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ABSTRACT

Comprehensive field investigations at the Finnsjön study site

have revealed a subhorizontal fracture zone, termed Zone 2,

that exhibits anomalous characteristics in terms of high

hydraulic conductivity, governing the groundwater transport

pattern on a regional scale. The present study provides an

assessment of the mechanical characteristics of Zone 2. Thus,

estimates of the deformational characteristics of the zone,

based on available borehole information, show that the zone

forms a diffuse and rather moderate mechanical contrast to

the surrounding bedrock. As also verified by stress measure-

ment results, major stress anomalies attributable to the zone

are therefore not to be expected. Bound estimates of stress

conditions during periods of glaciation and deglaciation are

also derived, and possible impacts of these loadings on the

fracture zone are discussed. It is concluded that glaciation

represents stable conditions, whilst the complex loading

mechanisms encountered during deglaciation may trigger re-

activation of structures at shallow depth. Taking the above

results as an example, implications cf a feature like Zone 2

on the integrity of a hypothetical repository are discussed

in more general terms. Considering the likely spatial exten-

sion of the mechanical disturbances related to the repository

excavations and the fracture zone respectively, it is sug-

gested that a mutual distance of the order of one hundred

metres is sufficient to avoid mechanical interaction.



SUMMARY

In recent years, the potential impact of gently dipping frac-

ture zones on repository performance has drawn increasing

attention. This is because data now available indicate that

such zones may be more frequent, and more conductive to

water, than previously thought. These indications are

strongly supported by results gained from investigations at

the Finnsjön site in east-central Sweden, a region dominated

by early precambrian foliated granitoids. At this site, a

number of large-scale fracture zones have been identified and

characterized. A subhorizontal fracture zone at about 200 m

depth, referred to as Zone 2, has been found to exhibit ano-

malous characteristics in terms of high hydraulic conduc-

tivity, governing the groundwater transport patterns on a

regional scale.

The present study intends to provide complementary informa-

tion on certain geomechanical aspects related to Zone 2, that

may have implications with respect to its hydrogeological

characteristics. Estimates are provided for the site specific

A, stress conditions, and for the deformational characteristics

of the fracture zone. These estimates forms the basis for

discussing the mechanical behaviour of the zone from a con-

ceptual viewpoint, and also for addressing the more general

question of potential interaction between a feature like Zone

2 and a hypothetical repository. Mechanical conditions during

periods of glaciation and deglaciation are also discussed.

The overall conceptual appreciation of Zone 2 as a mechanical

system component, is that it forms an integrated part of the

rock mass, rather than a discrete feature. In fact, distingu-

ishing a lower boundary of the zone finds no support in the

data available. The zone is characterized by mechanical

properties that differs moderately from those of the sur-

rounding rock mass. Results obtained using several methods to

estimate the in-situ deformation modulus of Zone 2 show



values that fall roughly in the interval 20-50% of the values

for the rock mass outside the zone.

Given the current stress field as determined by measurements

at Finnsjön, it is not likely that Zone 2 creates any major

stress anomaly on a larger scale. This is a consequence of

its mechanically diffuse nature and the lack of sharp con-

trast in deformational characteristics with respect to the

neighbouring bedrock. A further conclusion related to the

current stress conditions is that the stress anisotropy found

can not contribute much in explaining the very high water

transmissivity recorded within the zone.

Stress anomalies in the proximity of fracture zones are of

concern also with respect to selecting criteria for the mini-

mum distance between fracture zones and repository excava-

tions. A brief survey of the forms of mechanical disturbances

to be expected from the relatively small excavations being

considered, shows that these are confined to the excavation

near-field. Thus, to avoid mechanical interaction between a

fracture zone like Zone 2 - inducing only very local disturb-

ances of the stress field - and an hypothetical repository

excavation, it is suggested that a minimum distance of about

100 m would be sufficient. The other mechanical perturbation

imposed by a repjsitory is the thermomechanical stress field.

This will develop successively over a long period of time

(thousands of years) and ultimately involve a very large rock

volume. Interaction with large-scale features like fracture

zones will therefore inevitably occur. The current under-

standing, also supported by this study, is that interaction

will not be significant with respect to repository integrity,

but more work in this area would be recommended.

Stress changes imposed by glaciation represent the most sig-

nificant source of natural change in mechanical loading con-

ditions that may be expected during repository lifetime. ,

Estimates of stress conditions during periods of glaciation



and deglaciation have therefore been derived, to evaluate

possible impact on structures like Zone 2. Vertical stress

can be estimated with some confidence, and stress magnitudes

are simply proportional to the thickness of the overlying ice

sheet. Horizontal stresses are more difficult to predict, be-

cause there are uncertainties as to the generating mecha-

nisms. Estimates of horizontal stress at depth of 250 m

(corresponding to Zone 2) spans the approximate interval 20-

35 MPa. The upper bound estimate assumes development of hori-

zontal creep deformations during glaciation, as a consequence

of the excessive vertical stress. Stress conditions during

glaciation correspond to increased confinement in all direc-

tions, which interlocks structures thus prohibiting shear

movements. Glaciation periods are therefore characterized by

stable conditions.

In contrast to glaciation, deglaciation periods are charac-

terized by a complex and rapid sequence of stress changes. A

number of more or less quantifyable loading mechanisms can be

identified, including:

- Rapid unloading of vertical stress. This occurs concur-

rently with decrease of ice sheet thickness.

- Unloading of induced horizontal stress. This process is

not well understood and may involve creep effects, that

would imply periods of large stress anisotropy which

translates into large shear stresses.

Local stress concentrations near retreating ice margins.

Excessive pore water pressures in discontinuities. This

can result from meltwater beneath the ice or in ice lakes

and fractures, being hydraulically interconnected to the

bedrock groundwater.



It is conceivable that the complex interaction of these load-

ings triggers reactivation and permanent changes of struc-

tures at shallow depth (such as Zone 2). Modes of deformation

that can be envisaged include:

- Opening-up of gently dipping fractures due to drastically

decreased normal (vertical) stress, possibly assisted by

excessive water pressures.

- Shear displacements initiated by increased deviatoric

stresses and possibly assisted by excessive water pressures.

Reactivation of subhorizontal, extension-type fractures

commonly referred to as sheet-fractures.

It is thus concluded that deglaciation periods are critical

with regard to the mechanical and hydraulic characteristics

of Zone 2, as observed today, and with regard to potential

changes during repository lifetime. Further research, aimed

at quantifying loading mechanisms involved as well as rock

mass response would be recommended.
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1 INTRODUCTION

1.1 Background

Excluding rock masses accessed by excavations, the Finnsjön

site in east-central Sweden probably hosts one of the most

comprehensively investigated rock masses in the world. Sur-

face- and subsurface investigations at the site was initiated

more than ten years ago, as part of a study site investiga-

tion programme aimed at demonstrating the feasibility of sel-

ected Swedish crystalline rock formations as host media for

HLW (high level waste) disposal. Later, the Finnsjön study

site, composed of a 1.8 Ga old foliated granodiorite has been

utilized for more fundamental research in geology, hydro-

geology, geochemistry and geophysics, all with reference to

nuclear waste disposal.

One of the research objectives has been to quantify relevant

characteristics of major fracture zones, of which a number

have been identified and investigated at Finnsjön. Interest

has successively been focused on a subhorizontal fracture

zone at about 200 m depth, referred to as Zone 2. Results

„ from geohydrological and geochemical investigations have

;! shown that this particular zone posseses anomalous character-

istics in terms of high hydraulic conductivity of certain

sub-structures within the zone. This exerts a governing in-

fluence on site hydrogeology on a regional scale, and it app-

ears that the zone constitutes the interface between mobile,

non-saline groundwater above it, and stagnant saline water

below it.

Interest for the role of subhorizontal fracture zones has

been further enhanced by results from other investigations,

indicating that they may be more frequent than previously

believed, and that the unexpectedly high permeability may not

be a peculiarity of Zone 2, but perhaps a typical character-

istic of gently dipping zones. In conclusion, subhorizontal

fracture zones are important - potentially favourable - fea-



tures to consider in the process of repository site selection

and performance evaluation.

1.2

The present study addresses the geomechanical characteristics

of Zone 2. On the basis of the site-specific geomechanical

information available on Zone 2, factors and processes that

have relevance, directly or indirectly, with respect to re-

pository siting and performance are also discussed in more

general terms. More specifically, the questions that emerged

during the process of work definition, and found relevant to

consider were:

(1) On the basis of available data - can the large-scale

mechanical characteristics of the zone be quantified/

estimated, especially in relation to the host rock?

(2) What are the current rock stress conditions within the

volume of rock investigated?

(3) Given estimates of boundary stress conditions and me-

chanical properties, what are the mechanical system im-

pacts of Zone 2?

(4) What conclusions can then be drawn as regards desirable,

minimum distances between such a zone and a hypothetical

repository?

(5) Glaciation can significantly alter rock stress con-

ditions during repository lifetime. What estimates can

be given of stress conditions during the periods of

glaciation and deglaciation, and, what may be the re-

sponse of Zone 2 to these loadings?

(6) Certain horizons of the zone exhibit very high hydraulic

conductivity, as compared to the normal range of values



for otherwise similar fracture zones. e there explan-

ations for this in terms of current st.ess field, or

stress conditions experienced by these structures during

late glaciations?

It has been attempted to penetrate these questions in a

systematic manner. Geomechanical behaviour of large rock mas-

ses is inherently complex. Comprehensive analysis of the

problems outlined above would therefore demand thorough para-

meter quantification and application of elaborate theories

and models. This has however not been within the scope of the

present study. The work has instead aimed at developing a

conceptual but still correct understanding of the parameters

and processes discussed.

Consequently, the report is neither meant to provide any de-

tailed, quantitative analysis results, nor any far-reaching

interpretations. It _is meant to be a worthwhile contribution

in terms of bracketing parameters of concern and developing a

principally correct understanding of the mechanics involved.



2 THE FINNSJÖN STUDY SITE AND ZONE 2

The Finnsjön study site is located in northern Uppland, cen-

tral Sweden, Fig. 2.1. The geology and hydrogeology of the

bedrock was investigated during the years 1977-1982 within

the site selection studies for a repository for spent nuclear

fuel, (Olkiewicz et al., 1979; Carlsson et al,, 1980;

Carlsson and Gidlund, 1983). Later, in 1985, a second phase

was initiated, focusing on detailed investigation of the sub-

horizontal fracture zone, (Zone 2). Below is summarized the

current geoscientific knowledge of the Finnsjön study site

and fracture zone 2.

REGIONAL AREA

SEMI-REGIONAL AREA

Figure 2.1. Location of the Finnsjön study site. After Ahlbom

and Tirén (1989).
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The Finnsjön study site is situated within a 50 km shear

lens, which is a part of a regional, c. 20-30 km wide, WNW

trending shear belt that was developed 1,600 - 1,800 million

years ago, (Ahlbom and Tirén, 1989). The Finnsjön rock block,

bounded by regional and semi-regional fracture zones, consti-

tutes the main part of the Finnsjön site. The ground surface

area of the block is 5.6 km2. Within the Finnsjön area the

predominant rock is a greyish, medium-grained and foliated

granodiorite. Minor amounts of pegmatite, metabasite and

aplite also occur. The present mineralogy of the granodiorite

is the result of metamorphic reactions ca. 1.83 Ga ago.

Figure 2.2 shows a map of the fracture zones and drilled

boreholes within the area.

Fracture zone 2 is found in the northern part of the Finnsjön

rock block within an area of approx. 500x500 m, and has been

drilled through and examined by 8 boreholes. The zone is ap-

proximately 100 m wide and strikes northwest with a dip of

16° towards SW. The upper boundary of the zone is extremely

planar and is located in the drillholes between 100 to 240 m

below ground surface. The location of the lower boundary.is

not distinct and therefore somewhat uncertain. Fracture zone

2 is interpreted to occur in borehole KFI07 at a depth of 295

m, Fig. 2.3. However, at this location the zone can not be

followed as a continuous plane. Instead faulting on later

formed and steeply dipping fracture zones appears to have

displaced zone 2.

Zone 2 was formed as a some hundred metres wide ductile shear

zone at a depth of 10-15 km. The granodioritic bedrock above

the zone is relatively unfractured and unaltered, while the

rock below the zone contains inliners of fault rocks and is

generally characterized by a higher degree of fracturing. The

fracture frequency within the zone is relatively low, on

average 5 fr/m, a value only slightly larger than in the

country rock. In contrast, however, the frequency of sealed

fractures is greater in most parts of the zone, with infill-

ings mostly of hydrothermal origin.



GENERALIZED FRACTURE ZONE MAP, RNNSJON ROCK BLOCK

ZONES
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Figure 2.2. Map of fracture zones and boreholes in the

Brändan area. After Ahlbom and Tirén (1991)



A large number of hydraulic tests have been conducted to

characterize Zone 2 and its near vicinity. In general,

single-hole injection tests showed a decrease in hydraulic

conductivity with depth for the rock above zone 2. This de-

crease is, however, interrupted by zone 2 where the hydraulic

conductivity is increased by one to four orders of magnitude

(Ahlbom and Smellie, 1989). Further testing showed that the

high conductivities could be correlated to a few very narrow

sections in the boreholes. The uppermost of these zones coin-

cides with the upper boundary of Zone 2. Towards the lower

boundary of the zone several alternating thin horizons of

very high conductivity are found. The hydraulic conductivity

as function of depth is shown in Fig. 2.4. An interesting

feature of fracture zone 2 is that its upper boundary is also

a boundary between fresh, non-saline groundwater (above) and

stagnant saline water (below).

wsw
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Figure 2.3. Vertical section of Zone 2. After Ahlbom and

Tirén (1991).
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3 ROCK STRESS CONDITIONS

3.1 Time scale

The in-situ stresses constitute the boundary loadings to the

system under study. We need to consider not only the present

stress field, but also past and (if possible) future varia-

tions thereoff, induced by geological- and climate changes.

Of special interest in this context is effects related to

glaciation. The reasons are that i) it can be shown that

glaciation/deglaciation have considerable impact on the state

of stress, ii) loadings related to glaciation may have in-

fluenced the current mechanics of the rock mass, and iii)

glaciation is likely to occur within repository lifetime, and

hence a repository will be subjected to similar loading

patterns.

Thus, we can view stress conditions with reference to three

different time scales:

The current state of stress. This can be established with

some confidence on the basis of existing knowledge on

stress conditions in Swedish bedrock in general, together

with site specific stress measurement data.

Stress variations over a, in geological terms, "short-

term" perspective (say 50.000 years). This includes load-

ings related to the process of glaciation and deglaciation.

Geologically "long-term" stress history. This refers to

the many and complex processes of geological evolution

that are too "slow" to have any significance during re-

pository lifetime. It includes conditions of temperature

and pressure which are completely different from todays.

This perspective is not considered here.
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3.2 Present stress conditions

Rock stress measurements by means of hydraulic fracturing

were conducted in 1987 at the Finnsjön study site (Bjarnason

and Stephansson, 1988). The measurements were carried out in

borehole KFI06, Figs. 2.2 - 2.3. A total of 14 successful hy-

draulic fracturing tests were obtained, spread out from sur-

face down to 500 m depth. By application of the hydraulic

fracturing technique the maximum and minimum horizontal

stresses (o"hl and cr. _) are determined.

The evaluated measurement results reveal thrust fault con-

ditions from surface down to approximately 500 m, below which

strike-slip fault conditions are indicated. Linear regression

analysis of the minimum horizontal stress, o\ above and

below Zone 2 respectively indicate a slight stress discontin-

uity associated with the fracture zone. It should be pointed

out, however, that no evidence exist for such an interpre-

tation.

The measured stress magnitudes as a function of depth are

shown in Fig. 3.1, including linear regression analysis of

both the minimum and maximum horizontal stress. In the linear

regression analysis for cr.- the existence of any stress dis-

continuity has been ignored. Added in the figure is also the

theoretical vertical stress, cr corresponding to the weight

of the overlying rock.

Although the hydraulic fracturing technique is two-

dimensional allowing only the stresses in the plane perpen-

dicular to the borehole to be determined, some few measure-

ments sometimes results in transverse (horizontal) fractures.

In the case of a vertical borehole such as KFI06, a trans-

verse fracture then permits the determination of the vertical

stress. The measurements in borehole KFI06 gave three such

fractures. The agreement with the theoretical vertical stress

is very good, the maximum difference being as low as 5%.
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STRESS [MPal
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o.
tu
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Fig. 3.1. Measured stress magnitudes versus depth, Finnsjön

study site. After Bjarnason and Stephansson (1988) .

The orientation of the maximum horizontal stress has been

determined to N48°W ± 11°, Fig. 3.2. This orientation is al-

most parallel to the strike of the oldest set of joints and

nearly perpendicular to the youngest and most frequent set of

joints.

The stress data from Finnsjön should be compared to the bank

of general background data from Fennoscandia. The Fenno-

scandian Rock Stress Data Base (FRSDB) which was compiled in

1986 contains about 500 entries from more than 100 sites in

Fennoscandia, (Stephansson et al., 1987). Based on the hy-

draulic fracturing data contained in the FRSDB at the time of

release, regression analyses gave the following:

= 2'8 ° ' 0 3 9 9 z

FRSDB

a. = 2 . 2 + 0 . 0 2 4 0 z (MPa)

where z denotes depth in metres.
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A corresponding exercise for the Finnsjön data gave the fol-

lowing:

= 2.4 + 0.0412 2 (MPa)

°h2 = 2-6 + °-0237 z (MPa)

Finnsjön

Calculating the average horizontal stress, <ru at Finnsjön
n

yields:
cr. + a.

o- = -D± il£ = 2.5 + 0.0325 • z
H 2

From the above figures it can be seen that the data from

Finnsjön are in close agreement with the average trend in

Fennoscandia.

w-

\
Maximum
horizontal
stress (average)

Figure 3.2. Orientation of the maximum horizontal stress at

Finnsjön study site.

For the orientation of the maximum horizontal stress one can

notice that the obtained orientation at Finnsjön agrees with

the observed, though with a large variability, NW-SE trend

that has been found for Scandinavia, (Stephansson and

Ljunggren, 1988; Muller et al., 1990).
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In summary, the following can be concluded as regards the

present stress conditions at Finnsjön:

- Rock stresses are as would expected in Swedish bedrock,

both in terms of magnitudes and directions. Assuming ±20%

as a conservative estimate of the uncertainty in the

experimental data as represented by the regression lines

in Fig. 3.1, we arrive at stress estimates for the Finn-

sjön site as given Fig. 3.3. The number ±20% as a measure

of uncertainty is based less on the data as such, and more

on general experience. We can, however, with reasonable

confidence state that the stress conditions at the site,

excluding very local stress variations affecting individ-

ual data points, are covered by the intervals given in

Fig. 3.3.

- At depths corresponding to Zone 2, stress magnitudes are

in the range 5 - 1 7 MPa. Measurements reveal no evidences

of major stress disturbances associated with Zone 2.

Results from the few points contained within Zone 2 are in

agreement with the general trend of increasing magnitudes

with depth.
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STRESS iMPol

10 15 20 25 30

600- hl

Figure 3.3. Upper and lower bound estimates for the current

horizontal stress field at the Finnsjön study

site. The vertical stress is assumed to be equal

to the lithostatic pressure.

3.3 Glaciation

It is clear that glaciation periods reflects into large and

relatively rapid changes in ground stress conditions. Loading

mechanisms that can be envisaged are many and complex. They

include elastic, gravitational compression and viscoelastic

stress generation, as well as bending effects in connection

with surpression and rebound. Quantitative estimates of

stress perturbations associated with glaciations have been

presented (e.g Lee and Asmis, 1979; Asmis and Lee, 1984) but

results available are neither complete, nor very precise.

Major uncertainties remain, especially with regard to stress

conditions during deglaciation periods.
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Here, we attempt to provide very crude estimates of the

stress changes associated with some of these loading mecha-

nisms, whilst others that are felt to be of lesser concern

are neglected. We also neglect that repeated glaciations, ice

retreats and re-advances icay have caused accumulated effects.

The most obvious effect of a glaciation is an increase of the

vertical stress due to the weight of the ice sheet, and hence

proportional to the ice thickness. The increase is approxi-

mately 10 MPa per km ice thickness, and a maximum extra ver-

tical load of the order of 30 MPa may therefore be assumed.

Since the rock mass is confined in the horizontal direction,

additional horizontal stresses are induced by the extra ver-

tical gravity load caused by the ice sheet.

The horizontal stresses acting during a period of glaciation

are more difficult to estimate, because of the influence of

other components than purely gravitational loading. A lower

bound estimate of the horizontal stress field can be obtained

by assuming linear elastic conditions and zero lateral (hori-

zontal) displacement. Then, the induced horizontal stress is

given by:

= K

For typical values of Poisson's ratio (0.2 - 0.3), K assumes

values of 0.25 - 0.40. To obtain the total horizontal stress,

the component induced by glaciation should be superimposed to

the preexisting stress field. The latter is taken to be iden-

tical to the horizontal stress as measured today, c.f Fig. 3.3.

This follows from the assumption of elasticity, which pre-

cludes the existence of remnant stress. Todays excess of hor-

izontal stress must therefore be attributed to global scale

tectonic processes (plate tectonics) not related to glaciation.

Superimposing the so calculated glacially induced -and tec-

tonic horizontal stress components yields the result shown in

Fig. 3.4 «r H m i n).
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Under persistent anisotropic (but still elastic) conditions

in the rock mass, the horizontal stresses induced by gravity

alone can be larger than as given by Eq. (1). Such conditions

are however not found at the Finnsjön site.

To obtain an upper bound estimate of the horizontal stress

field, we consider possible inelastic effects. Several

authors, e.g. Voight and St.Pierre (1974) have discussed the

possibility of todays excess horizontal stresses being rem-

nants of originally gravity-induced stresses that have been

preserved through creep processes. This hypothesis assumes

that the rock mass cannot tolerate high deviatoric stresses.

Sustained vertical load from an ice sheet (or sediments) will

then initiate deformations that, at least on a very large

scale, can be considered as creep phenomena. The creep defor-

mations will tend to even out the stress anisotropy. In our

case this means that higher horizontal stresses, higher than

for the elastic case, are generated. When the vertical load

is removed through processes of erosion or deglaciation, a

corresponding reduction in vertical stress occurs. The creep-

induced horizontal stresses, however will partly be "frozen

in" and remain after the removal of the vertical load. Relief

of these stresses again require creep deformations. This

theory could explain the existing horizontal stress field as

complex remnants from previous glaciation periods.

Theoretically, such a creep process can proceed until hydro-

static conditions are approached, i.e a one-to-one ratio be-

tween the vertical and horizontal stresses is established.

Although this is not a very realistic situation, it provides

an upper bound estimate of the horizontal stress field during

a glaciation period. This result, again for the assumption of

a 3 km thick ice sheet is shown in Fig. 3.4 (cr ).

In summary then, Figure 3.4 shows the estimated vertical

stress, and the two bounding estimates for the horizontal

stress field during a period of glaciation. The bound esti-

mates for the horizontal stress field are obtained by as-
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suraing i) purely elastic conditions, and ii) hydrostatic con-

ditions resulting from creep processes. The vertical stress

is assumed to be equal to the lithostatic loading from the

rock and the overlying ice sheet.

STRESS IMPQ]

10 20 30 40 50 60
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x
»-
a.
tu
o
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Figure 3.4. Stress estimates for the Finnsjön site during a

period of glaciation. 0" a and 0"H_.:n denotes

upper -and lower bound estimates of the horizon-

tal stresses respectively, and a is the vertical

stress (thickness of ice sheer is 3 km, Poisson's

ratio of the rock is 0.2). Dashed curve indicate

the current vertical stress.

3.4 Deglaciation

Deglaciation will result in a reduction of vertical stress,

proportional to the decrease of the ice thickness. It can be

concluded from the existing bank of rock stress data that

this reduction occurred concurrently with ice melting (no

creep effects in the vertical direction); If not, we should

expect to now measure a remnant of excess vertical stress.
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However, data at large, from Scandinavia and elsewhere, indi-

cate no such effects but show good agreement with current

overburden loads.

As discussed in the previous section, the rate and nature of

horizontal destressing accompanying deglaciation may be more

complicated, and depend on the stress generating mechanisms

operating during a glaciation period. If the horizontal de-

stressing is delayed or prohibited, as postulated by the

creep-hypothesis, the deglaciation would become a period of

critical stress conditions; The very rapid vertical unload-

ing, horizontal stresses remaining partly unrelieved implies

large deviatoric (shear) stresses. Possible implications of

this will be discussed later.

The above comments refer to stress effects that occur on a

large scale as a consequence of deglaciation. In addition to

that, the bedrock will undergoe a complex sequence of more

local stress changes at and near the retreating ice front.

Figure 3.5 illustrates this schematically, for the hypotheti-

cal case of linear elastic rock and an ice front, shaped as a

truncated wedge. It can be seen that the stresses under the

ice sheet are compressive in all directions, as would be ex-

pected. At and outside the front, the horizontal stresses

near the surface become tensile. For an ice sheet with a

thickness of 1000 m, the tensile zone extends to depths of

about 1200 m, and laterally far outside the position of the

front itself. The tension zone is a consequence of the down-

ward movement of the surface below the ice, which introduces

a bending deformation at and outside the edge. The illustra-

tion shows local stresses and deformations caused by the ice

only. To obtain the total stress field, the prevailing tec-

tonic stress field should be superimposed. For conditions

such as those found at Finnsjön, this means adding compres-

sive, horizontal stresses. This would reduce the zone being

in tension, and may balance out the tensile component com-

pletely (i.e. all parts of the rock mass would be loaded in

compression).
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Figure 3.5. Schematic illustration of loading conditions at

the edge of a retreating ice sheet.

3.5 Pore-vater pressure during glaciation and deglaciation

During periods when the bed surface of an ice sheet is

melted, there is potential for significant alterations of the

hydrostatic head in the bedrock. This is due to hydraulic

communication between the bedrock ground water and pressur-

ized water below the ice sheet, or ice lakes near margins.

The phenomenon has been thoroughly discussed by Koerner

(1984). There appears to be significant uncertainty as to

both nature and magnitudes of these pressure changes.

In their mathematical modelling of glaciation, Rosengren and

Stephansson (1990) considered the extreme case of an ice lake

3 km above ground surface, and hydraulic communication,

through fractures in the ice, between the lake and conductive

structures in the underlying rock. This implies a pore water

pressure increase of approximately 30 MPa, and a corre-

sponding reduction of the effective normal stress across the
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discontinuities involved. Such a large reduction of normal

stress would dramatically decrease the shear resistance of

the discontinuities, resulting in relief of shear stresses.

Even much smaller pressure magnitudes may affect bedrock

stability.

Pusch et al. (1990) and Talbot (1990) discuss a somewhat dif-

ferent effect, resulting from the same kind of over-pressuri-

zation but related to retreat of an ice front. This is illu-

strated in Fig. 3.6; Meltwater overpressure near a retreating

ice front access the bedrock through activated, steeply dip-

ping fracture systems. If the superficial bedrock at and be-

yond the ice front is adfrozen so preventing leakage up to

the free surface, the overpressure could be further communi-

cated along subhorizontal fractures before being discharged

upwards. This, in turn, would create vertical uplift forces

that could extend over significant areas outside the ice

front. Pusch et al. (1990) suggest that this mechanism is re-

sponsible for the transport of glacial sediments into super-

ficial sheeting fractures. Such fracture fillings have been

found at several locations. The phenomena was documented and

analyzed in detail by Carlsson (1979) in connection with ex-

cavation work in the Forsraark area.

SEA LEVEL

Figure 3.6. Schematic picture of pressurization of a horizon-

tal fracture overlaid by adfrozen bedrock, from

Pusch et al. (1990).
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4 DEFORMATIONAL CHARACTERISTICS OF FRACTURE ZONE 2

4.1 General

From a fundamental mechanics point of view, rock materials

are discontinuous on all scales. Whether or not a continuum

approach is still valid in the analysis of a rock mechanics

problem depends to a large extent on the scale of the dis-

continuities involved. In the present case, we are primarily

interested in rock mass properties on a scale of hundreds of

metres. This means that the contributions of intact rock

matrix and smaller scale features such as joints can be

superimposed to arrive at meaningful values for bulk proper-

ties such as modulus of deformation. Input to these calcu-

lations must nevertheless be taken from very small scale data

available (borehole information). This implies that the com-

plex scale dependencies attached to joint properties roust be

considered in the process of estimating large scale charac-

teristics.

Assuming that the continuum approach applies on the scale of

interest, the rock mass deformability is described (although

not completely) by the modulus of deformation. The fact that

•v a jointed rock mass does not behave elastically has prompted

the use of the term modulus of deformation rather than modu-

lus of elasticity (Young's modulus). Due to the softening

effect of discontinuities on different scales, the rock mass

always has a lower deformation modulus (i.e. more deformable)

than intact specimens. Laboratory determinations on core

specimens from Finnsjön yielded an average Young's modulus of

E. = 82.5 GPa (Swan, 1977).

There are a number of methods available to estimate the modu-

lus of deformation of the rock mass, on the basis of borehole

information. To provide such estimates for Zone 2 at Finnsjön

and its surroundings, the following three methods have been

applied:
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- Empirical relationships between RQD (Rock Quality Desig-

nation) and the in-situ deformation modulus.

- Classification of the rock mass by use of the Q-system and

from the resulting ranking then estimate the in-situ defor-

mation modulus.

- Estimation of the in-situ deformation modulus based on JRC

(Joint Roughness Coefficient) and JCS (Joint Compressive

Strength).

In all cases, the attempts to estimate the deformation char-

acteristics were based on information from the core drilled

borehole KFI06, (Figs. 2.2 - 2.3). Besides using existing

logging data from this borehole, certain sections of the core

were re-surveyed for the present purpose. KFI06 is vertical

and has a diameter of 56 mm (core diameter 42 mm). It inter-

sects the upper boundary of Zone 2 at about 190 m and the

lower boundary at approximately 290 m.

4.2 RQD to estimate in-situ deformation modulus

The RQD index has been used for more than 30 years as a mea-

sure of the rock quality within a borehole. A secondary out-

come of the RQD was the empirical correlation of RQD with the

in-situ deformation modulus. Procedures for, and the justifi-

cation of using the RQD value to directly predict the in-situ

deformation modulus has been discussed in the literature

(Coon and Merritt, 1970; Bieniawski, 1978). As a first ap-

proximation, it can indicate the "region" of the in-situ

modulus.

The RQD-values for different depth intervals including hori-

zons of uniform rock quality are presented in Table 1.

Besides, an average RQD for Zone 2 is also shown in Table 1.
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Table 1. RQD-values determined on drill core from borehole

KFI06.

Depth

134 -

154 -

188 -

190 -

250 -

250 -

260 -

300 -

interval

(m)

151

190

209

290

275

282

270

350

RQD

(%)

99

99

92

84

69

72

66

98

Rock quality

excellent

excellent

excellent

good

fair

fair

fair

excellent

Comments

Above zone 2

Above zone 2

Below zone 2

The intervals 134 - 151 m, 154 -190 m and 300 - 350 m indi-

cated from a visual inspection a good rock quality, and have

been included in Tables 1 and 2 as references. The interval

190 - 290 m covers the entire Zone 2 when penetrated by bore-

hole KFI06. The other intervals in Tables 1 and 2 have been

chosen to illustrate the reduction in RQD as the interval is

concentrated around the section of intense fracturing.

By application of the empirical relationship (in graphical

form) by Coon and Merrit (1970) which includes crystalline

rocks such as granite and gneiss one obtains estimates on the

in-situ deformation modulus, E as presented in Table 2.

It should be pointed out that the above approach, using RQD,

does not consider that the deformation modulus of a rock mass

and especially a fracture zone is stress dependent. Nor is it

specified to apply for a certain normal stress. Since the

empirical relationship, however, was calibrated against in-

situ deformation modulus measurements using plate jack tests

one may assume a stress level of approximately 5 MPa.
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Table 2. Estimates of in-situ deformation modulus based on

RQD, drill core from KFI06, Finnsjön.

Depth

134 -

154 -

188 -

190 -

250 -

250 -

260 -

300 -

interval

(m)

151

190

209

290

275

282

270

350

RQD

(%)

99

99

92

84

69

72

66

98

Deformation modulus

Em' <GPa)

70

70

45

25

9

11

8

69

Percentage of E^

(%)

85

85

55

30

11

13

10

84

4.2 The Q-system to estimate in-situ deformation modulus

The Q-system was developed for the primary purpose of rock

mass classification for the design of tunnel support (Barton

et al., 1974). The quantitative assessment of the considered

geological parameters should be obtained from investigations

of excavated underground constructions (tunnel walls, roof,

etc.). The system, when first presented, had been calibrated

against more than 200 tunnel case records.

Later, some results have been reported where the Q-system was

used on drill cores for rock mass classification (Barton,

1976; Cameron-Clarke and Budavari, 1981). In the latter refer-

ence is concluded that "drill core data may be used with some

certainty to classify rock masses with Q values exceeding ap-

proximately 0.1". Based on this, an attempt has been made to

apply the Q-system on the KFI06 drill core to estimate the

in-situ deformation modulus.
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The six parameters in the Q-system to describe the rock mass

quality are combined in the following way:

0 = . i J0_
Jn Ja SRF

where

RQD = rock quality designation

Jn = joint set number

J = joint roughness number

J = joint alteration number

J = joint water reduction fa

SRF = stress reduction factor

The rock mass description and corresponding ratings for each

of the six parameters are given by Barton et al. (1974) . Two

of the parameters, J and J , should be relevant to that
r a

joint set which is considered to be weakest from a stability

point of view. In the case when using the Q-system to esti-

mate the deformation modulus such a consideration is not
relevant. J and J are instead assigned values representa-r a
tive for typical joints from (i) the subhorizontal joint set

and, (ii) the two subvertical joint sets. Thus, the former

Q-value should be used for estimating the deformation modulus

in the vertical direction, and the latter in the horizontal

direction.

To classify the rock mass with respect to the parameters in

the Q- system, three sections of the drill core from borehole

KFI06 were chosen; The section 188 m - 209 m which includes

the upper boundary of Zone 2, section 260 m - 270 m which in-

cludes the most intensed fractured part of Zone 2, and sec-

tion 134 m - 151 m which from a visual inspection indicated

very good rock mass quality and therefore was chosen as a

reference.

Tables 3 and 4 show the ranking of each parameter and the re-

sulting Q-value. The Joint Water Reduction Factor considers

the water leakage into an underground construction. For ob-
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vious reasons is it difficult to estimate that from a drill

core. However, from the measurements of the hydraulic conduc-

tivity it is known that high conductivity is restricted to

few and very narrow zones (Ahlbom et al., 1986; Tirén, 1991).

Intersecting one of the highly conductive horizons with a

thought excavation would undoubtly result in high water in-

flows. For the remainder of the studied sections, however,

fairly dry conditions would be expected. Given the purpose of

the calculation (to estimate the modulus of deformation for

the rock mass) and the fact that the water bearing horizons

represent a minor proportion of the sections, an averaging

procedure for obtaining the J -value would not be appro-

priate. Instead, the parameter was given a ranking of 1.0,

which corresponds to dry conditions or minor inflow.

Table 3. Ranking values for the Q-system parameters relevant

to the subhorizontal joint set.

Depth

interval

(m)

134 - 151

188 - 209

260 - 270

RQD

(%)

99

92

66

Jn

9

9

9

Jr

3

1.5

2

Ja

2

3

2

Jw

1

i-H

1

SRF

1

1

1

Q

16

5

7

Table 4. Ranking values for the Q-system parameters relevant

to the subvertical joint sets.

Depth

interval

(m)

134 - 151

188 - 209

260 - 270

RQD

(%)

99

92

66

Jn

9

9

9

J

2

2

2

r

.5

.5

.5

Ja

1.5

2

2

Jw

I-l

1

1

SRF

1

1

1

Q

18

13

9
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The parameter J = 9 corresponds to 3 major joints sets, and

the SRF = 1 is obtained from the stress situation at Finnsjön

and the strength of the intact rock material.

Bieniawski (1978) investigated the correlation between the

rock mass rating (RMR) of the Geomechanics Classification and

the in-situ rock mass deformation modulus determined by

large-scale methods such as plate bearing, tunnel relaxation,

flatjack and pressure chamber tests. As a result from this

investigation Bieniawski op. cit. suggested a simple numer-

ical relationship between the rock mass rating and the in-

situ deformation modulus. Later, Hoek and Brown (1980) sug-

gested that also the Q-system could be used for the purpose

of estimating the deformation modulus, using an approximate

relationship between the Q-system and the RMR derived by

Bieniawski. Barton (1983) presented an empirical relationship

between the in-situ deformation modulus and the Q-value

having the form:

= 25 log Q (3)

By inserting the calculated Q-values in Eq. (3) we obtain de-

formation modulus values as presented in Table 5.

Table 5. Q-values and deformation modulus based on information

from the drill core of borehole KFI06, Finnsjön.

Depth
interval

(m)

13-- -

18b -

26( -

151

209

270

subhorizontal joint set

Q Em
(GPa)

subvertical joint sets

Q Em
(GPa)

16

5

7

30

18

21

18

13

9

32

28

24

As is seen from Table 5 the difference between the estimated

deformation modulus for sections 134 m - 151 m and 260 m -
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270 m is fairly small. One might expect a larger difference.

The reason for the small difference is probably found in the

determination of J and J . These are the most difficult
IT di

parameters to assess accurately from a drill core.

As for the RQD approach in section 2.1 neither this one takes

into account that the deformation modulus is stress depend-

ent. However, since Bieniawski's (1978) numerical relation-

ship between the rock mass rating and the in-situ deformation

modulus is based on plate bearing tests etc, one can assume

the modulus values to be representative for a normal stress

on the order of 5 MPa.

4.4 JRC and JCS to estimate in-situ deformation modulus

As has been addressed previously the deformability of a frac-

ture zone is highly dependent of the joint stiffness which,

in turn, depends on the stress level. For the simplified case

illustrated in Fig. 4.1, the contributions from intact rock

blocks and joints can easily be added together to obtain the

system stiffness. The rock is assumed to be bedded or regu-

larly jointed, and loaded perpendicular to the joint/bedding

planes. By superimposing the deformability of the joints (ex-

pressed by the joint stiffness) and the intact rock (expres-

sed by E.) the resulting deformation modulus of the rock mass

is obtained (Barton, 1983):

VEi = "V E i = kn.s + Ei

where, E = deformation modulus of the rock massm
E. = deformation modulus of the intact rock

k = normal stiffness of individual joints
n
S = mean joint spacing
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Figure 4.1. Schematic of rock mass geometry and loading direc-

tion to express the deformation modulus as in Eq.

(4).

Further, based on a total of more than 60 rock joint tests,

Bandis et al. (1983) presented formulas that allowed the com-

plete stress-closure curve for a given joint to be predicted

if only the JRC and JCS values of the specific joint were

known. The initial aperture (a.) of a joint can then be de-

termined from the following empirical equation:

<0-2 (5)

where, a. = initial aperture (mm) at very low stress («lkPa)

a = uniaxial compressive strength of the rock

Having determined the initial aperture of the joint, the ini

tial joint normal stiffi

the following relation:

tial joint normal stiffness (k .) can then be obtained from

k . = -7.15 + 1.75-JRC + 0.02
ni (6)
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The maximum closure (V ) of the joint is then obtained by

combining the effects of JRC, JCS and a. on the maximum clo-

sure:

V m = A + B(JRC) + C ( ^ )
D (7)

A, B, C and D are constants which values for repeated normal

loading cycles were determined to:

A = -0,1032

B = -0.0074

C = 1.135

D = -0.251

Finally, to determine the joint normal stiffness (k ) at

various normal stress levels (a ) we have the following re-

lation:

Equation (8) is the derivate of the function suggested by

Bandis et al. (1983) to describe a hyperbolic variation of

joint closure with normal stress, and allows the normal

stiffness, k to be determined for any stress level, <r .

Thus, by determining the typical JRC and JCS values on the

joint of interest, and the uniaxial compressive strength of

the intact rock, Eqs. (5) - (8) can be solved. If the Young's

modulus of the intact rock (E.) and the mean joint spacing

(S) are known the deformation modulus of the rock mass can

then be solved for different stress levels, Eq. (4).

At the Finnsjön study site, mapping of outcrops has defined

three different joint sets (Ahlbom and Tirén, 1989) . Two

joint sets are steeply dipping and the third is gently

dipping. Hence, the assumptions needed for applying the above

method are not fully met.
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An attempt using Eqs. (4) - (8) has nevertheless been made to

estimate the possible ranges of values of the deformation

modulus. The mean joint spacing is determined in two ways;

(i) by taking into account only fractures having a dip be-

tween 0° - 25° from the horizontal, and (ii) by only con-

sidering fractures with a dip between 65° - 90° from the

horizontal. The former method should indicate the deformation

modulus under vertical loading, whereas the latter should in-

dicate the deformation modulus when subjected to horizontal

loading.

The JRC values were determined on typical joints within each

depth interval investigated and for each joint set. The para-

meter denoted S is the average joint spacing (vertical or

horizontal joints). In the absence of any reliable technique

to determine the JCS value a conservative approach was de-

cided, applying a lower bound JCS suggested by Barton and

Choubey (1977) being equal to 0.25«cr . Tables 6 and 7 below

include the input data used for the analyses.

Table 6. Input data for estimation of the vertical defor-

mation modulus using the JRC and JCS parameters.

Depth

interval

(m)

134 - 151

188 - 209

260 - 270

190 - 290

S

(horizontal fractures)

(m)

4.0

0.53

0.28

0.39

JRC

7

4

8
*

JCS

(MPa)

60

60

60

60

Assumed value
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Table 7. Input data for estimation of the horizontal defor-

mation modulus using the JRC and JCS parameters.

Depth

interval

(m)

134 - 151

188 - 209

260 - 270

S

(vertical fractures)

(m)

0.3

0.13

0.15

JRC

10

11

9

JCS

(MPa)

60

60

60

The uniaxial compressive strength, <r and the Young's modu-

lus, E. of the Finnsjön rock have been determined to 241 MPa

and 82.5 GPa, respectively (Swan, 1977). The mean joint spac-

ing in Tables 6 and 7 includes a correction factor to compen-

sate for the bias in the apparent joint spacing introduced by

the angle between the borehole and the joint plane.

Since the joint normal stiffness, k is indeed dependent on

the actual stress level (see Eq. (8)) the deformation modulus

is also a function of the normal stress. Tables 8 and 9

present the resulting deformation modulus for three different

normal stress levels, and the variation of the deformation

modulus as a function of the normal stress is shown in graph-

ical form in Fig. 4.2.

Table 8. The resulting vertical deformation modulus for

different normal stress levels.

Deformation modulus, EDepth

134 -

188 -

260 -

190 -

interval

(m)

151

209

270

290

De

a = 5 MPan

69

55

12

28

(GPa)

10 MPa a = 20 MPa

78 81

73 80

25 47

51 70
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Table 9. The resulting horizontal deformation modulus for

different normal stress levels.

Depth interval

(m)

Deformation modulus, E,

(GPa)

= 5 MPa crn = 10 MPa

m

= 2 0 MPa

134 - 151

188 - 209

260 - 270

19

9

11

36

19

25

59

39

49

By comparing the results in Tables 8 and 9, it can be seen

that the horizontal deformation modulus is less than the ver-

tical. This is due to, after correction for orientational

bias, a much higher fracture frequency for the subvertical

fractures compared to the subhorizontal. It is also caused by

the JRC value, which is higher for the subvertical joints. A

high JRC value decreases the deformation modulus.

o

1 t\

M
O

D
U

LU
S

z

ai
o

«4,

D
E

F
O

F

80

70

60

50

30

20

10

• 1 s'
1 /

f 1 1 1 1 1 1

134-151 m

188-209 m

260-270 m

I I I

8 12 16
NORMAL STRESS ( MPa)

20

Figure 4.2. The vertical deformation modulus as a function of

the normal stress.
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4.5 Summary

In Fig. 4.3 below the results from the three different ap-

proaches to evaluate the deformation modulus are shown. The

modulus values from the RQD- and Q system approaches have

been put in as discrete points at a normal stress of 5 MPa.

Figure 4.4 shows the results as function of depth, and is

only intended to give a feeling for the deformational charac-

teristics within and outside Zone 2. As normal stress levels

have been used those derived from the available rock stress

data, c.f. Fig. 3.1.
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Figure 4.3. Deformation modulus estimates as function of

normal stress.

The estimates given are crude, but still some important con-

clusions can be drawn: (i) as a lower bound estimate the rock

mass deformation modulus is not less than 15 GPa, (ii)

looking at the complete zone, the RQD- and the JRC & JCS
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methods indicate a deformation modulus of no less than 25 GPa

(30% of Young's modulus), (iii) for the reference section the

RQD- and the JRC & JCS approaches indicate a deformation mod-

ulus of 65 - 70 GPa (80% of Young's modulus), and (iv) the

results do not in any way contradict the existing bank of

large-scale field data, as obtained from various case

studies, (Bieniawski, 1978; Heuze, 1980) .
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Figure 4.4. Calculated rock mass modulus at Finnsjön study

site as function of depth. Summary of results

obtained with the three methods applied.
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5 MECHANICAL CONCEPTUALIZATION OF ZONE 2

The attempts to quantify the mechanical characteristics of

Zone 2, as presented in Chapter 4, were limited to estimates

of deformability as a bulk parameter. Shear properties

(stiffness and strength) were not considered. Empirical

methods verified in engineering practice would probably allow

fair estimates of shear characteristics of individual joints,

on the basis of the existing borehole data. It is not

believed, however, that those methods could be used with

reasonable confidence to assess the the shear characteristics

of the much larger feature referred to as Zone 2. This is be-

cause i) the scale dependency of these properties and ii) the

still poor understanding of how to represent Zone 2 concept-

ually. The results presented in chapter 4 can however assist

in developing a conceptual model of Zone 2 as a mechanical

system component.

As a general rule, the scale for which mechanical character-

istics are defined should comply with the scale of the prob-

lem considered. This rule is very relevant in the present

context. It implies that, depending on type of loading, we

may be interested in the characteristics of Zone 2 as whole,

or in the properties of individual discontinuities. To avoid

confusion we define:

- The local scale as the scale comparable to the dimensions

of single fractures, i.e. decimetres, metres or, at most,

tens of metres;

- The large scale as the scale comparable to the dimensions

of Zone 2, i.e. hundreds of metres;

- The regional scale as the scale comparable to the dimen-

sions of the site, i.e. kilometres or more.

As an example, we may imagine that the rock mass within Zone

2 was investigated for the purpose of engineering any con-
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ventional underground facility. One would then of course note

the differences in rock quality between the Zone 2 horizon

and the surroundings. However, conditions would not be con-

sidered extreme in any respect, and construction of openings

would be feasible using conventional methods. Special atten-

tion would be paid to the identified, narrow water bearing

horizons because they might affect local stability and would

definitely cause problems with water inflow. In this case, it

would thus not be appropriate to represent the zone as a

whole, because the features that matters are the individual

fractures/narrow sections.

However, even if viewed in the large scale, it appears that

Zone 2 should not be considered as a distinct feature, but

rather as a part of the continuous rock mass, exhibiting me-

chanical characteristics that are somewhat (but not dramatic-

ally) different from those of the surrounding rock mass. In

fact, distinguishing a lower boundary finds no support in the

data available. The feature of major concern is thus not

Zone 2 as a whole, but rather the narrow, hydraulically

"open" structures documented, especially at and near the

upper bound of Zone 2. Important parameters related to these

structures are:

- geometrical characteristics (dip, length, aperture)

ability to transfer normal loads (degree of mechanical

contact, normal stiffness, compressive- and tensile

strength)

- ability to transfer shear loads (shear strength -and stiff-

ness)

Some more general observations from the field investigations

should be recalled in this context:

- The majority (if not all) of the boreholes intersecting

Zone 2 shows a marked discontinuity with a width of a few
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centimeters, constituting the upper boundary. At this

horizon, intense fracturing typically occurred. Loose,

gravel-like material found and idiomorphic mineral aggre-

gates in cavities observed are other, strong indices of

this discontinuity being very open.

The upper part of Zone 2 governs the hydrology on the

regional scale. This also indicates the presence of open

discontinuities of large dimensions.

One could thus imagine one or a few, completely open struc-

tures of lateral dimensions hundreds of metres. This would

however create major disturbances in the vertical stress

field on the same scale - a situation which contradicts to

the stress measurement data as well as to general experience.

Furthermore, it is mechanically unrealistic, because the

overlying bedrock can not remain unsupported over large

areas. Mechanical coupling such that compressive normal loads

can be transferred across the discontinuity must therefore

exist. This coupling may be patchy and unevenly distributed

on the local scale or probably smaller, and cause stress ano-

malies on a similarly small scale.

Within Zone 2, and especially in the proximity of discrete,

open structures, high frequencies of filled and completely

healed fractures have been reported. Apart from contributing

to the decrease of overall rock mass stiffness, these frac-

tures are unlikely to affect the mechanics of the system to

any significant degree.

Figure 5.1 attempts to summarize the discussion above, and to

visualize the idea that has evolved of the mechanical charac-

teristics of Zone 2; The rock volume forms an integrated part

of the bedrock, but is characterized by stiffness -and

strength values that are moderately lower than for the sur-

rounding rock mass. Individual discontinuities, preferably

subhorizontal, of unknown but probably large extension are

also found, especially in the uppermost part of the zone.
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These discontinuities can transfer normal, compressive

forces, resulting in only local, if any, disturbances in the

vertical stress field. Their response to shear forces or un-

loading is much more difficult to predict.

Zone 2

100 m

Figure 5.1. Mechanical conceptualization of Zone 2.
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6 RESPONSE OF ZONE 2 TO DIFFERENT LOADINGS

In previous chapters, we have:

estimated the present stress conditions in the area, and

loadings imposed by glaciation processes

- attempted to quantify one of several mechanical parameters

that characterize the rock mass referred to as Zone 2

discussed the mechanics of Zone 2 from a conceptual view-

point.

Below, possible rock mass reactions to different load situ-

ations are discussed. The cases considered are the various

natural stress environments outlined in chapter 3, and also

possible interactions with loadings generated by construction

and operation of a hypothetical repository.

6.1 Present conditions

The current stress conditions at Finnsjön were summarized in

Fig. 3.3. The assumed conceptual model of Zone 2, and the

derived bulk estimates for its deformation modulus (Fig. 4.4)

indicate that large scale disturbances of the stress field

due to the overall lower stiffness of Zone 2 as compared to

its surroundings would be insignificant. As was discussed in

chapter 5, individual subhorizontal discontinuities may

affect the vertical stress field due to a bridging effect.

Figure 6.1 illustrates the principle, for a case of a uni-

axial stress field acting normal to a plane containing open

voids. This very simplified example shows that the redistri-

bution of vertical stress extends to a distance perpendicu-

larly out from the plane, similar to the long dimension of

the voids. It is reasonable to assume that contact conditions

of the major discontinuities within Zone 2 are nonuniform on

the local scale (or less), but not on the large scale. This

implies then, that the stress disturbances remain correspond-

ingly local. Due to the near-horizontal orientation of the
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structures, the interaction with the horizontal stress field

will theoretically be small, probably insignificant.

1 1 1 I I I 1 i i

t t t t t t t t t
Figure 6.1. Schematic illustration of stress flow across a

layer containing open voids. Loading is uniaxial

and perpendicular to the layer.

Given that the horizontal -and vertical stresses are princi-

pal stresses, which is a good assumption, the maximum shear

stresses at zone depth is about 3 - 4 MPa. In the plane of

Zone 2, the shear stresses will at most reach magnitudes of

about 2 MPa (very local stress concentrations excluded). The

shear strength of the discontinuities involved has not been

determined, but it is still clear that 2 MPa is less than any

reasonable strength limit.

In summary, it appears that Zone 2, when subjected to the

current stress field, will not create significant stress ano-

malies on a large scale. Very local disturbances associated

with individual discontinuities are more likely to exist. The

stresses dealt with are not comparable to the strengths, nei-

ther for the rock mass nor for single discontinuities.

s"
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6.2 Glaciation

Stress conditions during periods of glaciation were discussed
in section 3.3, and bounding estimates were given for hori-
zontal and vertical stresses. The vertical stresses generated
will obviously cause a compression of subhorizontal disconti-
nuities.

Figure 6.2 again displays the stress estimates, as previously

given in Fig. 3.4. In addition, the stress situation at a

depth corresponding to Zone 2 (250 m) is shown in the form of

a Mohr-diagram. The pore water pressure (assumed to be equal

to the present water head) has been subtracted to obtain ef-

fective stresses. For the upper bound estimate, 0"u = tr .
iimax v

Assuming that cru and <r are principal stresses, this implies
n V

zero shear stress in all directions (a point in the Mohr-

diagram) . The half-circle gives the stress conditions corre-

sponding to the lower-bound estimate of horizontal stress. It

is seen that the maximum shear stress will be about 8 MPa. By

assuming a simple Coulumb-Navier shear strength criteria and

zero cohesion for the rock mass (which is a gross simplifi-

cation) , we can use the diagram to determine a minimum fric-

tion angle required to maintain stability. This angle is
O

found to be 19 , which should be compared to the shear

strength of discontinuities in-situ. Again, no site specific

estimates of shear properties have been made in the present

case. A broad estimate based on data available in the litera-

ture would give values within a range of 30°-50°. We may also

compare with the present - obviously stable - conditions,

which translate into a friction angle of 25°-30°. The impli-

cation is that conditions during glaciation are stable with

respect to shear movements, provided that the pore-water

pressure is not increased significantly.
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Upper; Stress estimates for the Finnsjön site

during a period of glaciation, ef. Fig. 3.4

Lower: Mohr-diagram representation of effective

stress conditions during glaciation;

A = <?„ -lower bound estimate
n

B - a (and (?•„ -upper bound estimate)

C = Normal -and shear stress acting on a discon-

tinuity parallel to Zone 2

D = Normal -and shear stress acting on a discon-

tinuity having the most unfavourable orienta-

tion with respect to shear failure.
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Discontinuities oriented parallel to Zone 2 will be subjected

to even lower shear stresses (the friction angle discussed

above applies to discontinuities oriented in the most un-

favourable direction, in this case those having a dip cf

about 55°). Assuming the dip of Zone 2 to be 16°, the normal

-and shear stress components acting on a plane parallel to

the zone are found to be 33 MPa and 4 MPa respectively, Fig.

6.2.

In summary, stress conditions encountered during a period of

glaciation would correspond to stable conditions with regard

to Zone 2. Regardless of orientation, discontinuities would

be subjected to increasing normal stresses, and consequently

the response to be expected is compression and closure. The

high confinement improves stress transfer through the rock

mass, and reduces the ability of discontinuities (discrete

fractures as well as the entire zone) to cause stress con-

centrations. This would result in a homogeneous stress field.

6.3 Deglaciation

It is recalled from chapter 3 that deglaciation will be ac-

companied by large, rapid and complex stress changes. In

summary the loading mechanisms identified are:

Vertical unloading of gravitational stresses

- Unloading of gravitationally induced horizontal stresses

- Local stress concentrations and possibly horizontal un-

loading near the ice front

Possibly excess water pressures in open structures having

hydraulic connection with fractures in the ice sheet.

6.3.1 Vertical unloading of gravitational stresses

The most well-defined result of a deglaciation is the rapid

reduction of vertical stress. At Zone 2 depth, a total reduc-
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tion from about 3 5 MPa at maximum glaciation down to 5 MPa

will take place, given a maximum thickness of the ice of 3

km. Existing laboratory and field test data suggest that such

a substantial unloading results in opening-up and/or widening

of preexisting fractures. The real loading sequence in-situ

will differ significantly from those of controlled testing,

especially in terms of loading rates, but aperture changes

due to the unloading must still be considered as plausible.

The nature of aperture increase will be highly dependent on

to what extent the closure resulting from the previous com-

pression (ice loading) included components of elastic, and

hence recoverable, deformation of the fracture surfaces.

6.3.2 Induced, horizontal stresses

Horizontal stresses, as induced during glaciation and possi-

bly remaining to an unknown extent after deglaciation (and

unloading in the vertical direction) can theoretically affect

preexisting discontinuities. The extreme scenario for the

period immediately after deglaciation would be to assume hor-

izontal stresses as estimated for the case of 3 km glaci-

ation, cf. Fig. 3.4, and a present-day, vertical stress

field. Figure 6.3 illustrates, in the form of a Mohr-diagram,

conditions at Zone 2 depth for different alternatives as re-

gards horizontal stress field. It is easily seen that the

combination of high horizontal stress (no relaxation at de-

glaciation) and today's vertical stress results in critical

conditions with respect to shear failure of discontinuities.

Friction angles required to maintain stability are 40° and

52°, corresponding to lower bound -and upper bound estimates

of horizontal stress respectively.
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Figure 6.3. Upper; Stress estimates for the Finnsjön site,

current conditions (dashed curves) and dur-

ing a period of glaciation (solid curves).

Lower: Mohr-diagram representation of possible

effective stress conditions during glaci-

ation;

A - vertic i stress - present-day conditions

B = horizontal stress - present-day conditions

C = horizontal stress during glaciation/de-

glaciation - lower bound estimate

D = horizontal stress during glaciation/de-

glaciation - upper bound estimate

E = Normal- and shear stress acting on a dis-

continuity having the most unfavourable

orientation with respect to shear failure.
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6.3.3 Excessive water pressures

Adding excessive pore water pressures would lower the effec-

tive normal stresses across the discontinuities, by a rate of

1 MPa per 100 m added water column (hydraulic head). Using

the representation in Fig. 6.3, this corresponds to moving

the half-circles to the left along the horizontal (normal

stress) axis, maintaining their radius constant. In effect, a

higher angle of friction would be required to maintain stab-

ility. Since ice thickness can be considerable (several hund-

red metres), even near a retreating ice front, there is a

potential for pore water pressures within the interval 0-10

MPa. This would be sufficient to trigger shear movements in

discontinuities, thereby relieving shear stresses. Besides

causing instability in shear, the pressurization can theoret-

ically also create considerable vertical lifting forces. As-

suming a loading mechanism as illustrated in Fig. 3.6, the

ratio between the ice thickness and the thickness of a rock

slab that can be lifted depends on densities only, and is

about 2.7 to l. This means that a water pressure correspond-

ing to an ice thickness of about 500 m is, in theory, capable

to cause lifting and separation if injected into a large,

horizontal fracture at 200 m depth.

6.3.4 Local stress concentrations at the ice front

This loading mechanism was illustrated in Figure 3.5. The

effect at a depth of 200-300 m would be a general decrease of

horizontal stress. Complete horizontal unloading is unlikely

because of the preexisting stress field. A rotation of the

principal stresses will also occur, which results in develop-

ment of shear components in the horizontal plane.
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6. 4 Geological evidences

The discussion above is based on an analytical approach, and

results are useful in order to qualitatively understand the

problem and the factors governing stability of discontinu-

ities during glaciation. It does not, however, produce quant-

itative results with any degree of precision, cf. Fig. 6.3.

This is because of i) the uncertainty in local stress con-

ditions, and ii) the poorly defined mechanical properties of

the discontinuities. Extending the scale to consider Zone 2

as a single feature, rather than the individual discontinu-

ities, would not decrease uncertainty in results.

An alternative approach is to consider geological evidences,

interpreted in mechanical terms. From the detailed geological

investigations conducted at Finnsjön, it can, for example, be

readily concluded that Zone 2 has not been subject to any

large scale post-glacial shear movements, resulting in dis-

placements in the metre-scale. This does not exclude the

possibility of late reactivation of lower-order discontinu-

ities within the zone. Investigations at Finnsjön so far do

suggest that reactivation related to recent glaciation/de-

glaciation periods has occurred, although this cannot be de-

finitely proved (Tirén, 1991).

A well known geological feature of special significance in

the present context are nearly horizontal fractures commonly

termed sheet fractures or, more generally, sheet structures.

Sheet fractures have not been subject to study at Finnsjön,

but they are abundant in brittle, granitic and gneissic

rocks, and have been reported from many places in Sweden.

Carlsson (1979) conducted detailed investigations of super-

ficial sheet structures in connection with excavation work at

Forsmark, not far from the Finnsjön site. He found that typi-

cal features of sheet structures include increasing spacing

with depth and a more precisely horizontal orientation at

depth than near surface, where the orientation is less regu-

lar and tend to follow local topography. Development tend to
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be highly independent of other, preexisting structures.

Sheeting is known to occur at depths of 100 m, and probably

down to 200 m (Tirén, 1991). Original development at periods

prior to glaciation has been proven, as has reactivation at-

tributable to glaciation and/or deglaciation. Deposition of

glacial sediment in sometimes very wide-aperture sheet frac-

tures has been documented at depths <15 m (Carlsson, 1979) .

Carlsson also concludes that while climatic factors may in-

fluence the development of sheet fractures very near surface,

the most important factor governing the present status of

sheet structures is the combination of high horizontal -and

low vertical stress. Furthermore, that these conditions

likely resulted from a non-synchronous relaxation of horizon-

tal versus vertical stress at deglaciation, in a manner as

described in chapter 3.

Several striking similarities, both in terms of development

pattern and in geometrical arrangement, are found when com-

paring sheet fractures with fracturing that under certain

conditions develop around highly stressed mine openings. The

prerequisites for this kind of fracturing to occur are

brittle and massive rock, high stresses parallel to the di-

rection of fracture, and a free surface (low confinement)

'<; normal to fracturing. Fractures have been found to develop in

intact rock at stress levels of 50-100 MPa (Borg, 1983). This

refers to the stress parallel to the direction of fracturing.

It is a common misunderstanding that this form of "tension

cracking" requires tensional stresses perpendicular to the

plane of fracturing. The requirement is, however, that the

combination of stresses results in an extensional strain

larger than a rock-type specific, critical value. This is

possible also in the case of compressive stresses in all di-

rections, provided only that the ratio of maximum to minimum

stress exceeds a certain value. This value depends on the

critical strain described, and the deformational properties

of the rock.
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Adding these observations of obviously analogous fracturing

under engineered conditions (mines) to the observations of

sheeting in nature, there remains little doubt that

Carlsson's hypothesis on the development of sheet fractures

is correct. Now, given that sheet fractures down to 100-200 m

depth have been documented, and late reactivation proven

(although only very near surface) at other locations, it

appears realistic to assume that similar reactivation can

have affected subhorizontal discontinuities within Zone 2. It

is furthermore interesting to note the stress levels generat-

ing sheeting-type fractures in mines (50-100 MPa). In com-

parison to natural fracturing, the mining case can be seen as

a small scale test. The larger geometrical scale, and the

much longer duration of loading encountered in nature suggest

that stress levels required to initiate fracturing would be

lower in the case of naturally induced sheeting than in the

mining case. Horizontal stress levels as estimated for Zone 2

for the case of a deglaciation period would thus be quite

sufficient to not only reactivate old sheet structures, but

also to initiate new fractures.

6.5 Loadings from a hypothetical repository

The mechanical loads imposed by a repository are of two

types. One is the disturbance in the stress field caused by

the excavations themselves. These loads occur concurrently

with creating the excavations. Given hard rock formations as

the host medium, they are probably not time dependent to any

significant extent. The other source of load is the output of

thermal energy from the disposed waste into the surrounding

rock. This will increase rock temperature and develop thermal

stress fields. This process is, of course, time dependent.

Initially, the thermal perturbation is restricted to a local

scale near deposition holes, tunnels etc. In later stages,

the local temperature gradients in the near field will di-

minish and the entire repository will act as a single heat

source. The rock volume subjected to elevated temperatures
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will grow correspondingly, and the thermal front will eventu-

ally reach the ground surface. It is thus clear that the

thermal stress field will reach, and interact with, major

discontinuities.

Mechanical interaction between the repository and fracture

zones may influence the minimum acceptable distance between

the repository excavations and fracture zones. It is there-

fore relevant here to briefly discuss possible interaction

for the case of Zone 2 at Finnsjön and a hypothetical reposi-

tory.

6.5.1 Interference with excavations

Basic criteria

A single excavation created in competent rock causes a re-

distribution of the stress field in its neighbourhood. The

exact stress field within this disturbed zone depends on ex-

cavation geometry and rock material properties. Disturbance

declines rapidly away from the excavation. A good rule of

thumb is that influence on the stress field around a long ex-

cavation (such as tunnel or shaft) is significant only to a

distance from the boundary of about 1.5 times the mean cross

sectional diameter of the excavation. Currently discussed re-

pository concepts involves excavations like tunnels, shafts

and boreholes with rather small diametres (metres or at the

most 10 metres scale). The dimensions of the disturbed zone

will thus also be confined to the local scale.

Figure 6.4 illustrates schematically one reasonable defini-

tion of the distance at which mechanical interaction occurs

between a mined excavation and a fracture zone. The critical

distance is taken to be the distance when the stress-

disturbed zone around the excavation meets the hypothetical

stress anomaly caused by the fracture zone. For the case of

Zone 2, global stress anomalies were considered unlikely due
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to the diffuse nature of the zone. Local stress concen-

trations attached to individual discontinuities were also

discussed, and not believed to extend more than a few metres

or at most tens of metres into the rock mass, Fig. 6.1. This

implies then, that the critical distance as defined in Fig.

6.4, would be a few tens of metres, and that the value 100 m

could be used as a conservative criteria.

STRESS-DISTURBED
ZONE

, . FRACTURE
*& ZONE

STRESS-DISTURBED ZONE

Figure 6.4. Schematic illustration of one criteria for selec-

tion of the minimum acceptable distance between a

repository excavation and a fracture zone.

So far, we have only considered the case of one excavation,

resulting in a very localized mechanical disturbance. It is

wellknown from mining, however, that the presence of excava-

tions can alter conditions within very large rock volumes.

The most obvious reason for large-scale rock mass disturbance

from mining is simply large single excavations. This can be

readily excluded in the repository case. An other possibility

is multiple excavations located so as to influence each other
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mutually due to overlapping disturbed zones, and together

causing effects similar to a larger scale feature. This would

be unlikely in a repository-case, because internal distances

between drifts, holes etc are design parameters that can be

fully controlled.

Excavation-induced rock bursts

An other example of large scale effects, related to small

scale excavations, is the phenomena of mining-induced rock

bursts. Different types of induced rock bursts can be dis-

tinguished:

- Violent failures, confined to the near-field of a single

opening. This form is very local and is attributable to

high stresses in combination with unfavourable properties

of the rock. It can occur at relatively shallow depth

(500-1000 m if stresses are high) but has nothing to do

with large-scale structures, and is hence not of interest

here.

- High extraction ratios, causing overstressing of remnants.

This does not apply to the repository situation.

Excavations triggering shear movements in preexisting

faults under high stresses. This form normally occurs in

large, distinct fault zones only, and requires very high

stresses. It is observed in mines at depths of the order

of 2000 - 4000 m.

It is concluded that the conditions observed at Zone 2 do not

meet criteria for any form of excavation-induced rock bursts,

and thus this need not be further discussed.
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I Progressive failure

!

Progressive caving is another example taken from mining,

where single excavation can cause dramatic effects in a large

rock mass. Caving initiate at the excavation boundary and

progresses more or less upwards, sometimes to large distances

from the onset or until the ground surface is reached. The

major driving mechanism is gravity. The phenomena is however

restricted to specific geological conditions, with layers or

zones of weak rock surrounded by a more competent rock mass.

For the geological conditions at Finnsjön, progressive caving

is not a realistic scenario. Furthermore, progression re-

quires that space is made available for the caved material.

If not, equilibrium will develop at some point due to the in-

ternal volume expansion of the rock as it fails.

Comments

In summary, it appears that the critical distance with re-

spect to mechanical interaction between excavations in a re-

pository and a geological feature like Zone 2 is a few tens

of metres only. This is obtained from estimates of the rock

volumes influenced by repository excavations and the concept-

ual understanding of Zone 2, as discussed earlier. A brief

survey of more complex and large-scale modes of excavation-

induced instability verified in mining practice does not

alter this view, because geological and/or excavation geo-

metry conditions required for these phenomena do not apply to

the present situation. It is important to point out, however,

that this conclusion relies upon the interpretation of Zone 2

as a zone of less competent rock, rather than a distinct fea-

ture. It can therefore not be generalized to other types of

large scale geological structures. There are several cases in

which global stress concentrations have been documented in

connection with faults, rock type boundaries etc, as has as-

sociated interferences with excavations (e.g. Borg, 1988).
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6.5.2 Interference with thermal stress field

The thermal gradients and the associated thermal stress field

in the first phase of repository lifetime will be confined to

the near-field around deposition drifts/holes. This stage is

not considered here.

The far-field thermal disturbance develop over a time scale

of hundreds or thousands of years after disposal. Thermal

stresses develop concurrently as a result of constrained

thermal expansion of the rock. While the process of heat

dissipation into the rock as such is well understood, the

accompanying mechanical response of large rock masses is not.

Most of the existing knowledge on thermomechanical rock be-

haviour refers to the near-field scale, allowing verification

by field testing. This includes results produced from heater

test at Stripa in Sweden and from the test sites at Hanford

and Climax in the United States. An overview of available

data has been presented by Hustrulid (1982).

For the large scale, uncertainties remain as to the role dis-

continuities and their ability to accommodate thermal expan-

sion. It is possible that such effects will reduce the in-

duced thermal stresses and also reduce fracture apertures. An

analysis of the response of Zone 2 to a superimposed thermo-

mechanical field is beyond the scope of this study. For a

first estimate, we may extrapolate results from thermomech-

anical test in near-field scale and accept that as an upper

bound estimate for conditions in the large scale. Further-

more, we may assume a thermal source power output according

to the KBS-3 disposal concept (maximum canister skin tempera-

ture less than 100°C). The resulting stress field will vary

with time and both tensile and compressive stresses will

occur. For the given assumptions, magnitudes as derived from

a theoretical calculation would not be expected to exceed

values of a few Megapascals. This should be compared with

(and superimposed to) the preexisting stress field. It is

difficult to imagine that the additional, thermomechanical



56

load would have any significant effects that would influence

the minimum distance to a fracture zone. The main conclusion,

however, is that knowledge in this field need to be improved.
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7 HYDROMECHANICAL CONDITIONS

7.1 Present conditions

According to measurement results presented in chapter 3, the

normal stress components at 250 m depth (corresponding to

Zone 2) are:

maximum horizontal stress, a.- = 12.7 MPa

minimum horizontal stress, <r._ = 8.6 MPa

mean horizontal stress, <xH = 1 0 . 7 MPa

vertical stress, <r = 6.6 MPa

The difference in vertical versus horizontal stress has been

thought of as possibly responsible for the anomalously high

hydraulic transmissivity of Zone 2. This hypothesis can be

checked against general background data on stress- transmis-

sivity relationships.

A considerable amount of experiments have been reported, in

which stresses acting on discontinuities have been altered,

and the response in terms of water transport characteristics

determined (see e.g. Barton and Stephansson, 1990). Most of

V the experiments refer to laboratory scale, and to effects of

the normal stress acting on the discontinuity only. A lesser

amount of data is available from testing in block-scale, ex-

cavation scale and/or under more complex stress conditions.

Dershowitz et al. (1991) compiled some of the data available,

relating normal stress to fracture transmissivity. They found

that most results generally fitted into a relationship of the

form,

where T and T denotes transmissivity before -and after the

stress change, <r and a the initial and final normal stress

acting across the discontinuity. The coefficient /3 varies ap-

proximately within the range 0.2-2.0. In our case, we apply
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this relationship to estimate the transmissivity difference

to be expected as a consequence of the very moderate "stress

change" from 6.6 MPa (vertical stress at 250 m) to 10.7 MPa

(mean horizontal stress at 250 m) . Inserting these values, we

obtain:

For p = 0.2: transmissivity changes by a factor of 1.1

For /3 = 2.0: transmissivity changes by a factor of 2.6

This general result can be compared to transmissivity data

obtained for the fracture zones at Finnsjön. The assumptions

are i) that steeply dipping zones are subjected to a normal

stress equal to the mean horizontal stress as given above,

while the normal stress acting on Zone 2 is the vertical

stress; ii) differences in other stress components than the

normal stress across the zone does not affect transmissivity

(necessary assumption because Eq. (9) considers only the

latter component), and iii) scale effects are not signifi-

can •':.

Table 10 has been reproduced from Anderson et al. (1991) and

shows condensed-form data on key parameters of seven of the

fracture zones identified at Finnsjön. Besides large general

variation in transmissivity, it is seen that the steeply

dipping zones (1, 5, 6 and 10) exhibit values that are a fac-

tor 4'ID1 to 4*105 less than those of Zone 2. Thus, the mea-

sured difference is much more pronounced than was predicted

above using Eq. (9). The relevance of the comparison can per-

haps be questioned, because the data in Table 10 are bulk

properties, representing entire zones, whilst Eq. (9) refers

to single discontinuities. However, if the resolution was in-

creased to study individual discontinuities at Finnsjön, the

water-bearing features within Zone 2 would stand out as even

more anomalous in terms of high transmissivity, than does

Zone 2 as a whole.
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An other observation from Table 10 is that flat lying zones

others than Zone 2, i.e. number 9 and 11, do not show remark-

ably high transmissivities. This does not preclude the exist-

ence of a stress-transmissivity relationship. It just shows

that to evaluate a possible stress-transmissivity relation-

ship, one has to consider the geological history of each

zone, and the resulting, local scale characteristics of con-

stituent fracture systems.

The conclusion is thus that background data om stress-

transmissivity relationships for discontinuities can not

explain the high transmissivity of Zone 2 (or parts thereoff)

as a result of low normal (vertical) stress. This conclusion

is in line both with experiences from the Swedish study site

investigation program, and with general mining experience.

Table 10. Estimated geometrical and hydraulic properties of

fracture zon'is at Finnsjön. From Andersson et al.

(1991).

Fracture
zone

1

2

5

6

9

10

11

Vertical
depth (m)

55-75

100-300

170-180
320-350
550-560

515-520

105-160

45-48

16-120
82-174
364-394
364-436

Width
(m)

20

100

5

5

50

5

100

Inclin.
(degrees)

75SE

16SW

60SW

60SW

15SW

85SW

3 5SW

T
(m2/s)

1-5-10"*

2-4-10"3

5-15-10"5

1-2-10"5

1-2-10"°

1-5-10"°

1-5-10"°

1-5-10"°

1-5-10"*
5-10-3 0"*
1-5-10"*

5-10-10"7

K
(m/s)

5-25-10"6

2-4-10"5

5-50-10"6

1-5-10"6

1-5-10

1-10-10"9

1-10-10"°

1-10-10"9

1-5-10"°
5-10-10
1-5-10"°

5-1Ö-10"9
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7.2 Glaciation and deglaciation

Glaciation will increase normal stresses in all directions,

to all probability accompanied by decreased hydraulic trans-

missivity. Horizontal discontinuities will be subjected to

the largest change in normal stress (6 to 36 MPa, i.e. a fac-

tor of 6 for the case of 3 km ice). Equation (9) predicts a

decrease in transmissivity of about one order of magnitude

for this stress change.

Deglaciation is again much more complex. As was discussed in

chapter 6, loading mechanism include:

- Rapid vertical unloading, possibly accompanied by develop-

ment or reactivation of sheeting phenomena

- Horizontal unloading to an unknown extent and at an un-

known rate

Local stress concentrations near ice edges, including

shear components in the horizontal directions

- Elevated pore pressures, promoting shear displacements in

discontinuities, and possibly also causing joint sepa-

ration.

It is clear that these loadings and associated deformations,

taken by themselves or in combinations, represent mechanical

changes of magnitudes enough to significantly alter water

transport characteristics. Any meaningful quantitative ass-

essment of these effects, however, would require a systematic

approach, thorough analysis, and input data in terms of

stresses and joint mechanical properties that are much more

refined than the crude estimates given in previous chapters.

The topic will therefore not be further treated here.
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CONCLUDING REMARKS

The conceptual understanding of Zone 2 that has emerged dur-

ing the present work shows that there is, mechanically speak-

ing, no sharp contrast or boundary between the rock mass

within the zone, and the host bedrock. It rather appears that

Zone 2 forms an integrated part of the continuous rock mass -

though exhibiting somewhat different mechanical characterist-

ics compared to its surroundings. The prerequisite for this

interpretation is, of course, that the scale of observation

is large enough that joints and fractures within the rock

mass need not be considered individually. The higher fracture

frequency within Zone 2 reduces overall rock mass quality. In

terms of common engineering rock mass classification indexes,

however, the zone horizon would still, taken as whole, quali-

fy as fair rock. Estimates of bulk rock mass deformation

modulus for the zone horizon show values that are a factor of

2 or, at most, 3 less than for the over -and underlying rock

mass. This may seem like a drastic difference, but has little

effect in terms of in-situ stress conditions.

Given the current stress field as determined by measurements

at Finnsjön, it is not likely that Zone 2 creates any major

stress anomaly on a large scale. This is a consequence of

its mechanically diffuse nature. It is emphasized that this

conclusion refers to Zone 2 only; It is well known from

mining and rock engineering that more distinct large-scale

discontinuities can alter stress conditions significantly.

The question of stress anomalies in the proximity of fracture

zones is of concern with respect to selecting criteria for

the minimum distance between fracture zones and repository

excavations. A brief survey of the forms of mech?r'cal dis-

turbances to be expected from the relatively small excava-

tions being considered, show that these are confined to the

excavation near-field. Thus, to avoid mechanical interaction

between a fracture zone like Zone 2 (characterized by very

local stress field disturbance, if any at all) and an hypo-
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thetical repository excavation (near-field disturbance only)

is suggested that a minimum distance of about 100 m would be

sufficient. The other mechanical perturbation imposed by a

repository is the thermomechanical stress field. This will

develop successively over a long period of time (thousands of

years) and ultimately involve a very large rock volume.

Interaction with large-scale features like fracture zones

will therefore inevitably occur. The current understanding

(also supported by this study) is that this interaction will

not be significant with respect to repository integrity, but

more work in this area would be recommended.

Stress changes imposed by glaciation represent the most sig-

nificant source of natural change in mechanical loading con-

ditions that may be expected during repository lifetime.

Estimates of stress conditions during periods of glaciation

and deglaciation have therefore been derived, in order to

evaluate possible impact on structures like Zone 2. Vertical

stress can be estimated within reasonable confidence, because

the driving mechanism is gravity, and stress magnitudes are

simply proportional to the thickness of the overlying ice

sheet. The ratio is approximately 10 MPa stress increase per

>Nv. kilometre ice thickness. Horizontal stresses are more diffi-

cult to predict, because there are uncertainties as to gene-

rating mechanisms. Estimates referring to a depth of 250 m

(corresponding to Zone 2) spans the approximate interval 20-

35 MPa. The upper bound estimate assumes development of hori-

zontal creep deformations during glaciation, as a consequence

of the excessive vertical stress.

In terms of mechanical status of the rock mass, glaciation

periods are characterized by stable conditions. This is due

to increased confinement in all directions, interlocking

structures and prohibiting shear movements. This is most

likely reflected by lower rock mass permeability, as compared

to current conditions.
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In contrast to glaciation, deglaciation periods are charac-

terized by a complex and rapid sequence of stress changes. A

number of more or less quantifyable loading mechanisms can be

identified, including:

Rapid unloading of vertical stress. This occurs concur-

rently with decrease of ice sheet thickness.

Unloading of induced horizontal stress. This process is

not well understood. Due to creep effects, the horizontal

destressing may commence offset in time, in relation to

vertical unloading. This implies periods of large stress

anisotropy synonymous to large shear stresses.

Local stress concentrations near retreating ice margins.

- Excessive pore water pressures in discontinuities. This

can result from pressurized ice bed meltwater or ice

lakes, being hydraulically interconnected to bedrock

groundwater.

It is conceivable that the complex interaction of these

loadings triggers reactivation and permanent changes of

structures at shallow depth (such as Zone 2). Modes of defor-

mation that can be envisaged include:

- opening-up of gently dipping fractures due to drastically

decreased normal(vertical) stress, possibly assisted by

excessive water pressures.

- shear displacements initiated by increased deviatoric

stresses and possibly assisted by excessive water pres-

sures.

reactivation of subhorizontal, extension-type fractures

commonly referred to as sheet-fractures. Sheeting phenom-

ena are commonly observed in brittle rock down to 100-200 m

depth, and superficial reactivation related to glaciation
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periods has been proven. This strongly suggest that simi-

lar phenomena can be expected in subhorizontal fractures

within Zone 2.

It is thus concluded that deglaciation periods are critical

with regard to the mechanical and hydraulic characteristics

of Zone 2, as observed today, and with regard to potential

changes during repository lifetime. Further research, aimed

at quantifying loading mechanisms involved as well as rock

mass response appears to be motivated. Means available to

improve knowledge include:

- Physical experiments to establish relevant in-situ para-

meters

Analysis using advanced numerical models, capable of re-

sembling complex material behaviour and loading systems

Collecting and evaluating geological evidences of effects

of glaciation/deglaciation.

These tools need to be employed in combination to yield opti-

mum results. The establishment of the Hard Rock Laboratory

(HRL) will open new opportunities to conduct experiments in-

situ. However, the possibilities to collect valid data from

experiments will remain severely limited, due to the sampling

problem involved, and to the difference in scale between the

problems considered and any realistic loading experiment.

This reflects into similar drawbacks being attached to numer-

ical modelling results, because they are entirely dependent

upon the quality of input data. The probably most rewarding

approach to improve the state of proven knowledge is the sys-

tematic collection and analyses of appropriate geological

evidences of past glaciations. Ideas that perhaps could be

further explored include improved methods to distinguish

postglacial reactivation of fractures at depth, or com-

parisons of bedrock conditions between glaciated and non-

glaciated regions.
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Addressing, finally, the observed, hydraulic characteristics

of Zone 2 from a mechanical standpoint, it is felt that the

present work contributes only rather marginally. This is so

because the task implies combining the crude estimates der-

ived for the site-specific mechanical conditions, with com-

plex hydromechanics relationships. These relationships are

currently subject to intense research on a fundamental level,

and exploring their nature goes far beyond the scope of the

present work. A valid conclusion, however, is that the cur-

rent stress field alone can not explain the observed, anomal-

ously high transmissivity of certain structures within Zone

2. This can be stated on the basis of available experimental

data on stress-transmissivity relationship of fractures, and

can also be predicted from practical rock engineering experi-

ence.
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