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ABSTRACT

AECL has been assessing the concept of nuclear fuel waste disposal in a vault excavated at a
depth ranging between 500 m and 1000 m in a plutonic rock mass of the Canadian Shield.
Glaciation is a natural process that has occurred in the past, and is likely to occur in the future,
thus causing changes in the loading conditions on the rock mass hosting the disposal vault.
Because the rock mass is a natural barrier to the migration of radionuclides, it is important to
evaluate its integrity under load changes caused by the glaciation process.

Assuming that the magnitude and extent of the future glaciation will be similar to those of the
past, we have reviewed published data pertaining to the last continental ice sheet that covered a
large area of North America. Estimates have been made for the magnitude of stresses due to ice
sheet loading for a vault located at depths of 500 to 1000 m. These analyses have shown that the
uniform loading of a continental ice sheet would reduce the deviatoric stresses in the Canadian
Shield, creating more favourable conditions than those existing at the present time, namely, high
horizontal stresses.

The effects of surface erosion and increase in the in-situ shear stresses have also been examined.
Based on the existing data and structural modelling studies, there would be no significant
structural effect on a disposal vault located at 1000-m depth in a plutonic rock. At its maximum
size, an ice sheet comparable to the Laurentide ice sheet could reactivate the faults and fracture
zones along the perimeter areas.

Our analyses have been based on fully drained conditions only. At a potential disposal site, it
would be important also to consider the potential for excess pore pressure in the analyses.
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SUR UNE ENCEINTE DE STOCKAGE DE COMBUSTIBLE IRRADIÉ

DANS LE BOUCLIER CANADIEN

par

Y. Ates, D. Bruneau et W.R. Ridgway

RÉSUMÉ

EACL évalue le concept du stockage permanent de déchets de combustible nucléaire dans une enceinte
excavée à une profondeur se situant entre 500 et 1 000 m dans une masse de roche plutonique du
Bouclier canadien. La glaciation est un processus naturel qui s'est produit dans le passé et qui risque de
se produire à l'avenir, provoquant ainsi des modifications dans les conditions de charge sur la masse
rocheuse qui accueille l'enceinte de stockage permanent. Étant donné que la masse rocheuse constitue
une barrière naturelle contre la migration de radionucléides, il est important d'évaluer son intégrité dans
les changements de charge provoqués par le processus de glaciation.

En supposant que l'ampleur et la durée de la glaciation future seront semblables à celles du passé, nous
avons étudié les données publiées relatives à la dernière calotte glaciaire continentale qui couvrait une
grande superficie de l'Amérique du Nord. On a effectué des estimations sur l'amplitude des contraintes
dues à la charge de la calotte glaciaire dans le cas d'une enceinte située à des profondeurs de 500 à
1 000 m. Selon ces analyses, la charge uniforme d'une calotte glaciaire continentale réduirait les
contraintes déviatoriques dans le Bouclier canadien, créant des conditions plus favorables que celles qui
existent actuellement, à savoir de fortes contraintes horizontales.

On a également examiné les effets de l'érosion de surface et de l'augmentation des contraintes de
cisaillement in situ. En se fondant sur les données existantes et sur les études de modélisation
structurelle, il n'y aurait pas d'effet structurel important sur une enceinte de stockage permanent située à
une profondeur de 1 000 m dans une roche plutonique. Dans ses dimensions maximales, une calotte
glaciaire comparable à l'Inlandsis laurentidien pourrait réactiver les failles et les zones de fracture le long
des zones limites.

Nos analyses ont été fondées uniquement sur les conditions entièrement asséchées. À un site de stockage
éventuel, il serait également important de prendre en compte la pression de l'eau interstitielle éventuelle
dans les analyses.
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1. INTRODUCTION

1.1 CONCEPTS AND OBJECTIVES

The objective of the Canadian Nuclear Fuel Waste Management Program (CNFWMP) is to
assess the concept of the disposal of nuclear fuel waste in a vault excavated deep within the
plutonic rock of the Canadian Shield (Wuschke et al. 1985). Research is being done to ensure
that there would be no significant adverse effect on man or the environment at any time in the
future. As part of this research, the potential effect of glacial events on the structural stability of
the disposal vault is being examined.

According to the requirements of the Atomic Energy Control Board (AECB 1987), predictive
mathematical modelling must be used to assess the effect of events expected to occur within
10 000 years of vault closure. Effects of subsequent events can be inferred from information and
data available for similar events that occurred in the past.

This report presents a summary of published data for the Laurentide ice sheet, the last continental
ice sheet to cover a large area of North America. Assuming that future glaciation events will be
of similar magnitude and extent, we have used these data to evaluate the potential effect of
glacial loading on the stability of a reference design for a used-fuel disposal vault. The methods
and the results of our analyses, together with the recommendations for future studies, are also
described in this report.

The evaluation of glaciation as a time-dependent process is beyond the scope of this report and is
discussed elsewhere (Matthews 1984; Findlay et al. 1982; Davis 1986). The glacier geometry
and the dynamics are discussed only to bracket certain parameters necessary for our analyses.

1.2 THE REFERENCE USED-FUEL DISPOSAL VAULT DESIGN AND ITS
COMPONENTS

AECL has created a conceptual level design (the reference design) for a used-fuel disposal vault
(AECL-CANDU et al. 1992). The glacial loading analyses are based on the following
parameters from this reference design.

The used-fuel disposal vault would be excavated in a stable area of the Canadian Shield at a
depth of between 500 and 1000 m. A network of shafts and underground tunnels would provide
access to the waste emplacement area. The waste emplacement area, 2 km x 2 km in plan, would
be divided into panels (Figure 1); each panel comprises 64 disposal rooms, 8 m wide, 5.5 m high
and 230 m long, separated by 22-m-wide rock pillars. The overall excavation ratio for the
disposal rooms is about 27%.

Used fuel, in corrosion-resistant containers, would be emplaced in boreholes (e.g., 282 boreholes
per room) drilled into the floor of the disposal rooms (Figure 2).
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Isolation of the waste would be provided by a natural barrier, the plutonic rock mass, and a series
of engineered barriers (Figures 2 and 3): a corrosion-resistant disposal container, a clay-based
buffer material compacted around the container, clay-based backfill materials compacted within
the disposal rooms, access tunnels and shafts, and clay-based and cement-based seals
strategically located in the tunnels and shafts.

Each emplacement borehole, when completed, would contain a used-fuel disposal container,
surrounded by 55 mm of sand followed by 250 mm of a sodium-bentonite/silica sand buffer.
There would be 800 mm of buffer beneath and 1950 mm above each container (Figure 2). The
purpose of the buffer is to minimize radionuclide migration when the disposal container fails, to
dissipate heat from the waste and to provide adequate support for the containers in their
boreholes (Lopez and Johnson 1986).

After the completion of container emplacement in a disposal room, the room would be backfilled
with two types of material: a mixture of crushed granite and glacial lake clay in a 3:1 dry mass
ratio, for the lower part of the room, and a mixture of sodium-bentonite and silica sand in a 1:1
dry mass ratio, for the upper part of the room (Figure 2). Concrete bulkheads would be installed
and grouted at the disposal room entrance. When approval was received to seal the disposal
vault, all access tunnels, open boreholes drilled from underground excavations, anchor holes and
ancillary facilities would be backfilled and sealed. Where an access tunnel intersects a fault, the
faulted area could be initially grouted as a construction expedient during excavation and later
isolated-by-sealing bulkheads and compacted backfill materials during decommissioning
(Figure 4). Sealing bulkheads would also be strategically placed at tunnel and shaft intersections.
The types of backfilling and sealing materials and the placement methods would be similar to
those used in the disposal rooms.

Shaft sealing would be similar to tunnel sealing where localized fracture zones may be grouted
and sealing bulkheads would be installed together with backfill (Figure 5). Concrete plugs
(i.e., shaft caps) are planned at surface to provide the last sealing for the shafts. The sealing of
the shafts would constitute the final step in the vault decommissioning operations. The site
would be returned to a suitable state for public use of the surface and restricted subsurface use
when all surface exploration and monitoring boreholes were sealed.

In this report the structural performance of a sealed disposal vault based on the reference design
described above is evaluated under the influence of future continental glaciation.

1.3 GLACIATION HISTORY

The Canadian Shield has undergone repeated periods of glaciation over the past two to
three million years (Davis 1986). Four of these, which occurred within the last million years, are
known as the Nebraskan, the Kansan, the Illinoian, and the Wisconsin glacial period, with the
names reflecting the southern limits of the glacier margin (Asmis and Lee 1980). Each of these
four major glacial periods was interrupted by a relatively short term nonglacial interval (Prest
1970). A typical glacial period lasted 40 000 to 100 000 a (Figures 6a and 6b), with interglacial
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periods being between 10 000 and 40 000 a long (Matthews 1984). During each glacial period
there have been several glacial advances and retreats.

The last ice sheet to cover the Canadian Shield, the Laurentide ice sheet, reached an estimated
maximum thickness of between 3000 to 3750 m at its peak, about 20 000 years before present
(20 000 a B.P.) (Cathles 1975, Paterson 1972). Denton and Hughes (1981), however, estimate
that the maximum thickness exceeded 3750 m, approaching 5000 m.

The Laurentide ice sheet extended from the northern Canadian Arctic coast to about 37° latitude
in the central and eastern areas of North America (Flint 1971). Glaciers of the last ice sheet
advanced southward past the Great Lakes, reached the Maritimes and northeastern United States
in the southeast and the Rocky Mountains foothills in the west (Figure 7).

There were several possible areas of origin and accumulation for the Laurentide ice sheet. These
areas were located on the high plateaus of Labrador, Keewatin, Baffin Island, and on Hudson Bay
(Andrews and Barnett 1972). Figures 8(a) and 8(b) show two possible models, suggested by
Andrews and Barnett (1972), explaining the formation and direction of ice movements of the
Laurentide ice sheet:

a) In the first model, glaciation initiates (Stage 1) on the high plateaus of Labrador, Keewatin
and Baffin Island. In certain areas, the centre of dispersal moves (e.g., from Baffin Island to
Foxe Basin); in others, it occupies the same location and other centres develop around the margin
of Hudson Bay. During the retreat phase (Stage 3), the U-shaped dispersal zone is disrupted and
residual ice is left over three sites.

b) In the second model, a single glacial maximum (Stage 2) is established over Hudson Bay,
followed by migration to the continental sites.

In both models, the peak of the continental ice sheet is located over Hudson Bay.

Figure 8(c) is a cross-section running SE-NW, with Hudson Bay in the centre. It illustrates the
sequence of glaciation: 1) initiation and advance, 2) establishment of the maximum
(equilibrium), and 3) retreat.

The last continental ice sheet, after having reached its peak 20 000 years B.P., began receding
about 18 000 years B.P. (Prest 1970). The recession continued to areas southeast and northwest
of Hudson Bay and ended about 6 000 years B.P. (Flint 1971). Figure 9 shows the Laurentide ice
sheet at various stages of its retreat phase.

At the present time, the world is in an interglacial period. However, based on the past records
and excluding the possible effects of civilization on the climate, we may expect that the Canadian
Shield will be subjected to 10-20 glacial advances over the next one million years (Figure 6a). It
is difficult to predict the arrival of the next glacial advance and the timing of the next glaciation
peak due to the following:
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a) Glacial cycles last a long time, from hundreds of thousands to millions of years, whereas
records of global climate fluctuations are available for a comparatively short period of time.

b) The ambiguity of definitions and terminology: What are the criteria for the beginning and
ending of a global glacial period and global interglacial period? Although there is a general
agreement that, at the height of glaciation, the mean global temperatures are depressed by 5 to
6°C (Davis 1986; Imbrie and Imbrie 1979), the decrease in temperatures and resultant changes in
climate patterns required to trigger a continental glaciation event are not clearly defined.

If we assume that: 1) the complete glaciation-deglaciation cycle for the Laurentide ice sheet was
around 65 000 a (Figure 6a); 2) human activities cause no deviation from past trends; 3) future
glaciation cycles will be similar to that of the Laurentide ice sheet; and 4) we are currently
6 000 a into an interglacial period, then the next peak could be expected to occur about 27 000 a
from now.

There exist, however, more elaborate methods of estimation, including the astronomical theory
(Milankovitch 1941), which holds that"... global climate, and the advance and retreat of
glaciers, are controlled by the amount of solar radiation received at the top of the atmosphere,
which varies in response to changes in earth's orbital parameters" (Davis 1986). After having
summarized the predictions of these theories, Davis concluded that the development of a
continental ice sheet would require about 20 000 a.

It appears that the last interglacial period comparable to the current Holocene interglacial period
occurred some 125 000 years ago and continued for about 50 000 a (Figure 6b). Thus it may be
extrapolated that the next glacial peak, comparable to that of the Laurentide ice sheet, is about
50 000 a in the future. On the other hand, some studies indicate that an ice sheet about half the
size of the Laurentide ice sheet may develop about 4 000 a from now (Matthews 1984).

For the purpose of this study, we assume that the next continental sheet advance will occur more
than 10 000 a from now. Current studies (e.g., Broecker and Denton 1990) suggest that
astronomical changes are ultimately responsible for the glacial cycles. Both the precession cycle
(22 000 a) and tilt cycle (40 000 a) are covered by the above assumption. The precession cycle
regulates the time of year when the earth-sun distance is at its maximum or minimum and hence
affects the characteristics of the season. During the tilt cycle, the inclination of the earth's axis
varies about 1.5°C on either side of its present value of 23.5°C and affects the receipt of solar
radiation (COHMAP 1988). There are other indications that the glacial return period may be
longer than 10 000 a. The deep-sea oxygen isotope records show a dominant 100 000 a period
during late Quaternary time (Denton et al. 1986).

The most significant human activity that could disrupt glaciation is the production of
atmospheric CO2. The link between atmospheric CO2 and the global climate has not been firmly
established (Broeker et al. 1985), but a high concentration of CO2 in the atmosphere is expected
to increase the mean global temperature (US NRC 1983; Seidel and Keyes 1983) through the
greenhouse effect. In the last decade, investigators have also recognized a growing concentration
of other gases in the atmosphere, such as methane (CH4, nitrous oxide (N2O) and
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chlorofluorocarbons (CFCs). In fact, there are reports indicating that by mid-1980s these gases
reached levels at which their combined effect approached that of carbon dioxide (Houghton and
Woodwell 1989).

2. GLACIER GEOMETRY AND DYNAMICS

2.1 GENERAL

A glacial cycle consists of several phases: formation, advance, equilibrium and retreat.

A glacier forms when a cooling trend in the climate allows snow and ice to accumulate.
Accumulation begins when snow and ice collected during the winter season survive the
following summer season. According to Koerner (1984), when accumulation reaches a thickness
of about 1200 m with a radius of 200 km, the ice begins to move outward from the accumulation
zones, acting as a dynamic body. Koerner's calculations are based on the assumption that at this
size, the weight of the snow and the ice slope configuration generates shear stresses at the base of
ice in excess of 50 kPa. This value is equal to the basal shear "strength" value of most glaciers
(Sugden and John 1976). Table 1 shows the length of time and distance that a large ice sheet
could advance from an accumulation point over terrain similar to that of the Canadian Shield.

A dynamic glacier deposits large amounts of sediment, locally erodes the underlying ground
surface by several metres and produces large amounts of meltwater. According to Prest (1970),
present-day drainage patterns reflect the trends of preglacial valleys, but have been modified and
disrupted by glacial processes and, as a result, follow more southerly courses. Glacial action
worked to round off bedrock knobs and to gouge out the valley bottoms. Where the underlying
bedrock consists of clay or weakly cemented sandstone, glaciotectonic structures such as "ice-
thrusting" occurred (Moran et al. 1980). The structures that were created by ice thrusting have
significant implications in geotechnical engineering studies, as they complicate the boundary
conditions for groundwater investigations and slope stability analyses (Sauer 1978).

During glaciation, glacial lakes were formed in many of the valley bottoms. Lacustrine materials
were deposited in the bottoms of these lakes and, at the same time, wave action helped to expose
large areas of the bedrock surface. Glacial rivers and streams were formed at the outlets of lakes,
at the toe of the glacier, and on, and underneath, the glacial ice.

Commonly, glacial deposits are in the form of outwash or glacial-lacustrine deposits, moraines,
eskers and drumlins. These landforms consist of sedimentary materials ranging from glacial-lake
clays and silts to gravels and boulders. Over many areas in the Canadian Shield, glacial till
materials may be found in thick morainal accumulations, but more often they form a thin veneer
covering bedrock (Zoltai 1961).
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TABLE1

ADVANCE RATE OF AN ICE SHEET
(fromKoerner 1984)

Total Years

0-2000

7 792

12 236

15 983

19 284

22 268

25 012

27 566

29 965

32 234

Distance Advanced
(km)

0 - 200*

200-400

400-600

600-800

800-1000

1 000 - 1 200

1 200 - 1 400

1 400 - 1 600

1 600 - 1 800

1 800 - 2 000

Advance Rate
(nVa)

-

35

46

54

62

68

74

80

85

70

* Assumes a 200-km permanent snow/ice field stagnant for 2 000 years.

Glacial gravels and sands were deposited in landforms that include eskers, terraces, outwash
plains and deltaic deposits. Glacial erosion and deposition in the Shield have resulted in terrain
consisting of rounded bedrock outcrops covered with glacial till, lacustrine and fluvial materials.
Further information on glacier-bed landforms can be found in Moran et al. (1980).

A glacier reaches its maximum extent when the climate stabilizes and equilibrium is attained
between ice melting and accumulation. The ice sheet begins to retreat when the climate enters a
warming trend. Melting at the southern periphery of the ice sheet occurs faster than
accumulation, consequently, equilibrium is lost. Retreat is usually faster than advance (Flint
1971; Sugden and John 1976).
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During a glacial cycle, numerous small advances and retreats can occur because of fluctuations in
climate and precipitation (Figures 6a and 6b).

2.2 ICE SHEET GEOMETRY

Several models have been used to describe the profile of a large ice sheet (Andrews and Barnett
1972; Sugden 1977; Denton and Hughes 1981; Koerner 1984). Most of these models assume
some form of parabolic surface for the section of profile close to the ice edge and a nearly
uniform elevation towards the centre (Figure 10). The perimeter position of the ice sheet is
generally determined from the mapping of moraine deposits for the specific glacial age. The
steady-state centre elevation and location is determined from isostatic rebound surveys (see
Section 3.3).

Figure 11 shows two ice-sheet profiles obtained for the Laurentide ice sheet: a profile obtained
using Sugden's (1977) data, and a profile given by Denton and Hughes (1981). Other profiles,
such as those given by Koerner (1984), and Andrews and Barnett (1972), are similar to the ones
in Figure 11. The ice-sheet profile, specifically the slope of the ice front, is an important
parameter in the determination of ice loading effects on the earth's crust (see Sections 3 and 4).

It is generally assumed that large glaciers create a wave-like flexure of the continental crust. This
flexure consists of the forebulge at the leading edge of the glacier margin and the crustal
depression deep beneath the ice sheet (Figure 12). The range of estimates for approximate
dimensions of a glacier are given in Table 2.

The amounts of forebulge for a glacier with 3000 m central thickness is estimated by McGinnis
(1968) to be between 80 m and 185 m, compared to 30 m proposed by Walcott (1970). From
Brotchie and Silvester's (1969) models, the amount of forebulge can be inferred to be as low as
4 m, and according to McGinnis (1968), yet others ".... have denied the existence of a peripheral
bulge."

There seem to be a closer agreement on the magnitude of the crustal depression, although the
difference in the amounts is still around 20%. In general, it is suggested that a crustal depression
of 800 m (McGinnis 1968) to 1000 m (Bloom 1978; Flint 1971; Sugden and John 1976) occurs
beneath the centre of a 3000-m-thick ice sheet. A large horizontal distance separates the peak of
the forebulge and the trough of crustal depression. Brotchie and Silvester (1969) estimated this
distance to be 1600 km for a 3000 m thick ice sheet, whereas Walcott's method suggests
1200 km.

The zone between the forebulge peak and the edge of the glacier is probably the most highly
flexed portion of the crust. The width of this zone is between 70 km (McGinnis 1968) and
280 km (Walcott 1970) and the maximum slope of ground surface resulting from flexure is
estimated by McGinnis (1969) to be about 0.7%.

It appears that the dimensions of an ice sheet can be given only as a range, and this range is not
always a narrow one. These variations in the estimates are discussed further in Section 3.
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TABLE2

THE DIMENSIONS OF AN ICE SHEET
(Refer to Figure 12)

Parameter

Forebulge

Forebulge

Forebulge

Thickness

Thickness

Thickness

Thickness

Crustal dep.

Crustal dep.

Other

Other

Other

Other

Other

Other

Other

Symbol

FB

FB

FB

H

H

H

H

D

D

A

B

L

FL

FM

FT

S-slope

Magnitude

<20-m

80-185 m

4 m

1800 m

3400 m

3750 m

4960 m

1000 m

800 m

180 km

155 km

450 km

70 km

280 km

280 km

0.3-0.7%

Source of
Information

Walcott 1970

McGinnis 1968

Brotchie and
Silvester, 1969

Walcott 1970

Sugden 1977

Cathles 1977 and
Paterson 1972

Denton and
Hughes 1981

Flint 1971

McGinnis 1968

Walcott 1970

Walcott 1970

Walcott 1970

McGinnis 1968

McGinnis 1968

Walcott 1970

McGinnis 1968

Ice Sheet

Wisconsin

Wisconsin

3-km-thick ice
model

Wisconsin

Wisconsin

Wisconsin

Wisconsin

Wisconsin

Wisconsin

Wisconsin

Wisconsin

Wisconsin

Wisconsin

Wisconsin

Wisconsin

Wisconsin
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2.3 ICE-FLOW MECHANICS

Once sufficient snow has accumulated (i.e., 200-km radius and 1200 m thick - Section 2.1), the
ice sheet begins to move. It moves either by internal plastic deformation, or by a combination of
basal sliding and internal plastic deformation (Figure 13).

Basal sliding (Figure 13b) at the ice/rock interface occurs when the thermal regime at the base of
the ice allows water to be present. For example, the base of both the Greenland and Antarctic ice
sheets is at or near the pressure melt point (Johnston 1987). Water has no shear strength and
allows the glacial ice to slide over the bedrock surface.

Plastic deformation (Figure 13c) occurs in response to stresses set up within the ice mass as a
result of the gravity load.

Where tensile stresses are generated, fracturing of the ice can occur (Figure 13a) and the resulting
fractures can cause the failure of a portion of the ice body, which in turn may cause removal of a
large amount of material ahead of the ice front. The ice dynamics can play a major role in glacial
erosion of the rock.

During the advance phase, the profile of the glacier (Figure 11) is similar to that of a-parabolic
curve (Sugden 1977). The steep slope present at the ice margin quickly flattens toward the centre
of the ice sheet. During the equilibrium and the retreat phase, the slope and ice depth at the ice
margin can become shallow and thin. This is caused by plastic slumping and excessive melting.
Plastic slumping (Figure 13c) occurs when meltwater is present under the toe of the glacier
(J.T. Teller, personal communication, 1986). Since there is no shear strength at the base, the toe
can move, while gravity causes the overlying material to collapse.

Because a glacier has the thickest and steepest profile during the advance phase, more weight is
transferred to the underlying rock mass over a shorter lateral distance than for other profiles. The
analysis presented later in this report (Section 4) considers only the advance profile of the glacier
since it provides the sharpest boundary between a loaded and unloaded ground surface.

3. EFFECTS OF GLACIATION ON THE CONTINENTAL CRUST

3.1 GLACIAL LOADING

Once the climate changes and glaciation is initiated, the earth's crust is subjected to an increasing
ice load. According to Sugden (1977) the Laurentide ice sheet, at its peak, had a volume of
3.7 x 107 km3. Assuming an ice density of 1000 kg/m3, this volume corresponds to a total force
of 3.7 x 1020N. Assuming that the average diameter of this ice sheet is 2000 km, the average
stress due to glacier load on the crust would be about 30 MPa or about 10 MPa/km of ice
thickness. According to Denton and Hughes (1981), the maximum thickness of this ice sheet
reached 4960 m; creating a maximum stress at the centre of about 50 MPa.
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In the central accumulation area, the stresses in the rock mass will be compressive until the
dynamic conditions, described earlier, are established. At the perimeter zone, bending of the
crust will lead to the formation of the forebulge (Figure 14) and horizontal tensile stress. It
follows from Table 2 that, at maximum ice sheet dimensions, we could expect these tensile
stresses to reach peak values at about 280 km away from the perimeter (i.e. ahead of the ice
sheet).

Shear stresses will also develop in the crust in the areas subjected to the dynamic movements of
the glacier, mainly at the ice front, where the differential loading conditions exist. For the
Laurentide ice sheet, basal shear stresses were about 25 kPa at the central areas, increasing to
100 kPa near the outermost perimeters (Sugden 1977).

Upon deglaciation, elastic stress and strains should recover. Also, the reverse movement of the
earth's mantle (see Section 3.2) should take place from perimeter areas to the central areas (Daly
1940). Accordingly, the present negative gravity anomaly in the deglaciated areas (Flint 1971;
Walcott 1970) should be balanced once the movement is complete.

The significance of the deglaciation period is that it too causes differential stresses and may
cause postglacial faulting (Adams 1981). The unloading cycle of the ice is less understood than
loading. Should the climate change be a gradual one, the magnitude of differential stress during
deglaciation is expected to be less than the magnitude experienced during the glaciation.

3.2 CRUSTAL DEPRESSION

It is generally accepted that the earth's crust experiences some deformation due to the load
generated by 3- to 5-km-thick ice sheets. McGinnis (1968) explains that the crustal depression
beneath the ice front would result in crustal bending near the ice margin. Surface tilting would
be toward the ice mass and would produce a forebulge in front of the glacier.

Daly (1940), however, suggested that a forebulge may be caused by the lateral extrusion of
mantle material from beneath the ice-loaded crust.

The estimates for crustal depression and forebulge vary depending on the method and approach
taken (Table 2). The common approach is to assume some form of bending parameter or a
curve-fitting function which fits the current observed crustal slopes near the perimeter of ice
sheets (McGinnis 1968, Walcott 1970). Walcott, for example, defines a "flexural parameter", a,
which he relates to the wavelength and, in part, to the amplitude of waveform of the deflected
crust. To obtain a value for the flexural parameter, Walcott studied deformations caused by the
Caribou Mountains Residual in northern Alberta, a symmetrical, flat-topped hill that produces a
differential load on the earth's crust. "It is almost circular in shape with diameter of about
150 km, mean elevation 940 m, and sides which fall steeply to the surrounding plain which is at
elevation of about 304 m" (Walcott 1970).
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By comparing measured deformations to theoretical deformations, derived from elastic bending
of a thin plate under a concentrated load, and trying out different values for the flexural
parameter, Walcott obtained a value for a ranging between 110 and 140 km. He then estimated
the various parameters of the geometry beneath the ice sheet in terms of a. For example, the
distance the forebulge occurs from the ice edge was estimated as 1.9 a.

Walcott's estimate for the magnitude of the forebulge is given as being independent of the
flexural parameter, namely, H/100, where H is the elevation in the centre of the ice sheet. Other
estimates for geometry under ice loads are summarized in Table 2. Walcott (1972) concluded
that for purely elastic conditions, the forebulge is not likely to reach an amplitude of more than
"...a few tens of metres." He suggested that Daly's (1940) lateral extrusion of the mantle
hypothesis seemed to provide a more adequate mechanism for larger amplitudes.

McGinnis (1968) used an approach similar to Walcott's. He obtained the load necessary to cause
the elastic deflection of the earth's crust, as observed in the areas that once were the perimeter of
the ice sheets. He applied the equation given by Heiskanen and Vening Meinesz (1958) to obtain
the deflection in the region of the ice margin. This equation assumes that a concentrated vertical
load deflects an elastic crust.

McGinnis1 study mainly concerned the geometry of the forebulge area. He suggests a forebulge
between 80 to 180 m. This may seem to be an order of magnitude higher than Walcott's estimate
of 18 m. However, when the geometries given by both studies are compared, it is seen that
Walcott assumes that, at the leading ice edge, the ground surface is depressed about 155 m below
the equilibrium position and the forebulge is 18 m above the equilibrium position. McGinnis, on
the other hand, assumes that the crust is at the same level as the equilibrium position at the ice
edge and estimates forebulge to be 180 m. Therefore, the difference between the two estimates
are due only to the choice of the reference points. The similarity of the results should be
expected. Both authors based their calculations on the elastic bending of the crust due to
concentrated load and assumed a wave-like form for the crust geometry under the ice load.

Based on the information in the literature, it is not possible to assign an accurate value for the
magnitude of the forebulge. On a regional scale, crustal subsidence may be caused by the lateral
mass transfer of viscous mantle material from beneath the glacially loaded continental crust to an
area beneath the unloaded ocean basins (Bowlby 1984) and this may create a forebulge of higher
amplitudes, as suggested by Daly (1940). However, the studies of Walcott and McGinnis, as
discussed above, indicate a forebulge of less than 30 m. A model of a parabolic ice sheet with a
central thickness of 3000 m, created by Brotchie and Silvester (1969), suggests an even lower
forebulge (i.e., about 4 m). Clearly, such amounts would not be readily distinguished from other
geological features in the field.

Other studies have aJso shown that the depth of crustal depression under the ice sheet would be
around 1000 m. According to Flint (1971), the ground surface behind the advancing ice front is
depressed by approximately one-third the thickness of the overlying ice. Thus, the depth of
crustal depression caused by the Laurentide ice sheet might have been as great as 1000 m.
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The potential effects of plate tectonics and the earth's curvature on the observed slopes near the
ice perimeter are not considered in the analyses reported in the literature.

3.3 CRUSTAL UPLIFT

During deglaciation, the melting of the ice sheets may have caused the transfer of the load from
the continental crust back to the ocean basins (Bowlby 1984). Bowlby theorized that the
displaced oceanic mantle material then returns slowly beneath the unloaded continental areas.
This transfer of material causes the depressed crust and overlying rock to rebound to near the
preglaciation elevation.

As with the crustal forebulge, there are varying estimates of the amount of postglacial uplift in
the continental crust of the Canadian Shield. The estimates are mainly based on field
investigations of the elevation of raised glacial lake beaches and the observations of lake tidal
gauges. The total postglacial uplift near North Bay, Ontario, the northern extent of the Great
Lakes, is estimated to be about 300 m (Bowlby 1984; Flint 1971). For the same area, other
authors suggested lower uplift values, for example, Walcott (1972) estimates about 138-m uplift,
while Andrews (1970) suggests a maximum uplift of 285 m.

The remaining amount of uplift for the Hudson Bay area, based mainly on gravity-surveys, is
estimated to range from about 100 m (Andrews 1970) to 300 ± 120 m (Walcott 1972).

The average~rate of postglacial uplift is estimated to be as high as 10 to 20 m/a immediately
following the deglaciation, to the present maximum rates of 4 m/100 a (Andrews 1970).1 The
rate increases from the southern limit of the Laurentide ice sheet, about 37° latitude, to the
centres of ice accumulation, located near Hudson Bay. For the northeastern Great Lakes area,
uplift rates range from about 300 mm/100 a (Bloom 1978) to 500 mm/100 a (Walcott 1972).
The postglacial uplift rates are much greater in the Hudson Bay area than in the Great Lakes area
since the Hudson Bay area was the accumulation centre and the last area deglaciated. This area
is still depressed to a greater degree than areas located further south and has a correspondingly
higher uplift rate. Figure 15 presents average postglacial uplift rates as calculated by Andrews
(1970).

Assuming Milwaukee as the base (i.e., an uplift rate of zero) Walcott (1972) estimated the
present uplift rates as being 5 mm/a for the northeastern Great Lakes area, and 20 mm/a for the
southern Hudson Bay area. The rate of isostatic uplift appears to decrease exponentially with
time, with the maximum rate occurring shortly after deglaciation. Considering the remaining
uplift amounts and the decreasing rates of isostatic uplift, it is possible that the uplift process will
continue until the next glacial event. By then, however, the process will have become so slow
that it would be almost undetectable.

This figure does not necessarily imply a rate of 40 mm.a'
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Crustal depression and rebound includes both elastic and non-elastic structural adjustments.
While isostatic rebound is dominated by global visco-elastic adjustments, full return to initial
conditions is prevented by non-elastic adjustments such as postglacial faulting. The
displacement on these faults can range from tens of millimetres to more than 10 m (Adams
1981).

3.4 EROSION

The last ice sheet to cover the Canadian Shield may have approached an estimated maximum
thickness of 5000 m (Denton and Hughes 1981). This ice thickness creates large loads on the
underlying bedrock. Glacial loading, combined with basal sliding and occasional ice breakouts
caused erosion of the underlying rock. Glaciers erode the underlying material by abrasion and
plucking (i.e., freezing onto rock debris or rock blocks, which are then incorporated into the ice
and carried away).

There are different estimates for the depth of erosion of the Canadian Shield by the Laurentide
ice sheet. White (1972) estimated that glaciation eroded about 1000 m of bedrock materials. His
hypothesis was based mostly on observational interpretations of the areas covered by the
Laurentide ice sheet. He argued that some of the largest currently exposed Precambrian areas
were centrally located beneath the once glaciated areas and that any Paleozoic and younger
sedimentary rocks had been completely stripped off. According to White, the Laurentide ice
sheet carved out large ellipsoidal areas, such as Hudson Bay and the Great Lakes basin. He
observed that"... around Laurentide and Fennoscandian shield arcs of exhumation control major
topography and drainage..." and stated: "These are arcuate lowlands of continental scope
encircling the shields at the Precambrian-Paleozoic contact where glaciation skinned Palezoic
rocks off crystalline basement. They are geometrically similar and proportional in size to the ice
sheet that excavated them." White explained that much of the eroded material was ground finely
enough by the glacial action to be transported by wind or glacial meltwater to the ocean basins.

Sugden (1976) countered White's (1972) hypothesis by providing evidence that the current main
topographic and drainage features on the Canadian Shield existed prior to the latest glaciations.
He stated that the recent glacial ice sheets only modified the pre-existing surface, without causing
a major transformation. Sugden concluded that only a few tens of metres of Shield bedrock
material had been eroded by the Laurentide ice sheet. This conclusion supported Flint's (1971)
earlier shallow-erosion theory, which stated that only a few tens of feet of material were glacially
eroded from the Canadian Shield.

Shilts and Kaszycki (1980) conducted field investigations to determine the amount of bedrock
erosion caused by glaciation. Three sites were investigated, two in the Appalachian mountains of
eastern Quebec and one in the district of Keewatin. The depths of erosion were estimated to be
between 2 and 10 m for one glacial event. These estimates were based on observable results of
glacial erosion. They determined the total volume of debris displaced from outcrops that
produces distinctive detritus when subjected to glacial erosion. They derived a "specific glacial
erosion" term, an average depth of erosion that has occurred or can occur over a specific area
during a single glacial event, by dividing the volume of glacially displaced debris by the area of
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the source outcrop. Their work dealt specifically with the erosion in the Canadian Shield and
does not support suggestions of massive glacial erosion.

White (1988) also revised his earlier theory and concluded the maximum glacial erosion in the
Canadian Shield was about 150 m which remains the highest estimate found in the literature.

4. PERFORMANCE OF THE DISPOSAL VAULT UNDER GLACIALLY
INDUCED STRESSES

4.1 PRESENT STRESS REGIME OF THE CANADIAN SHIELD

It is generally accepted that the majority of the areas of the Canadian Shield are under high
horizontal compressive stresses (Herget 1980, 1986, Herget and Arjang 1990, Lee and Asmis
1979, Martin 1989). The minimum principal compressive stress ((J3) is generally oriented
vertically and in most cases can be explained mainly by the lithostatic loads. The orientation of
the maximum principal stress (<Ji) varies according to the locality, with the easterly directions
being common. The magnitudes of these stresses in the Canadian Shield are given by Herget
(1980, 1986):

cv = yH; (1)

aHavg = 0.0581 MPa/m depth, if 0 < H < 800 m; and (2a)

aHavg = 35.79 MPa + 0.011 MPa/m depth, if 800 < H < 2200 m, and (2b)

where:

av and aHavg are the vertical and the average horizontal stresses (MPa), respectively;

H is the depth (m); and

Y is the unit weight of the rock (MN/m3).

Note that OHavg given in above equations represents the magnitude of average horizontal stress.
The underlying assumption is that the major principal stress (<Ji) and intermediate principal stress
(C2) are horizontal and that they are equal in magnitude.

Herget and Arjang (1990) updated the above equations further. As a result of recompilation of
165 ground stress determinations by overcoring, which included data from AECL's Underground
Research Laboratory, they suggested the following equations:

ai = 12.1 MPa + 0.0403 MPa/m depth (Correlation coefficient = 0.84) (3)
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<72 = 6.4 MPa + 0.0293 MPa/m depth (Correlation coefficient = 0.77) (4)

a3 = 1.4 MPa + 0.0225 MPa/m depth (Correlation coefficient = 0.75) (5)

Where d, 02.03 are the major, intermediate, and minor principal stresses, respectively.

These equations provide separate values for G\ and 02. A wide scatter in the data is evident from
the low correlation coefficients. Thus, the vault design will have to be based on stress
determinations obtained from measurements made at the specific site. In the absence of a
specific site, we consider the use of Herget's equations for the proposed vault horizon (i.e., 500
to 1000 m) to be appropriate, as they are based on measurements made throughout the Canadian
Shield. In our analyses we used equations from Herget (1980), and Herget (1986). Considering
the wide scatter in the measurements, the use of the equations given by Herget and Arjang (1990)
should produce similar results in terms of the overall disposal vault stability.

4.2 ANALYSES OF STRESS CONDITIONS UNDER GLACIAL LOADING

4.2.1 Regional-Scale Modelling

One of the effects of glacial loading will be to increase the vertical stresses in the areas covered
by the glacier. The stresses will be highest under the central areas of the glacier, where the
thickness of the ice would be at its maximum. Because the variation in the ice thickness would
be less in central areas than in the areas close to the edge, comparatively uniform loading
conditions are expected away from the ice edge. Under high horizontal stress conditions of the
Canadian Shield, the additional uniform vertical load is expected to result in more stable
conditions by reducing the magnitude of deviatoric stress (a, - a A This is illustrated in
Figure 16 using Hoek and Brown's (1980) empirical failure criteria for the reference rock mass of
the Used-Fuel Disposal Centre (Baumgartner et al. 1993). As shown in Figure 16, an increase in
G~ changes the stress condition, represented by point N on the diagram, to that represented by
point N. This point is now farther from the failure envelope and represents a more-stable
condition. Note that a , (horizontal) is increased by the Poisson's ratio effect (i.e., 0.25).

The conditions would be somewhat different in areas close to the edge of the glacier. There will
be a zone between the loaded ground surface beneath the main body of the ice sheet and the
unloaded ground surface in front of the ice margin. The stress will change from being uniform
compressive under the central areas of glacier to tension in the immediate forebulge area, and
back to compressive in the areas past the forebulge (Figure 14).

In order to examine the stress conditions in the areas close to the leading edge of a glacier, Asmis
(1986) studied the effects of glacial loads on the earth's crust using a finite differences numerical
method. Asmis' two-dimensional crust model assumed an elastic, 40-km-thick crust floating on
the atmosphere that establishes the lower boundary. Other parameters of the model are given in
Table 3. His study provides an understanding of the effects of ice slope and crustal stiffness on
the magnitude and location of the generated shear stresses (Figures 17 and 18).
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Asmis' results suggest that a relatively high horizontal shear stress, approaching 30 MPa, can be
developed at depths ranging from 1 to 10 km. However, it should be noted that some of the ice
slopes used in Figure 17 are extremely steep (i.e., 2 km height in 3 km horizontal distance) and
may not be possible to attain for a dynamic ice sheet. For the two parameters examined for their
effect on shear stress, crustal stiffness and ice slope, the ice slope has a more pronounced effect.
It can be seen from Figure 17 that the maximum shear stress occurs around 3 km depth, where
the crustal stiffness is changed in the model from soft to stiff. Asmis also noted that there were a
large number of unknowns in the overall problem and suggested that field investigations should
be carried out to determine them.

It becomes apparent that results for a large-scale model, such as those in Figures 17 and 18,
provide limited information for the 1000 m depth of the proposed disposal vault. The important
task of correctly modelling the lower boundary required a large-scale model and seems to have
masked the effects of glacial loading in the target area (i.e., 500-1000 m). Thus, the effect of the
stress changes on the rock mass hosting an underground vault should be studied further. These
studies could include field work to verify glacier parameters.

In order to examine the stress changes in the region of the vault horizon and the effects of glacier
margin loading, a further study was undertaken using the finite element method. Details of this
study are presented in Appendix A. The input'parameters and major results are summarized in
Table 3. The main difference between this study and that of Asmis (1986) is that, apart from
using a constant stiffness value for the entire 40 km of the earth's crust, this study calculated
shear stresses specifically at 500 m and 1000 m depths. The results of this work indicate that the
maximum shear stress increase at the studied levels is less than 6 MPa (Figure 19).

It can be seen from Table 3 that the results of the two models cannot be compared directly. The
AECL study was focussed on the effects of glacial loads on the vault structure. The main
parameters used, such as ice slope and crustal stiffness are different than those used by Asmis.
However, our results may be marginally comparable to the Asmis' case for the parameters of
1000-m depth, high stiffness, and 10% ice slope. Such a comparison reveals that the shear stress
calculated by the Asmis (1986) model is less than 3.5 MPa (Figures 17 and 18). This result
appears to be somewhat comparable.

At the ice sheet centre, the ice thickness may well be approaching 5 km, as discussed in
Section 2.2. We used a maximum of 1 km, which may be more representative of the ice sheet
thickness near the margin. Clearly, this is not the maximum ice thickness to be expected at a
vault location in the Canadian Shield, but rather a thickness expected to affect the vault at the
leading edge of a continental ice sheet. The effect of increased uniform ice thickness is discussed
in Section 4.2.2, with details given in Appendix B.

As shown by Asmis (1986), the shear stress is relatively sensitive to the ice slope. The 200-m
step followed by a 5% ice slope we used is more shallow than the 10% slope used by Asmis as
the "flattest" case. However, our geometry tends to agree with the work of others (e.g., Sugden
1977). The crustal parameters used in Asmis' work tend to be conservative, (i.e., they
overestimate the shear stresses).
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TABLE 3

REGIONAL-SCALE GLACIATION MODELS AND PARAMETERS USED

Parameter

Method

Computer code

Grid (km)

Lower boundary

Side boundary
horizontal
vertical

Upper boundary

Materials

In-situ stress conditions

Ice load

Crust parameters

Parameters studied

Summary of findings

Asmis(1986)

Finite differences

Personnel

200 (horizontal), 40 (vertical)

Float (asthenosphere,
density=3300 kg/m3)

Rigid
Moveable

Free (o = 0, x = 0)

Homogeneous, isotropic, elastic

Constant gravity

A distributed force on node points
in proportion to the ice thickness

G = 2 to 20 GPa
Density = 2700 kg/m3

Flat earth, constant gravity

Shear stresses at depth
a) under constant ice slope and
changing stiffness
b) under assigned stiffness and
changing ice slope

It may be possible to have
relatively high horizontal shear
stresses (-30 MPa) at depths of 1
to 10 km. Field investigations are
needed to verify input parameters.

AECL (Appendix A)

Finite element

ABAQUS

200,40

Flexible only in horizontal
direction

Rigid
Moveable

Same

Same

Principal stresses are expressed as
a function of depth

Variable load assigned to each
element depending on ice
thickness

G = 30 to 50 GPa
Density = 2600 kg/m3

Flat earth, constant gravity

Shear stresses at 500 and 1000 m
under constant stiffness and ice
slope (0.8-km ice thickness in 20-
km horizontal distance

The magnitude of horizontal
shear stress increase at 1000 m is
below 6 MPa, and is not high
enough to cause instabilities on
vault structure.



- 18-

In any case, the level of shear stress increase in the rock at depths of about 1000 m appears to be
less than 6 MPa. In comparison, under the present stress regime of the Canadian Shield
(Section 4.1), a maximum shear stress (in-situ) of 10.2 MPa is to be expected at 1000 m depth.
Asmis1 work suggests that there could be high shear stress increases (28 MPa), for very high ice
slopes, at depths between 3 to 4 km (Figure 17), but the same increase is not seen at 1 km. At
1 km depth, for any ice edge geometry considered (Figure 17), the maximum shear stress appears
to be less than 5 MPa.

Figure 20 shows the Hoek and Brown (1980) empirical failure criteria, in terms of vertical stress
(CT3) and maximum shear stress at failure, for the Lac du Bonnet granite. For the purpose of
illustration, this type of rock is assumed to represent Canadian Shield granite. As shown in
Figure 20, a peak shear stress of about 154 MPa is required for this rock to fail under the present
stress regime of the Canadian Shield. At 1000 m depth, the maximum in-situ shear stress
[Xmax = (<̂ i - 03) /2] is about 10.2 MPa (point A). An increase of 6 MPa, added to the in-situ
maximum shear stress, would bring the total maximum shear stress to 16.2 MPa, yielding a
safety factor greater than 9. Furthermore, a uniform glaciation loading would increase the value
of 03, thus, reducing the magnitude of maximum shear stress, as illustrated in Figure 20.

The point A in Figure 20 represents the present in-situ conditions at 1000 m depth and point B
represents the conditions at the same depth under a uniform, 3.5-km-thick ice load. The shear
stress is reduced to zero at the point B, further increasing stability.

The above conclusion is in agreement with Johnston (1987) who examined the effects of large
ice sheets on stability in the earth's crust in terms of Coulomb-Navier failure criteria. He also
concluded that continental ice sheets provide a stabilizing effect on the stress regime of the
underlying upper crust.

4.2.2 Vault-Scale Analysis

The studies mentioned above examined an area of 200 km length and 40 km depth with a 1 km
grid spacing. The reference disposal vault has dimensions of 2 km by 2 km at a depth ranging
from 500 m to 1000 m. These dimensions represent a small part of the regional model, and thus,
a localized vault-scale analysis was carried out to assess the stability of the vault pillars by
calculating the ratio of pillar strength to pillar stress (i.e., the factor of safety). Factors of safety
against a compressive failure of the reference pillars have been calculated for varying vault
depths, ranging from 500 to 1000 m, and varying ice sheet thicknesses, ranging from 0 to
5000 m. The analysis assumed uniform glacial loading conditions.

The calculations show that the ice load will not cause pillar failure. The data and details of the
calculations are presented in Appendix B.

Neither the regional- nor vault-scale analysis presented so far has considered the direct effects of
the glacier-induced stresses on rock-mass discontinuities, such as shear zones. The effects of
stress on discontinuities depend on the orientation and extent of the geological features, as well
as their shear resistance. Since these properties are site-specific and vary from region to region,
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and from shear zone to shear zone, it is difficult to assess the behaviour of discontinuities in
general. The analysis of a hypothetical shear zone is presented in Appendix C. This analysis
shows that, when compared to present state, the addition of uniform glacial loads does not
decrease the factor of safety for the discontinuity; in general, it improves stability. However, at
the leading edge area of a dynamic glacier, displacements along near-surface fractures can be
expected.

5. DISCUSSION AND RECOMMENDATIONS

5.1 OCCURRENCE AND EXTENT OF GLACIATION

It is known from the geological record that the Canadian Shield has been exposed to continental
ice sheets many times in the past. It is from this record that the arrival time for the next
continental glacier is estimated. To assess the nuclear fuel waste disposal concept proposed in
the CNFWMP, the arrival of the next glacial event is assumed to be beyond 10 000 years
(Section 3.1). It has not been established whether human activities, such as the increasing CO2
concentration in the atmosphere, will affect the timing of the next glaciation.

Surficial materials, including glacial till and terminal moraine deposits indicate that glaciers had
advanced far beyond the southern exposures and extended beyond the northern exposure of the
Canadian Shield. We may expect that future continental ice sheets will cover a disposal vault
located anywhere in the Canadian Shield.

5.2 EFFECTS OF GLACIATION ON THE DISPOSAL VAULT

5.2.1 Glacially Induced Stresses

It is expected that away from the margin of the ice sheet, the loading conditions will be nearly
uniform over the disposal vault and the additional load will be applied in the vertical direction.
The weight of the ice mass will cause a vertical stress increase of 30-42 MPa. Depending on the
leading-edge geometry, a shear-stress increase of about 6 MPa may also be expected near the
glacier leading edge (Sections 3.1,4.2, and Figure 19).

Figure 21 shows the ratio of horizontal to vertical stresses before and during a uniform glacier
loading. As a result of the new loading condition, the horizontal to vertical stress ratio
approaches unity at shallower depths than it would without such loading. This loading condition
reduces the magnitude of deviatoric stress and therefore, the magnitude of the shear stresses on
the vault. This yields an improvement in excavation stability compared to the preglaciation
conditions. The analysis to determine the possibility of a compTessive pillar failure under the
conditions described above yields a factor of safety greater than 3 for an ice sheet thickness of
5 km (see Appendix B).
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The main concern about the glacially induced stresses is that a dynamic glacier could cause high
shear stress in the rock ahead of the ice front mainly because of differential loading conditions
created in this area. However, the modelling analyses show that the magnitude of shear stress
increase at 1000 m depth should be less than 6 MPa. The total in-situ shear stress approaches
16.2 MPa, corresponding to about 10.5% of the in-situ shear strength and is not expected to
cause shear failures in intact rock of the Canadian Shield (Figure 20). This conclusion is in
general agreement with the results of Wahi (1985).

The effective stress acting on existing fracture planes can be altered as a result of glaciation and
deglaciation processes. The change would be more pronounced in areas of differential loading
(i.e., in front of a moving glacier).

In this study, we have assumed fully drained conditions (i.e., no excess pore pressure), with the
limitations that this implies. In general, it is known that the pore pressure reduces the strength of
the rock mass and the ice sheets may contribute to the existing pore pressures. The recharge of
the aquifers and the dynamic movements of the ice sheet are considered as the mechanisms
behind the formation of Howe Lake, Saskatchewan (Christiansen et al. 1982). The Howe Lake
area is mainly composed of weak sedimentary rocks. However, similar mechanisms may aid the
enhancement of existing fractures in strong granitic rocks. On the other hand, there are opinions
that large ice sheets may "insulate" the underlying crust from diffusion of any significant amount
of meteoric water from surface down to a certain depth, thus, provide extra stability to underlying
upper crust (Johnston 1987).

Site-specific analyses of pore pressure redistribution during future glaciation should be done at
candidate disposal sites.

5.2.2 Erosion Effects

The erosion of the surface of the continental crust, as a result of basal sliding of the ice mass, can
affect the shaft and borehole seals at, or near, ground surface. The depth of glacier erosion
depends on several factors, such as the ice geometry and the local geological conditions. The
effect of erosion, like other effects discussed in this section, depends on the characteristics of the
site. Based on the literature review, there seems to be a consensus that erosion is likely to be less
than 20 m deep. However, there are opinions that the continental ice sheets caused up to 150 m
of glacial erosion of paleozoic and sedimentary rocks.

The vault structure is assumed to be located in strong, plutonic rock. The erosion of 1000 m may
require the effects of 50 or more continental ice sheets of the magnitude of the Laurentide ice
sheet, which, based on a cycle time of 125 000 a (Figure 6b), would require a period greater than
six million years to occur.

Erosion may also alter the state of stress. The magnitude of such a change will depend on the
amount of material removed, that is, the depth of erosion. Should this change be sufficient, low-
angle thrust faults could develop in local areas of high horizontal stress in the Canadian Shield.
Analysis of such a possibility is shown in Figure 22. In this figure, the present state of stress at
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1000 m depth corresponds to the origin of the x-axis. As the erosion of material occurs, the
magnitude of the vertical stress decreases, and, finally, when the depth of erosion becomes equal
to the thickness of overburden, the vertical stress reduces to zero. The horizontal stress decreases
as well, but at a reduced rate dependent on the Poisson's ratio. As a result, the increase in the
deviatoric stress may eventually become so large that the rock mass fails.

The approximation shown in Figure 22 suggests that, even with 1000 m of erosion, the resulting
in-situ stress may not be enough to cause the reference rock to fail. On the other hand, erosion of
1000 m implies that the vault is exposed and rock-mass stability becomes irrelevant. Erosion of
150 m results in a condition with strength/stress ratio of about 3. Thus, the erosion-caused stress
changes are not high enough to cause any faulting, which may have been the case for weaker
rock masses.

While the erosion will not cause the development of new faults, it may cause movements along
the existing faults. The analyses examining the possibility of this effect, as presented in
Appendix C, show that for the movement along a fault to occur, there needs to be about 250 m of
erosion if the reference depth is at 500 m, and 600 m of erosion if the reference depth is at
1000 m. Because the estimated depth of erosion caused by repetitive glaciation is significantly
lower (150 m for the extreme hypothesis), the erosion mechanism alone cannot cause movements
along a fault located at 500 m or at 1000 m depth. It should be noted that the maximum effects
of erosion correspond to the deglaciation periods when the ice load no longer exists.

5.2.3 Crustal Depression Effects

Crustal depression occurs as a result of loading by a continental ice sheet. If the amount of
depression is taken as 1/3 of the thickness of the overlaying ice, as suggested (Bloom 1978), then
for the Laurentide ice sheet thickness of 3000 m, the resulting depression would be about
1000 m. The forebulge preceding the margin would be in the order of 30 m (i.e., H/100).

The implication of crustal depression is that the crust will experience flexural movements.
However, the horizontal extent over which these movements take place at the surface is in
hundreds of kilometres (see Figure 12). The 2 km by 2 km disposal vault is very small compared
to the scale of these flexural movements, and it would tend to tilt along with a much larger mass
of rock. On a larger scale, we have already demonstrated that the additional load due to an ice
sheet tends towards stabilization of the stress conditions in the Canadian Shield areas. A vault in
the compression zone (Figure 14) should have favourable stress conditions relative to
preglaciation. The forebulge areas could be subjected to tensile stresses due to bending of the
crust. Because the existing horizontal stress in the Canadian Shield is in compression, the net
effect of the tensile stress would be to reduce the current compressive stresses. According to
some modelling results, at its maximum, the Laurentide ice sheet introduced tensile stresses
reaching 20 MPa in the sedimentary rocks of the northern United States (Clark 1982). This
amount of tensile stress will cause the rock mass to fail locally, because 20 MPa is above the
tensile strength of most rocks. It should be noted that 20 MPa tensile stress accumulation in
rocks is not possible as most rocks will fail at a lower tensile stress level and the stresses are re-
distributed. Hence, the modelling results should be looked at cautiously. In the Canadian Shield,
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this amount of stress will only reduce existing high horizontal-compressive stresses, creating
more favourable (reducing the magnitude of stress) conditions compared to preglaciation. While
the magnitude of in-situ stress will be reduced, the direction of stress would be changed because
of the tilt in such a way that the compressional forces on both sides of the forebulge area will not
balance each other, creating favourable conditions for the development of surface pop-ups and
fractures. This has immediate implication in the design of shaft plugs and surface markers. It
may have an effect on upper parts of geosphere in terms of fracturing.

Site-specific analyses of the potential effects of a forebulge during future glaciations should be
done at candidate disposal sites.

5.2.4 Postglacial Rebound Effects

The rebound of the crust due to the removal of the ice load after deglaciation and the associated
differential displacements of fault blocks can be a potential mechanism for fault reactivation.

The rate of uplift will depend on the rate of removal of the ice load, and is suggested to be
highest immediately after deglaciation. Bloom (1978) suggests that the rate of uplift decreases
exponentially with time.

For plutonic rocks, the rebound process may trigger faulting along pre-existing planes of
weakness—Quinlan (1984) studied the possibility of any relationship between the high seismicity
observed on the east coast of Baffin Island, as compared to the other areas around the Canadian
Shield, and the postglacial rebound. He concluded that, while the rebound stress (~3 MPa) may
trigger instability in pre-stressed areas, it does not by itself dictate the mode of failure. A totally
elastic recovery should not cause failures in the areas of even loadings. Upon deglaciation, the
vertical stresses in the central areas will be reduced and gradually approach preglaciation levels.
The forebulge area, as in the case of crustal depression, would be the most strongly affected area
particularly considering that rebound can generate additional horizontal stresses in this area.
While the magnitude of rebound stress by itself may not be high, considering that the perimeter
areas were also subjected to comparatively worse stress conditions during tilting and adding the
effects of possible pore pressure, the possibility of faulting exists. The existence of the
displacements observed (Adams 1981) along the perimeter of the Laurentide ice sheet appears to
support this conclusion. Adams (1981) observed that"... most recognized post-glacial faults
occur in steeply dipping paleozoic slates". The results of modelling studies by Clark (1982) also
indicate that the most pronounced effect, in terms of stress capable of causing fracturing, was in
the areas south of the Laurentide ice sheet margin. Granitic rock masses in the interior regions of
the Canadian Shield appear not to have been affected by the Laurentide ice sheet-caused faults.
Ideally, the vault should be located in an area close to the centre of ice accumulation where the
least differential stress is expected both during ice sheet growth and retreat.
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6. CONCLUSIONS

This report presents a compilation and review of literature regarding the physical processes and
features of continental glaciers, and analyses of their possible effects on the stability of a used-
fuel disposal vault. The following conclusions may be drawn:

1) A disposal vault located in the Canadian Shield would be subjected to continental
glaciation in the future. The extrapolation of past trends shows that the next
glaciation period is likely to occur more than 10 000 a from now.

2) According to the available models, a typical continental glacier may have a
maximum central thickness of 5000 m and a near-parabolic profile at the glacial
margin.

3) The Canadian Shield is currently under high horizontal stresses, and an additional
uniform vertical load provided by an ice sheet may reduce the deviatoric stress
state.

4) Although crustal flexure from continental glaciation may result in vertical and
horizontal displacements, bending moments, and shear forces, it is unlikely that the
vault structure with its comparatively small dimensions at depth will be seriously
affected. At the maximum dimensions, ice sheets comparable to Laurentide ice
sheet are capable of reactivating faults and fracture zones along the perimeter areas.

5) The development of a forebulge ahead of an ice sheet has important implications
with respect to the extent of fracturing caused by it. Site-specific analyses of the
potential effects of a forebulge during future glaciation should be done at candidate
disposal sites.

6) Regional and vault-scale analyses show that the vault system and granitic rock
masses of the Canadian Shield should not experience failure due to glacially
induced stresses, provided the rock-mass properties, the vault structure, the extent
of future ice sheet, and the ice-load conditions do not differ significantly from those
assumed in the analyses described earlier.

7) Glacial erosion may affect the performance of surface and near-surface shaft and
borehole seals. The part of the shaft and borehole seals located near the ground
surface could be subjected to glacial erosion. The sealing strategy should be
designed to ensure system integrity even after 10 to 20 m of seal has been eroded.

8) Fully drained conditions have been assumed for the analyses presented in this
report. Site-specific analyses of pore-pressure redistribution during future
glaciation should be done at candidate disposal sites.
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FIGURE 10: Morphology of the Laurentide Ice Sheet at Its Maximum. Contours represent ice
thickness in metres (Denton and Hughes 1981).
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FIGURE 12: Geometry of a Continental Ice Sheet (see Table 2 for the range of dimensions)



- 4 3 -

FIGURE 13: A Series of Diagrams Showing Three Possible Ice Movement Mechanisms:
a) Tensile Fracturing, b) Internal Deformation and Basal Slip, and c) Slumping
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20km(Asmis 1986)
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APPENDIX A

A FINITE-ELEMENT ANALYSIS OF GLACIER MARGIN LOADING ON A

NUCLEAR FUEL WASTE DISPOSAL VAULT

by

D. Bruneau

ABSTRACT

A two-dimensional plain-strain finite-element model was used to examine the effect of glacier

margin loading of underlying rock. The results of the analysis show that for the linear-elastic

model and the assumed model parameters, the maximum shear stress increase resulting from

glacial margin loading is about 9% of the non-glaciated in-situ values. Thus, the development of

new shear surfaces due to glacial margin loading is unlikely to occur.
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A.l MODEL DESCRIPTION AND BOUNDARY CONDITIONS

In order to examine the effect of glacier margin loading of underlying rock, a two-dimensional
plane strain model was created using the ABAQUS finite element program (Hibbit et. al., 1989).
The finite element mesh represents a section about 200 km long and 40 km deep with about 3600
4-node elements. The upper 2000 m of the mesh was made finer than the remaining depths
because this is the zone of greatest interest. Further mesh refinement was made for the region
beneath the sloping portion of the glacier margin, where the surload changes with distance, and
potential shear stresses are greater than in other areas. The surface boundary was unconstrained
vertically, and the side boundaries were modelled as roller boundaries. The lower boundary was
allowed to move only in the horizontal direction and the side boundaries were allowed to move
only in the vertical direction. The lower left and right corners of the mesh were fixed in both
horizontal and vertical directions to ensure stability of the model.

The size of the model is similar to that of the finite difference model used by Asmis (1986). The
large dimensions with respect to the area of detail minimizes boundary effects.

A.2 ASSUMPTIONS AND PARAMETERS

The rock was assumed to behave as a linear, elastic, homogeneous and isotropic solid. Two
analyses were conducted. In the first analysis, representing a stiff crust, the rock was given a
Young's modulus of 50 GPa and a Poisson's ratio of 0.25. In the second analysis, representing a
softer crust, the rock was given a Young's modulus of 30 GPa and a Poisson's ratio of 0.35. The
material density used in both analyses was 2600 kg/m3.

The glacier margin profile used in the analyses is shown in Figure A-l. At the edge, the
hypothetical glacier has a thickness of 200 m at the toe. The ice thickens to a maximum of
1000 m over a distance of 20 km and then remains constant.

A.3 PROCEDURE

The surface elements of the model loaded by the glacier margin consisted of two groups: a set of
elements loaded by the constant 1-km ice thickness, and another set of elements loaded by the
sloping ice margin. All elements of the first set were assigned one value of ice load, resulting in
a stress of 10 MPa, whereas each element of the second set was assigned an ice load
corresponding to the ice thickness associated with its horizontal position, namely 1 MPa for each
100 m of ice thickness. For example, the leading edge of the glacier margin was 200 m thick and
therefore imposed a stress of 2 MPa on the rock beneath it.
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Model output consisted of vertical, horizontal, shear, and principal stresses averaged at the nodes
of the elements. This greatly simplified post-processing of the data. The stresses in the output
files were for the region above the depth of 2250 m. From each file, the stresses for the depths of
500 m and 1000 m were selected and extracted to separate files.

The principal in-situ stresses in the Canadian Shield were assumed to be vertical and horizontal,
with the major principal stress being horizontal. The values of the principal stresses as a function
of depth were:

Ov =0.0265ZMPa

aH = 6.67 + O.O3O2Z MPa

where:

Z = depth in meters
(Tv = in-situ vertical stress

= average in-situ horizontal stress

Glacially induced stresses were superimposed on the in-situ stresses to obtain the total stress
field. From this superposition, new principal stresses and maximum shear stresses could be
calculated. The horizontal component of the maximum shear stress was calculated and plotted
for both 500 m and 1000 m depths (Figures A-2 to A-6). Figures A-2 and A-3 show the
maximum and the minimum principal stresses and the maximum shear stresses at the 500 m and
1000 m depths for the soft and the stiff crustal models, respectively. Figures A-4 and A-5 show
the principal stress orientations and the horizontal component of the maximum shear stress at
500 m and 1000 m for each analysis. Figure A-6 shows only the glacially induced stresses at
500 m and 1000 m depth for the soft-model analysis. The stiff-model analysis is not shown in
the diagram, but trends are very similar to those of the soft model.

A.4 RESULTS AND CONCLUSIONS

The analyses show that the stresses created in the upper layers of the crust by the glacier margin
are not large enough to cause structural instability in the underground vault. The stress increases
at 500 m level are slightly higher than those at the 1000 m level. The stress increase in the
vertical direction is about two and a half times greater than the increase in the horizontal
direction. The maximum shear stress is about 6 MPa and appears in the unloaded region in front
of the glacier margin up to the right boundary of the model. This is very close to the value of the
in-situ maximum shear stress. The slight increase is probably due to the increase in horizontal
stress in front of the ice margin. The overall effect of a glacier margin in the vicinity of the
underground vault is to reduce the maximum shear stress as the glacier thickness increases. A
slight change in the principal stress orientation occurs near the glacier toe, but the amount of
change is only about 9%. The conclusion of these analyses is that, barring existing failure
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surfaces, a glacier margin in the vicinity of the underground nuclear fuel disposal vault will not
disrupt its overall stability.

REFERENCES

Asmis, H.W. 1986. Glaciation modelling. Ontario Hydro Geotechnical and Hydraulic
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APPENDIX B

DISPOSAL VAULT PILLAR STABILITY

ANALYSES FOR GLACIAL LOADING

by

Y. Ates

ABSTRACT

The stability of the pillars of the reference disposal vault was assessed under uniform glacial

loading by calculating the average factor of safety for a pillar at depth and with additional ice

load on the ground surface. Pillars were assumed to be at depths of either 500 m or 1000 m,

while the ice thickness was varied from 0 to 5000 m. The factor of safety was 3.5 for a vault

depth of 1000 m and an additional 5000 m ice load on ground surface.
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B.l INTRODUCTION

The objective of the analysis presented in this section is to assess the stability of the vault pillars
by calculating the ratio of pillar strength to pillar stress (i.e., the factor of safety). Safety factors
against failure of the reference pillars are calculated for two vault depths, 500 m and 1000 m, and
for varying ice sheet thickness, ranging from 0 to 5 km. The analysis assumes uniform glacial
loading conditions.

B.2 VAULT-SCALE ANALYSIS CALCULATIONS

The required data in this analysis are i) the glacier material properties, ii) the vault dimensions,
and iii) the rock material properties.

i) Glacier material properties:

Density is the only glacier material property that is used in the analysis. The ice
density used is that of pure ice with a density of 0.92 g/cm3 (Sugden and John
1976). This value is the highest density for natural ice. However, glacial ice may
have a slightly higher density because rock debris is commonly incorporated into
the ice mass.

Ice properties:

Density, v ^ =920kg/m3

Ice pressure, I = 9.0 kPa/m of ice thickness

ii) Vault dimensions:

The vault room (Wo) and pillar (Wp) dimensions are as follows:

W0 = 8m
Wp = 22 m

On the basis of this geometry, the extraction ratio, (ER) is given by

W
ER = -

_ =0.267
30m
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NOTE: This is a two-dimensional extraction ratio, excluding panel tunnels and
central access tunnels.

iii) Rock properties:

The rock properties are the far-field rock-mass peak values (Baumgartner et al.
1993):

Uniaxial compressive strength, oc = 190 MPa

Hoek and Brown failure criteria constants: m = 17.5, s = 0.19

Rock-mass density, yr = 2700 kg/m3.

B.2.1 PILLAR ANALYSIS

The following calculations were performed in order to asses the stability of a pillar between the
rooms of the vault system under a uniformly distributed glacial load (i.e., not at the glacial
margin. For glacial margin loading see Appendix A.)

B.2.1.1 Pillar Stress

The average vertical stress at mid-height of a rib pillar can be calculated, using a tributary area
method (Hoek and Brown 1980) as follows:

Eo
( B " 2 )

where:

Yr = the unit weight of rock = 2700 kg/m3 MPa depth
Z = the depth of the vault (m)
Wo = the width of rooms (m)
Wp = the width of pillars (m)
ap = the average pillar stress (MPa)
g = acceleration due to gravity (9.81 m/s2)

Thus, if there is no ice load, the average pillar stress at a depth of 1000 m depth is:

ap = (26.5 x 1000)x [1 + (8/22)]
= 36.1 MPa,
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and similarly at a depth of 500 m:

ap- =18.1 MPa.

When there is uniformly distributed ice, then:

where:

I = vertical stress generated by uniformly distributed ice (MPa).

Table B-1 summarizes the expected average pillar stresses as a result of various ice thicknesses.

TABLE B.I

AVERAGE PILLAR STRESS UNDER VARIOUS ICE THICKNESSES (MPa)

Vault Depth (m)

500

1000

Ice Thickness (km)

0

18.1

36.1

1

30.4

48.4

2

42.7

60.7

3

55.0

73.0

4

67.3

85.3

5

79.6

97.6

B.2.1.2 Pillar Strength

The ratio of average pillar strength (Oisav) to the uniaxial compressive strength (ac) of the intact
rock can be estimated using a method provided by Hoek and Brown (1980). In this method the
average pillar strength, normalized by uniaxial compressive strength, is plotted against the pillar
width, normalized by pillar height, for rocks of various quality (Figure B-1).

For the disposal vault case the pillar width/pillar height = 4 m, and the m and s parameters are
17.5 and 0.19, respectively. Plotting the pillar width/pillar height of 4 m vs. the rock of the



- 7 4 -

quality close to that represented by m and s values, we obtain ais.av /c*c = 1.8. Since the
CTC = 190 MPa, the average pillar strength, ais.av, is about 342 MPa.

B.2.1.3 Safety Factor

The safety factor (SF) for a pillar can be defined as:

SF = (the average pillar strength/the average pillar stress), or

S F = CTis.av /<Jp

For a 1-km ice thickness with a vault and a depth of 500 m

SF = 342/30.4 =11.3

Similarly a depth of 1000 m

SF = 342/48.4= 7.1

The safety factors for other ice loads and vault-depth configurations are tabulated in Table B-2.

TABLE B-2

EXPECTED PILLAR SAFETY FACTORS UNDER VARIOUS ICE LOADING CONDITIONS

Vault Depth (m)

500

1000

Ice Thickness (km)

0

18.9

9.5

1

11.3

7.1

2

8.0

5.6

3

6.2

4.7

4

5.1

4.0

5

4.3

3.5

The backfill support pressures and thermally-induced stresses are not considered in the above
calculations. Backfill support pressures will tend to favour stability, and thermal effects can be
assumed to have largely subsided before any glaciation occurs.

A factor of safety less than 1.0 implies that the pillar is theoretically unstable and will collapse
under the assumed stress conditions.
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Hoek and Brown (1980) suggest that, in using the above method, a factor of safety in excess of
1.5 should be used for the pillars required to provide permanent support in an underground mine.
A higher factor of safety may be required for the design of the used-fuel disposal vault.
Table B-2 shows that, a vault pillar located at 1000-m depth and under an additional 5-km ice
load will have a factor of safety of 3.5. Considering that this thickness of ice represents the worst
case, this configuration should be safe under the expected uniform glacial-loading conditions.
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The shear strength/shear stress ratios under various ice loading condition are calculated for a

hypothetical shear zone at various depths. The same shear zone is investigated for potential

movements caused by load changes resulting from erosion of rock overlying the disposal vault.



This page Is intentionally left blank.



- 7 9 -

APPENDIX C

STABILITY OF SHEAR ZONES UNDER GLACIAL LOADING AND UNLOADING

CONTENTS

Page

C. 1 SHEAR ZONES AND GLACIAL LOAD 81

C.2 SHEAR ZONES AND EROSION 82

REFERENCE 83



This page is intentionally left blank.



-81-

C.l SHEAR ZONES AND GLACIAL LOAD

The behaviour of the rock mass is often determined by the presence of discontinuities, such as
shear zones and faults. The following calculations analyze potential slip conditions in a
hypothetical fault plane assumed to exist at 1000 m depth in the Canadian Shield.

The slip along a fault will occur if the shear resistance along the fault is greater than the shear
stress:

T>Ntanoc + S0. (C-l)

where: x = the shear stress along the fault plane,
a = the angle of sliding friction,
N = the normal stress across the fault plane, and
So = the effective cohesion along the fault plane.

The shear and the normal stresses are given by:

x = 0.5(ai - a3) sin(2p) (C-2)

N = 0.5(ai + a3) - 0.5(ai - a3)cos(2p) (C-3)

where G\ and a3 are the maximum and the minimum principal stress, respectively, and P is the
angle defined in Figure C-l

As an example, let us assume that a shear zone exits at 1000 m depth in the Canadian Shield
stress environment (Herget, 1986), where:

d = 46.8 MPa
a3 = 26.5 MPa
P =45° (maximum shear stress condition).

Then, tmax = 10.2 MPa, with
N = 36.7 MPa.

Assuming that the angle of sliding friction, a, is 30° and So = 0.0 (e.g., no cohesive strength for
filling material in the shear zone), the shear strength will be 21.2 MPa, which is higher than the
maximum shear stress. Thus, under assumed stress conditions we do not expect any movement
to occur in this hypothetical shear zone (factor of safety with the conservative assumption is
= 21.2/10.2 = 2.1).

Table C-l shows the shear strength/maximum shear stress ratio (i.e., the factor of safety) on the
fault zone for increasing ice sheet thicknesses. The increase in the vertical load due to the ice
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sheet growth reduces the shear stress until the vertical stress, ov (or 03), becomes equal to the
horizontal stress <Jh(or C\). As the ice sheet thickness increases further, the vertical stress
becomes the major principal stress, and the shear stress starts to increase. As a result, the factor
of safety increases to a maximum and then decreases. At 1000-m depth, the factor of safety with
the 5000 m ice thickness is 7.9.

At the leading edge of the ice sheet, displacements along near-surface fractures can be expected.
Shear stress in the vicinity of the leading edge of the ice sheet is estimated to be around 2 MPa
which is very low (Figure A-5) to cause any movement. As the shear zone is covered by an
increasingly thicker ice sheet, uniform loading conditions will be gradually established. All
analyses assume fully-drained pore pressure conditions (i.e., no excess pore water pressure).

TABLE C-l

EXPECTED SHEAR STRENGTH/SHEAR STRESS RATIOS UNDER VARIOUS ICE

LOADING CONDITIONS FOR A HYPOTHETICAL SHEAR ZONE AT VARIOUS DEPTHS

Vault Depth (m)

500

600

700

800

900

1000

Ice-Sheet Thickness (km)

0

1.5

1.5

1.5

1.5

1.8

2.1

1

3.2

2.8

2.6

2.4

3.0

3.5

2

10.2

6.2

4.8

4.0

5.5

6.8

3

20.2

54.7

13.5

8.3

16.0

28.0

4

6.3

11.2

31.9

54.7

30.7

16.5

5

4.1

5.8

8.7

15.4

9.1

7.9

C.2 SHEAR ZONES AND EROSION

During the glaciation period a certain amount of material is eroded away from the bedrock. As
discussed in Section 3.4 the estimates for depth of erosion from the repetitive past glaciations
vary widely from being less than 20 m to 150 m. The removal of this amount of overburden
causes changes in the in-situ stress. The change is compensated by the glacial load during the
glaciation, but it will be apparent during the deglaciation period.
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The hypothetical shear zone which is explained in Section C. 1 is examined here for the
movements as erosion of various thickness is assumed to take place. The initial state of stress is
from Herget (1986) as given in Section 4.1. The possibility of shear movements is analysed at
500 m and at 1000 m depth. The results are presented in Table C-2 and illustrated by Figure C-2.
The results show that for the movement along this zone to occur; there needs to be about 250 m
of erosion if the reference depth is at 500 m, and 600 m of erosion if the vault depth is at 1000 m.
These analyses assume that the erosion will take place evenly on both sides of the shear zone.
Because the estimated depth of erosion caused by repetitive glaciation is significantly lower
(150 m for the extreme case hypothesis), the erosion mechanism alone should not cause
movements along a shear zone located at 500 m or 1000 m depth passing near or through a
disposal vault. However, the erosion effects should be examined thoroughly in the context of the
specific site; once the site is known.

TABLE C-2

EXPECTED SHEAR STRENGTH/SHEAR STRESS RATIO WITH EROSION OF

OVERLYING MATERIAL FOR A HYPOTHETICAL SHEAR ZONE

Shear zone at 45°, no cohesion

Amount of Erosion (m)

0
100
200
300
400
500
600
700
800
900

1000

Strength/Stress
(Depth = 500 m)

1.6
1.3
1.1
0.9
0.7
0.6

Strength/Stress
(Depth = 1000 m)

2.1
1.8
1.6
1.4
1.2
1.1
1.0
0.9
0.8
0.6
0.4

REFERENCE
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FIGURE C-1: Normal and Shear Stresses Acting on a Shear Zone
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