 Rock conditions

4.2.1.1 Risk of tectonically induced canister shearing;
efficiency

The VDH concept implies that the deposition holes, as
well as the plugged holes, nay interact with long-
extending low order discontinuities over a much
longer part than the deposition holes of the other
concepts.

The KBS3 concept offers a very good possibility of
eliminating the risk of interaction of the deposition
holes with low order discontinuities, still with a
reasonably high efficiency.

VLH is intermediate to VDH and KBS3 since a signifi-
cant number of potential shear planes represented by
3rd and lower order discontinuities will be inter-
sected. In contrast with VDH, some adaption to the
rock structure can be made in the course of the dril-
ling and since detailed mapping of the drilled holes
can be made and geophysical methods applied for cha-
racterizing the nature and extension of intersected
major breaks, the canisters can be located so that
the risk of tectonic shearing can almost be elimi-
nated. However, this results in a somewhat lower
efficiency than offered by KBS3.

4.2.1.2 Groundwater flux along deposition holes

The combination of mechanical damage and disturbance
induced by stress release as well as special effects
like wedge-formation results in an axial flux along
the deposition holes that is a determinant both of
the degradation rate of the canister-embedding clay
and of the radionuclide transport capacity of the
nearfield rock.

Although VDH offers reasonably good properties with
respect to the plugged zone, it also incorporates a
high risk of delayed, local break-outs that makes
this concept unattractive.

KBS3 yields a very small flux along the major part of
the deposition holes under "normal conditions". Deep-
ening of the holes by 3-4 ro should improve the tight-
ness and create excellent conditions with respect to
groundwater flow along the deposition holes even un-
der "exceptional conditions".

VLH exhibits flow properties of the nearfield rock
that are similar to those of KBS3, but the risk of



167

formation of interacting sets of rock wedges and the
strongly anisotropic primary stress field under "ex-
ceptional conditions" imply a somewhat higher axial
conductivity than of the nearfield of KBS3 holes.

4.2.1.3 Groundwater chemistry

The potassium content of the groundwater and the tem-
perature are the key parameters for clay degradation.
They are highest for VDH while KBS3, which represents
the lowest temperature level of all the concepts, is
assumed to be exposed to the second highest potas-
sium content in the groundwater of all the concepts.
VLH is expected to have the lowest potassium content
but a temperature that is slightly above 100°C with
the proposed amount of spent fuel per canister. A
lower temperature can be achieved but will cause a
somewhat higher cost for the concept.

4.2.2 Efficiency

VDH has the disadvantage that the rock structure can
not be predicted with any certainty and that unsuit-
able conditions prevail in the form of frequent in-
teraction with low order discontinuities. Together
with the difficulty in foreseeing what axial dis-
placements that the heavy column of canisters and
clay may undergo, it is estimated that a large part
of the canisters may turn out to become unsuitably
located.

The efficiency of KBS3 is estimated to be very high.
Thus, the possibility to locate and orient the depo-
sition tunnels suitably with respect to low-order
discontinuities and to inspect and characterize the
rock by conducting geophysical measurements in them,
as well as to adapt the location of the deposition
holes to the identified rock structure, is very good.

VLH represents an efficiency that is intermediate to
that of VDH and KBS3 but it is still not very much
lower than the efficiency of KBS3.

4.2.3 Clay conditions

4.2.3.1 Sealing properties of unaltered clay buffers

The required high density of the canister-embedding
clay can be obtained for KBS3 and VLH, while the net
density of the clay deployment zone of a VDH will be
much lower and hence result in a much higher hydraul-
ic conductivity than in KBS3 and VLH. The risk of
rock break-outs in the drilling of VDH may result in
a stronger reduction of the density than assumed in
this study. An acceptable function of VDH therefore



168

relies very much on the sealing ability of the plug-
ging zone, where similar problems may arise. Hence,
VDH does not offer the same effective isolation power
of the bentonite seal, which is, however, effectively
counteracted by the long extension of the plugged
part.

4.2.3.2 Degradation, sealing properties of altered clay
buffers

The rate of degradation of the canister-embedding
clay is high for VDH due to the ambient high tem-
perature and access to much potassium. A considerable
part of the smectite may have been converted to hy-
drous mica in the heating period and the associated
shrinkage may then cause a dramatic loss in sealing
power of the clay in the deployment zone. Again, the
function of the concept relies almost totally on the
sealing effect of the clay in the plugging zone, of
which the upper kilometer is expected to be intact
for at least as long as that of the canister embed-
ment of KBS3 and VLH.

The degradation rate of the canister-embedding clay
of KBS3 is sufficiently low to leave the large major-
ity of the the smectite intact for several hundreds
of thousands of years or probably more than that even
under "exceptional conditions". The ultimate reaction
product is believed to consist of hydrous mica clay,
which serves as a good, low-permeable seal although
with rather low swelling and sorption potentials, and
with a higher ion diffusion capacity than virgin
clay. Cementation effects will further reduce the
self-sealing ability.

The canister-embedding clay of VLH is expected to be
intact longer than in the other concepts because of
the slower transformation to non-expanding minerals.
However, the somewhat higher temperature than in KBS3
may cause some more cementation, the effect of which
is not known with certainty. This matter has to be
investigated further irrespective of the finally
selected concept.

4.2.3.3 Canister integrity

Chemistry

Considering first the geochemical conditions created
by the bentonite clay, they are suitable because pH
will be higher than 7. Initially, it may be as high
as 9-10 but it is believed to drop to 7-8 at increa-
sed temperature and cation exchange to Ca. The che-
mical conditions are expected to be similar and
suitable for long-term performance as canister pro-
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tection in all the concepts. A matter of importance
is the salt accumulation that takes place both in the
maturation period of initially not water saturated
clay, and in the heating period when temperature gra-
dients still prevail in the canister-embedding clay.
The gradient is highest in VDH and lowest in KBS3,
while it is maintained for a much longer period of
time in KBS3. VLH may represent optimum in this
respect.

Stress effects

The criterion of mechanical protection of the can-
isters requires that they should be effectively sup-
ported by the clay in order to remain in approximate-
ly the original positions. Also, it is required that
the clay must not induce significantly non-uniform
pressure or tension, and that it should provide a
suitable chemical environment. Finally, the rheo-
logical properties of the clay should not be changed
to yield a significantly stiffer behavior since this
may generate critical stresses in the canisters at
tectonically induced shearing.

VDH does not offer the required properties since the
clay may be redistributed and yield locally higher
and lower density than average. This may lead to
load transfer to the canisters and uncontrolled
displacement and pressurizing of the canisters.

KBS3 has the disadvantage of upward movement of the
upper part of the dense clay in the deposition holes.
This generates tension stresses in the canisters
which are firmly held by the clay in the lower part
of the holes. This effect can be strongly reduced by
deepening the holes by about 3 m and by applying more
effective compaction of the tunnel backfill than the
presently intended method of layerwise compaction and
blowing in soft backfill. Depending on the density of
the buffer and backfills, the canisters may be raised
by a few millimeters early after application followed
by some minor settlement in a very long time perspec-
tive (59).

VLH is not expected to cause much canister displace-
ment although this matter has not been sufficiently
well considered.

4.2.3.4 Application of canisters and clay components from a
practical point of view

All three concepts are concluded to be technically
feasible although none of them has been tested on a
full scale. Major differences of practical importance
concern the need for drainage in the application phase
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and the handling of the canisters and clay materials
as well as the preparation of the latter.

VDH implies remote handling of materials at very
large depths for which no definite technical solution
is at hand. The concept has the advantage of not re-
quiring preparation of very large clay blecks or
blocks with a high initial degree of water satura-
tion.

For KBS3 it is expected that some and possibly most
of the deposition holes need to be sealed by grouting
at least in their uppermost part. This concept does
not require any advanced technology for application
of clay blocks and canisters, or for preparing large
blocks

VLH requires advanced technique for transporting clay
blocks and canisters over long distances in narrow
space. The risk of getting stuck is almost as great
as in the VDH concept. There seems to be a need for
preparation of large blocks with a high initial de-
gree of water saturation, for which special technique
is required. The practical difficulties can possibly
be reduced by using small blocks and insertion of
prepared units of clay/canisters confined by perfo-
rated metal containers but this requires further
study.
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COMMENTS

The present functional analysis can be used as a
basis for identifying major factors of the respective
concept that have an impact on the barrier function
of the rock nearfield and the canister-embedding clay
with special respect to time-dependent changes. Such
factors are specified below:

Rock

VDH: * The high stresses in the deployment
zone will probably cause rock fall
even if improved drilling muds are
used and this yields larger diameter
ard space to be filled up by the clay,
leading to heterogeneity and low clay
density and hence to poor sealing.
Some trouble of this sort may also
appear in the plugging zone. "Excep-
tional conditions" will cause delayed
wall failure resulting in very per-
vious nearfield rock in the deployment
zone that offers easy passage to esca-
ped radionuclides

Tectonically induced shearing will
affect a significant and unpredictable
amount of canisters unless self-sup-
porting canister sets are used.

KBS3: * Tunnel blasting creates a major conduc-
tive zone especially in the floor in
which the upper parts of the deposi-
tion holes are located. With time the
conductivity will tend to increase,
offering successively less resistance
to radionuclide escape. This effect
can be effectively counteracted by
deepening the deposition holes by a
few meters. The rock surrounding the
holes will be very little disturbed by
the excavation and will stay intact
except in the uppermost part of the
original concept

Tectonically induced shear strain will
not damage canisters even under "ex-
ceptional conditions".

VLH: * The rock will be very little disturbed
by the excavation and stay largely
intact. "Exceptional conditions" will
cause significantly enhanced hydraulic
conductivity of the nearfield and a
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reduced resistance to radionuclide
escape

Tectonically induced shear will hardly
cause any damage to canisters even
under "exceptional conditions11

Clay
barriers

VDH: * Special technique may yield acceptable
density of the canister-embedding clay
in the deployment zone but heterogene-
ities are expected. High temperature
and access to much potassium will
cause degradation and poor isolation
rather early. The clay in the plugged
zone, which will undergo less degra-
dation than in KBS3 and VLH, will pro-
vide good isolation even under
"exceptional conditions"

KBS3: * Tunnel backfills will early undergo
large changes in smectite content, by
which they loose their ability to
retard the escape of radionuclides and
give unsufficient support of the tun-
nel roofs, except if they are very
dense and rich in smectite content

Starting with unsaturated blocks of Na
bentonite in the deposition holes,
saturation associated with salt accu-
mulation takes place in conjunction
with quick exchange to Ca but with
practically no change in physical pro-
perties. The salt accumulation can be
minimized by applying the blocks in
saturated form

The relatively low temperature will
leave a major part of the clay intact
for hundreds of thousands of years
even under "exceptional conditions11.
Cementation will occur to an unknown
but probably very moderate extent.

VLH: * The bentonite blocks have to be water
saturated from start to give them
sufficient thermal properties but the
clay temperature will still be high
and yield more cementation than in
KBS3. "Exceptional conditions" will
not cause significant degradation of
the clay
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Recommendations for safe assessment of acceptable
long-term function of the concepts

Although it is estimated that all the concepts will
provide reasonably effective isolation of the highly
radioactive waste more accurate assessment is
required for which the following issues are of
major and general importance:

* The impact of cementation on the rheological
behavior of smectite clay should be studied
experimentally and an accurate chemical
model derived for the cementation process

* The impact of drilling of large holes on
the conductivity of the most shallow rock.
It should be studied experimentally

* Sealing of large-diameter holes by use of
super-megapacker technique that has to be
further developed and tested in the field

* Effective backfilling by on-site compaction
or use of bentonite/ballast blocks needs
technique development and field testing

* Documentation of models that have been and
are being developed for predicting physical
and physico-chemical processes in the buf-
fers, in particular:

The water saturation process in
differently structured rock with salt
groundwater - "salt accumulation"

The thermomechanical behavior of the
rock/clay/canister system - "pore
pressure, strain"

The relative displacement of canister
and clay in deposition holes - "canis-
ter settlement"
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