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ABSTRACT

A seismic event which causes damage to an underground opening is called a rockburst.
Practical experience indicates that these damaging seismic events are associated with deep
mines where extraction ratios are greater than 0.6. For the arrangement being considered
by AECL for nuclear fuel waste disposal vaults, extraction ratios, for the room and pillar
design, will be less than 0.3. At this extraction ratio the stress magnitudes will not be
sufficient to induce seismic events that can damage the underground openings.

Documented world-wide experience shows that unless the underground opening is very close
to the source of a naturally occurring seismic event, such as an earthquake, the opening
will also not experience any significant damage. Backfilling a disposal vault will improve
its resistance to earthquake damage. Backfilling a disposal vault will also reduce the total
convergence of the openings caused by thermal loads and hence minimize the potential for
thermally-induced seismic events.
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RESUME

Un evenement sismique qui cause des degSts dans une excavation souterraine est appele un coup de
toit. L'experience pratique montre que ces evenements sismiques dommageables se produisent
dans les mines profondes ou les rapports d'extraction sont superieurs a 0,6. Dans le cas de
l'agencement prevu par EACL pour le stockage permanent des dechets de combustible nucleaire,
les rapports d'extraction pour la methode par chambres et piliers seront inferieurs a 0,3. Avec ce
rapport d'extraction, l'ampleur des contraintes ne sera pas suffisante pour induire des evenements
sismiques qui peuvent endommager les excavations souterraines.

La documentation sur l'experience acquise en la matiere dans le monde entier montre qu'a moins
que l'excavation souterraine soit tres proche du point d'origine d'un evenement sismique naturel,
tel qu'une secousse tellurique, l'excavation ne subira pas de degats importants. Le remblayage
d'une installation de stockage permanent reduira aussi la convergence totale des excavations
provoquee par les charges thermiques et, pour cette raison, reduira au minimum les possibilites
d'evenements sismiques induits par la chaleur.
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1 INTRODUCTION

In 1994 October Atomic Energy of Canada Limited (AECL) submitted its Environmental
Impact Statement on a concept for nuclear fuel waste disposal to the Environmental Assess-
ment Panel established under the 1984 WARP Guidelines Order, for review. During that
prehearing review process several issues were raised by public, technical and government
reviewers related to the effect of mining induced seismicity on a potential disposal vault
excavated in the plutonic rock of the Canadian Shield and the effect of an earthquake on
an existing network of tunnels such as would exist at a disposal vault site. Both of these
topics have to do with the propagation of fractures from either mining induced stresses or
tectonic stresses. The theoretical conditions required to create new fractures around un-
derground openings was addressed by Martin et al. (1994). The purpose of this report is
to document practical experience related to mining induced seismicity and to examine the
conditions where mining induced faulting has occurred. While there is no direct evidence
of the interaction of a tectonic fault and a series of rooms like a disposal vault, researchers
have investigated the amount of damage that has occurred to underground openings in the
immediate vicinity of an earthquake. This aspect will also be addressed.

2 BACKGROUND AND TERMINOLOGY

The energy changes that occur when an underground opening is created have been described
by Cook (1965) and Salamon (1984). When a hole is created in a stressed rock mass the
surface of the excavation moves inwards. As a result there energy is released. If the rock
mass behaves in a linear elastic fashion the released energy is of no practical consequence
as the excavation is stable. However, if the rock mass around the tunnel is loaded beyond
its yield point nonelastic displacements occur and the strain energy released is greater than
in the elastic case. When the rock mass is strong and brittle the nonelastic failure process
involves the rapid release of strain energy which creates seismic waves or seismic events.

The seismic events that cause damage to underground openings are referred to as rockbursts
or strain bursts (Cook et al., 1966; Salamon, 1974). This failure process is stress-induced
and therefore these rock bursts are invariably associated with deep excavations where the
in situ stress magnitudes are high relative to the rock mass strength. Based on the work of
Hedley (1992), the following definitions have been adopted for this report.

Seismic event: A transient earth motion caused by a sudden release of potential or stored
strain energy in the rock mass. As a result, seismic energy is radiated in the form of
strain waves. The magnitude of the seismic event is usually determined from the peak
amplitude of the strain wave, using a logarithmic scale (e.g., Richter Magnitude).

Rockburst: A seismic event which causes injury to persons, or damage to underground
workings. The general and essential feature of rockbursts is their sudden, violent
nature.

Consequently, all rockbursts are seismic events but not all seismic events are rockbursts.
Ortlepp (1992b) has proposed the classification given in Table 1 for the types of rockbursts
commonly found in deep South African mines. Also shown in Table 1 is the Richter mag-
nitude of the seismic event, according to the type of rockburst. Hedley (1992) noted that
in Ontario mines three types of rock-bursts were common: strain bursts, pillar bursts and
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TABLE 1: Suggested classification of seismic event source and associated event magnitude,
after Ortlepp (1992b) .

Rockburst Possible Source Richter
Type Mechanism Magnitude ML

Strain-bursting Superficial Spalling

Buckling Outward expulsion of large slabs
around an opening

Pillar or face crush Sudden collapse of stope pillar

Shear rupture Violent propagation of shear fracture
through intact rock

Fault-slip Sudden movement along existing fault

fault-slip bursts. It should be noted that seismic events below a magnitude of -1 are seldom
recorded in mines because the energy released by these events is so small that it does not
cause damage and hence is not classed as a rockburst. These small seismic events, which
typically have magnitudes between -6 and -2 are called microseismic events.

With the advances in computer technology the monitoring of these stress-induced seis-
mic events is now routine. The monitoring varies from simple source locations to whole-
waveform analyses providing some insight into the source mechanisms causing the seismic
event. Because of the similarities between mining-induced seismic events and naturally
occurring earthquakes the analyses of these seismic events follows the approach used by
earthquake seismologists.

Hedley (1992) reported that rockbursts in Canadian mines have been studied since the mid
1930s when they became a problem in the hardrock mines at Kirkland Lake and Sudbury,
Ontario. Between 1928 and 1990, almost 4000 rockbursts were reported to the Ontario
Ministry of Labour. By 1990 fifteen seismic monitoring systems were in operation at Ontario
mines. With the increasing depths of the hardrock mines in the Sudbury basin, rockbursts
today are routine and expected, and the potential for their occurrence is incorporated
into the mine design. Hence the subject is fairly mature with well established guidelines
for mine design in burst prone ground. For example, in 1992 CANMET published the
Rockburst Handbook for Ontario Hardrock Mines (Hedley, 1992) and more recently the
Geomechanics Research Centre of Laurentian University published the Rockburst Support
Handbook (Kaiser et al, 1995). In addition three international conferences have been held
on the subject to date:

1. Proceedings of the 1st Int. Symp. on Rockbursts and Seismicity in Mines, Johannes-
burg (Edited by N. C. Gay and E. H. Wainright) 1984. South African Institute of
Mining and Metallurgy, Johannesburg.

2. Proceedings of the 2nd Int. Symp. on Rockbursts and Seismicity in Mines, Minneapo-
lis (Edited by C. Fairhurst) 1990. A. A. Balkema, Amsterdam.

3. Proceedings of the 3rd Int. Symp. on Rockbursts and Seismicity in Mines, Kingston
(Edited by R. P. Young) 1993. A. A. Balkema, Amsterdam.
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In addition to the hardrock mines in Ontario, rockbursts have been reported in the potash
mines of Saskatachewan, the lead and zinc mines of New Brunswick, the gold mines in
the Val D'Or area of Quebec and the coal mines in Nova Scotia (Hedley, 1992). Hence
rockbursts are not confined to one particular rock type.

The knowledge base for the design of underground openings against the damage caused by
rockbursts has advanced significantly over the last fifty years. For example, the Sudbury
Neutrino Project (a major civil engineering installation consisting of a 20-m-diameter, 30-
m-high cavern) is located at the 6800 Level (2070 m below surface) of Creighton mine at
Sudbury, Ontario. Creighton mine is one of the deepest hard rock mines in Canada and one
which experiences seismic events daily. The largest recorded mining-induced seismic event
in Canada, magnitude 4, has been recorded at Creighton mine. The Sudbury Neutrino
Project has been designed to withstand these large seismic events.

3 SEISMIC MONITORING TECHNOLOGY

Seismic monitoring systems in mines are used to detect seismic events with magnitudes
that range from -1 to 4. These systems are generally referred to as microseismic monitoring
systems to distinguish them from those systems used to monitor naturally occurring earth-
quakes. The minimum information collected from these systems is the source location while
the more sophisticated systems will also perform a complete focal analysis which provides
additional information about the seismic event such as: source radius, stress drop, moment
magnitude and the mechanism causing causing the event. At some mines the data is col-
lected in real time and automatically plotted on plans and sections. Today a mine operator
has a wide choice of commercially available monitoring equipment. The most sophisticated
equipment and software available is that produced by ISS International Limited1 of South
Africa. This system contains proprietary software that does a complete analysis of the
seismic events including three dimensional data visualization. The developers of the ISS
system have also produced a guide book "Seismic Monitoring in Mines" (Mendecki, 1994).

During the excavation of the shaft in AECL's Underground Research Laboratory (URL)
from the 240 Level to the 420 Level a microseismic monitoring system was installed to moni-
tor the microseismic activity around the 4.6-m-diameter shaft (Gibowicz et ah, 1991; Talebi
and Young, 1992). The microseismic events recorded with this system had moment magni-
tudes smaller than -2. The Mine-by Experiment also made use of microseismic monitoring
technology (Read and Martin, 1996).

An array of 16 triaxial accelerometers was installed to monitor the stress-induced microseis-
micity associated with the excavation of the 3.5-m-diameter Mine-by test tunnel (Martin
et al., 1995). The accelerometers were grouted in place at the end of diamond-drilled bore-
holes. The accelerometer array was designed for focal sphere coverage and a source location
accuracy of about ±0.25 m. The sampling rate was set to 50 kHz and the overall system
frequency response was 50 Hz to 10 kHz (±3 dB). The dynamic range of the system allowed
the study of seismic events with moment magnitudes as small as -6. The microseismic events
recorded with this system ranged from -6 to -2 moment magnitude. Interestingly, most of
the microseismic events recorded are smaller than seismic events measured in controlled
laboratory tests (McGarr, 1994).

JDr. A. Mendecki, ISS International, P.O. Box 2083, Welkom, 9460 South Africa
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In addition to the large microseismic array for the Mine by Experiment, an acoustic emission
array was also installed along one wall of the test tunnel to monitor approximately 1 m3 of
the rock (Carlson and Young, 1993). The acoustic emission monitoring was conducted using
five 1 MHz compressional transducers, each installed in a borehole and three additional
transducers attached to the tunnel wall. This allowed for monitoring of acoustic events
associated with grain boundary cracking.

Thus, the current technology allows for the monitoring of seismic events associated with
grain boundary cracking through to large scale earthquakes.

4 STRESS MAGNITUDE AND DAMAGE AROUND OPENINGS

Salamon (1983) has suggested that mining-induced seismic events will occur only if all of
the following conditions pre-exist:

1. A region in the rock mass must be on the brink of unstable equilibrium either because
of

(a) the presence of an appropriately loaded pre-existing geological weakness such as
a fault; or because

(b) the changing stresses, caused by adjacent excavations, are driving a volume of
rock to sudden failure; or because

(c) the support system of an existing opening is approaching a state of imminent
collapse.

2. Mining induced stresses must change the stress magnitudes in the region in question
and these stress changes must be sufficient to trigger the instability.

3. A sudden stress change must take place at the locus of instability in the rock mass
(e.g., slip along an existing geological fracture) in order to initiate the propagation of
the seismic waves.

4. A substantial amount of energy must be stored in the rock around the locus of instabil-
ity to provide the source of kinetic or seismic energy. The origin of this stored energy
is work done by gravitational forces and or tectonic forces and/or stresses induced by
mining.

These conditions lead to the categories of rockbursts given in Table 1. The underlying driv-
ing mechanism for these bursts is an increase in stress magnitude relative to the rockmass
strength. This ratio of stress to strength is largely affected by: the depth of the excavation,
the rate of excavating, the sequencing of the excavations and the extraction ratio.

Any excavation disturbs the virgin rockmass by redistributing the stresses around the open-
ing (Figure 1). The strains (deformations) in the rockmass that are induced by these stress
changes are greatest near the excavation. At distances exceeding 2 to 3 excavation diame-
ters away from the opening, the stress magnitude changes in the excavation disturbed zone
are relatively minor, i.e., less than 5% of the pre-excavation in situ stress magnitudes. Each
excavation has its unique excavation disturbed zone. Thus, when two or more excavations
approach each other, the stress changes in the excavation disturbed zones of the multiple
openings are superimposed.
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Undisturbed zone
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FIGURE 1: Definitions for the excavation disturbed zone in a plane perpendicular to the axis of a
tunnel. The actual shape of the disturbed and damaged zone is a function of the stress
ratio (7i/<73, the stress magnitudes and the rock strength.

A simple method to consider the effect of multiple openings is the tributary area analysis
of pillar support (Brady and Brown, 1993). This method considers the effect of the mine
openings on the pre-excavation stresses by evaluating the mined out area relative to size of
the ore body. When mining an orebody of uniform thickness the average pillar stress (ap)
is given as:

where pz is the vertical normal component of the pre-excavation stress field and r is the
area extraction ratio defined by (area mined)/(total mine area). Figure 2 shows the stress
concentration factor for a typical room and pillar mining operation as a function of ex-
traction ratio. This stress concentration factor indicates the increase in stress magnitudes
in the pillar of rock that separates the rooms as the pillar width is reduced, i.e., as the
extraction ratio increases. For very narrow pillars relative to the width of the room the
stress concentration becomes very high. For extraction ratios of less than 0.5 the stress
concentration factor is increased to 2 over that for a single opening. Thus there is minimal
interaction between openings when the extraction ratio is low. Most cf the stress-induced
seismic activity in Canadian mines occurs when the extraction ratio is greater than 0.6,
(Figure 2).

AECL has considered two disposal vault designs: borehole emplacement and in-room em-
placement. Both of these designs can be considered as room-and-pillar excavations, i.e.,
there is a pillar of rock separating the disposal rooms. The extraction ratios for the borehole
emplacement and in-room emplacement are 0.27 and 0.25, respectively. These extraction
ratios are well below 0.6, where experience indicates that stress-induced seismic activity
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FIGURE 2: Stress concentrations in a pillar due to extraction ratio.

initiates in Canadian mines. Thus it is unlikely that either of the proposed AECL vault
designs will cause significant stress-induced seismic activity.

The tributary area analysis is only appropriate for simple geometries. Three dimensional
analyses are needed to assess the effect of multiple openings with complex geometries, such
as the intersection of shafts with multiple rooms. This approach was used in the siting and
design of the Mine-by Experiment test tunnel in AECL's Underground Research Laboratory
(URL) (Figure 3). Three-dimensional elastic analyses were used to determine if the layout
of the openings on the 420 Level of the URL caused unacceptable increases to the pre-
excavation stresses in the vicinity of the test tunnel. These analyses showed the layout
geometry caused an increase of the order of 0.2 MPa in a j , a decrease of about 0.2 MPa
in £72 and a decrease of about 0.5 MPa in 03 to the in situ stress magnitudes where the
test tunnel was to be excavated. This small increase to the pre-excavation stresses in the
vicinity of the test tunnel was considered acceptable. Similar approaches would be used in
the layout of a disposal vault to assess the interaction effect of multiple openings.

FIGURE 3: General layout for the 420 Level of the URL showing the location of the Mine-by test
tunnel.



-7 -

40 60 80

Far-Field Stress CT-j (MPa)

100 120

FIGURE 4: Estimate of damage based on the ratio of the far-field maximum stress (a\) to the
laboratory short term unconfined compressive strength (cc), data from Hoek and Brown
(1980).

In Section 2 it was noted that three categories of rock bursts have been identified for the
Canadian mining environment. However, as noted by Cook et al. (1966) many seismic
events occur during the excavation of underground openings that do not cause damage
in the mining context and therefore are not identified as rockbursts. Nonetheless these
microseismic events can cause minor spalling of the rock mass around individual openings,
as was found at the URL (Martin, 1995).

Hoek and Brown (1980) used South African observations from underground mining in mas-
sive brittle rocks to classify the stability and support requirements of square tunnels. They
found that the stability of a square tunnel can be estimated by considering the ratio of
^l/cc, where o\ is the maximum far-field stress magnitude and <xc is the laboratory short-
term unconfined compressive strength (Figure 4). This classification was also found to be
applicable to the excavations at the URL (Figure 4). When the ratio of a\jac < 0.1 the
rockmass will respond elastically and no excavation-induced damage will occur in the dis-
turbed zone. At a ratio of c\/ac « 0.2, some cracking will occur in the disturbed zone
close to the excavation wall, as a result of either the removal of the confining stresses or the
loading by stress concentrations, thus creating a permanent damage zone near the opening.
This crack-induced damage weakens the rock by reducing its cohesive strength component;
the largest reductions occur at the tunnel wall, where the damage is the greatest. Outside
this damaged zone, the peak cohesive strength of the rockmass is unaffected.

At a ratio of a\jac « 0.3, the rockmass is so severely damaged near the opening that the
maximum load-bearing capacity of the rockmass is exceeded. The accumulated strains in
the damage zone are excessive and crack coalescence will lead to rockmass disintegration,
e.g., by slabbing of the excavation walls. However, even if slabbing occurs, the shape of the
opening eventually will stabilize and the surface instability mechanisms will disappear. The
opening will remain stable unless further disturbed, e.g., by a disturbance from a nearby
opening or by stress changes caused by thermal gradients. Figure 5 shows the stable shape
of the Mine-by test tunnel after excavation was completed.



FIGURE 5: Photograph showing the stable shape of the Mine-by test tunnel after excavation was
completed.

At ratios of G\jac > 0.5, the failure process propagates rapidly, extending the depth of
the damaged zone. These conditions are generally found at great depth or in mines where
extraction ratios are very high, i.e., greater than 60%. For example, if we assume <j\ = av

(the vertical stress) and ac = 200 MPa, a\jac > 0.5 will occur at depths of « 3.5 km or
greater. Consequently, from a stability point of view, unstable or severe rockmass damage
is of concern only at great depth or if two openings are interacting because of their close
proximity. Ortlepp (1992a) also concluded that a disposal vault constructed with an ex-
traction ratio of 0.25 at the in situ stress conditions that exist at the 420 Level of the URL
would not experience significant rockbursts. This conlusion is supported by the observations
made during the construction of the 420 Level, where only minor microseismic activity was
encountered.

5 FAULT-SLIP AND UNDERGROUND DAMAGE

5.1 FAULT-SLIP ROCKBURSTS

The most violent and damaging type of rockburst is the fault-slip type (Ortlepp, 1992b, see
Table 1). This type of event is common in South African gold mines where tabular mining
operations are taking place at depths greater than 3 km. The damage resulting from this
type of event in South Africa, is the rapid ejection of rock into an opening. However, in
Canada, the damage resulting from seismic events caused by bulk mining operations at
depth of about 2 km is falls of ground, i.e., large blocks of rock falling from the roof of
the excavation. These falls of ground are induced by seismic shaking and are much less
violent than ejection damage experienced in South Africa (Kaiser et at, 1995). In most
cases the damage caused by fault-slip rockbursts in Ontario Mines is minimal (Hedley,
1992). Figure 6 shows the relationship between rockburst magnitude, observed damage
and distance from the source of the event. For a seismic event to create severe damage
the underground opening has to be close to the source of the event. For example, for a
seismic event of magnitude 4, the largest ever recorded in Ontario mines, no damage would
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FIGURE 6: Damage criteria developed for Canadian hardrock mines, data from Hedley (1992). The
numbers on the lines in the graph with units of mm/s refer to peak particle velocity.

be experienced by openings that are located 200 m or more from the source of the seismic
event.

The area extent of a mining induced fault-slip event was investigated by Ortlepp (1992c).
The seismic event associated with the formation of the fault had a moment magnitude 3.4,
and occurred at a depth of 2080 m in a South African mine. Despite the large moment
magnitude of the seismic event, Ortlepp found that the newly formed fault only had a radius
of approximately 18 m with offset displacements (slippage) of about 100 mm. Hedley (1992)
has also noted that fault-slip events tend to be of small area extent and in most mining
situations the slippage occurs when the fault intersects the mine openings.

The in situ stress magnitudes at a disposal vault, located at a depth between 500 and
1000 m and having a low extraction ratio, would not be sufficient to cause the formation of
a new fault in the rock mass. Also, tunnelling through faults at these shallow depths will
not produce significant seismic events. For example at the URL, a 4.6-m-diameter shaft
intersected a major sub-horizontal thrust fault (Fracture Zone 2). While minor spalling of
the shaft walls indicated relatively high in situ stress magnitudes, extensive instrumentation
around the shaft indicated that the fault showed only millimetres of shear displacement
(Martino et al., 1989; Martin et al., 1988). A 1.6-m-diameter ventilation raise was also
excavated through the thrust fault. At this location the stress magnitudes were greater
and as a consequence the amount of spalling around the walls of the ventilation raise was
greater than that observed around the shaft. The ventilation raise was located only 20 m
away from a major water-bearing part of the thrust fault (Martin et al., 1990). Yet careful
monitoring of the ground water pressures, water inflows and extensive tracer studies have
indicated that the construction of the ventilation raise through the fault had no adverse
effects despite the relatively high in situ stress magnitudes (Davison et al., 1993). Thus it
is not likely that excavating through a fault will produce damaging seismic events.
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5.2 NATURAL EARTHQUAKES AND UNDERGROUND DAMAGE

Natural earthquakes are fault-slip events. Therefore it is instructive to evaluate the damage
to underground openings caused by these naturally occurring events. A summary of world
wide qualitative data regarding the behaviour of underground openings during earthquakes
was compiled by Sharma and Judd (1991). The information was compiled from 192 reports
of underground behaviour from 85 earthquakes throughout the world. In the course of their
study only "94 cases of underground damage were identified while literally thousands of
surface structures were damaged". Their main conclusions were

1. Reported damage decreases with increasing depth.

2. Underground facilities constructed in colluvium can be expected to suffer more damage
compared to openings constructed in competent rock.

3. If surface peak ground acceleration values of 0.25 g or less are anticipated in the design,
it is unlikely that significant damage would occur to a facility at a depth greater than
500 m.

The conclusions from the study carried out by Sharma and Judd (1991) also support the
findings discussed in Section 5.1, i.e., unless the underground opening is located close to
the source of the seismic event it is unlikey to experience significnat damage. The proposed
disposal vault will be located in a region of low seismicity and therefore the probability that
the vault will experience a large seismic event is also reduced.

5.3 SUMMARY

The most damaging type of rockburst is the fault-slip type. This type of event is usually
found in the deep tabular-mining operations of South Africa. The relatively shallow location
of a disposal vault combined with the low extraction ratio will virtually eliminate the risk
for this type of rockburst. In order for an underground opening to be significantly damaged
by a fault-slip type rockburst, the opening must be located quite close to the source of the
seismic event. Given that the site characterization program to be carried out in choosing a
disposal vault location will identify the geological faults, the location of the disposal rooms
to a fault can be optimized to reduce the rockburst hazard.

6 METHODS TO CONTROL ROCKBURSTS

The techniques that are currently used to minimize the effects of mining-induced rockbursts
are: mine-layout and sequencing of extraction and utilization of backfill. Cook (1967)
showed that the energy released during mining was a function of the number of mining
steps. This practical design tool, which was developed in the 1960s in South Africa, is the
Energy Release Rate (ERR). The ERR is used as an upper bound calculation to determine
the potential rockburst intensity. It assumes that no energy is consumed in breaking the rock
and all the calculations are based on elastic theory. Thus for any shaped set of openings the
ERR can be calculated and the proposed mining sequence evaluated. As stated in Section 4
the extraction ratios for the pillars and rooms in AECL's proposed design concepts for a
disposal vault are so low that stress induced damage would be confined to individual rooms
and occur in the form of minor spalling. In the areas where opening intersections create



- 1 1 -

G

iiiuunuuuui
Po

O Us U0

Displacements

FIGURE 7: Illustration of the effect of backfill on total convergence due to thermal loads.

complex geometries three-dimensional numerical analyses will be required to assess the
stress/strength ratio for each situation and the design principles of ERR can be applied.

Current conceptual engineering studies for the design of a disposal vault call for the back-
filling of all openings prior to closure. As demonstrated by current mining practice in
burst-prone ground, backfilling reduces the occurance of rockburst significantly (Hedley,
1992). The use of backfill to minimize the number and magnitude of rockbursts can only
work if the backfill reduces the total amount of convergence. In a disposal vault most of the
convergence will be elastic and will occur during the excavation of a room. However, the
thermal loads generated by the used nuclear fuel will also cause the underground openings
to converge. Because the rooms will be backfilled before the maximum thermal loads occur,
the backfill will be able to reduce the total volumetric closure due to heating the rock mass.

The effect of backfill on tunnel convergence can be evaluated by considering the problem
as a ground reaction problem (Figure 7). Consider a plate subjected to a thermal stress
a with a hole with surface tractions equal and opposite to the thermal stress. As the
surface tractions are gradually removed, convergence or displacement (u) occurs as shown
in Figure 7 by the line p0 to u0. As the convergence occurs it is resisted by the stiffness of the
backfill represented by the line OS in Figure 7. At point S equilibrium is achieved. When
equilibrium is achieved the backfill will have been loaded to ps and the final convergence
reduced to us. Without the backfill teh final convergence would increase to uo. Such
analyses can be carried out to assess the effect of backfill stiffness and placement sequence.

7 CONCLUSIONS

Excavating large openings at depths in excess of 1 km is routine in Canada's mining in-
dustry. In order to make these mining operations safe at these depths the mining industry
has developed design guidelines which encompass both theoretical knowledge and practi-
cal experience. The experience gained from these deep excavations can be applied to the
construction and design of a disposal vault.
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The seismic events and associated damage that are caused by these deep mining excavations
will not be encountered in a disposal vault constructed between a depth of 500 and 1000 m.
The major difference between a disposal vault and mining excavations is the low extraction
ratios (0.25 and 0.3) planned for a disposal vault. With these low extraction ratios the
stress concentrations in the rock mass between the rooms containing the waste will not be
of sufficient magnitude to exceed the rock mass strength.

Practical experience indicates that slippage along a fault would not cause significant damage
to an underground opening unless the opening is located close to the source of the seismic
event. The severity of the damage around underground openings quickly decreases away
from the source of the seismic event. Backfilling of the disposal vault minimizes the potential
for damage resulting from the increase in stress caused by the thermal loading.
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