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RÉSUMÉ

EACL Recherche est chargée d'étudier la faisabilité et sûreté du stockage
permanent des déchets de combustible nucléaire du Canada à grande profon-
deur dans la roche plutonique du Bouclier canadien. L'excavation de l'en-
ceinte de stockage permanent, l'installation des systèmes de scellement
d'étanchéité et la chaleur produite par les déchets de combustible pertur-
beront tous l'état de contrainte in situ du massif rocheux. On se sert des
programmes de calcul HOTROK, MCROC ET MCDIRC pour analyser l'influence de
la perturbation ries contraintes sur le comportement mécanique du massif
rocheux. La microfissuration dépendante du temps du massif rocheux con-
duira au fluage au voisinage des ouvertures de l'enceinte. Dans l'analyse,
on calcule en particulier la déformation de fluage consécutive de la roche
faiblement fracturée entre le bord de l'enceinte et une zone hypothétique
de roche fortement fracturée. Les valeurs obtenues sont très prudentes.
On en conclut que le massif rocheux situé à plus de 3 m au-delà du bord de
l'enceinte subira une déformation de fluage <0,001, 100 000 ans après la
mise en place (stockage) des déchets nucléaires.
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ABSTRACT

AECL Research is responsible for investigating the feasibility and safety
of the disposal of Canada's nuclear fuel waste deep in the plutonic rock of
the Canadian Shield. The excavation of the disposal vault, the installa-
tion of sealing systems and the heat generated by the fuel waste will all
perturb the in situ stress state of the rock mass. This computer codes
HOTROK, MCROC and HCDIRC are used to analyze the influence of these stress
perturbations on the mechanical behaviour of the rock mass. Time-dependent
microcracking of the rock mass will lead to creep around openings in the
vault. The analysis specifically estimates the resulting creep strain in
the sparsely fractured rock between the edge of the disposal vault and a
postulated zone of highly fractured rock. The estimates are extremely
conservative. The conclusion reached is that the rock mass more than 3 m
beyond the edge of the vault will experience <0.001 creep strain 100 000 a
after the fuel waste is emplaced.
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1. INTRODUCTION

AECL Research is responsible for investigating the feasibility and safety
of the disposal of Canada's nuclear fuel vastes deep in the plutonic rock
of the Canadian Shield as part of the Canadian Nuclear Fuel Vaste Manage-
ment Program. In the multi-barrier disposal concept being studied, each
barrier in the system reduces the rate at which radionuclides return to the
biosphere. The net effect is a return rate well below what would represent
an unacceptable risk to either man or his environment.

The Canadian Nuclear Fuel Waste Management Program is a comprehensive mul-
tidisciplinary research and development program encompassing laboratory and
field research activities in several areas of nuclear fuel waste disposal.
One of these areas, vault engineering, includes studies of engineering as-
pects relevant to the design, construction, operation, decommissioning and
closure of a nuclear fuel waste disposal vault. The major barriers within
the disposal system considered are the rock mass, which would be affected
by the underground excavations and the nuclear fuel waste, and the sealing
systems, which would be used to close the excavations.

The excavation of dispoisal rooms and tunnels, and the installation of seal-
ing systems will affect the character of the rock mass. The disposal vault
design will allow for rock-mass changes to prevent either occupational or
public safety problems. The stability of underground openings during the
period when they are open and occupied, and the effect of excavation- and
thermally induced disturbances on the seals installed in the openings (to
limit the movement of groundvater near the waste after the vault is sealed)
are of special interest. The stability of the rock mass surrounding the
openings has a significant impact on design for safe short- and long-term
performance.

The response of the rock to excavation is being studied using two approach-
es: in situ field tests, including the mine-by experiment, in AECL's Under-
ground Research Laboratory [1]; and the analytical approach discussed in
this report. As work on both proceeds, we are realizing that the tesults
from each approach are likely to be similar.

In order to discuss the analytical approach, we used disposal-vault excava-
tions that may be near a fault or fracture zone as an example. The extent
to which the physical properties of the rock mass, particularly between the
fault and the nearest disposal room(s), may be changed by excavation and
heating is of interest because that portion of the rock mass may be a
transport pathway in the performance assessment. If the properties are
affected, the performance assessment analyses would have to use appropriate
mass-transport properties for any effected rock mass when it is represented
in a safety assessment.

Although plutonic rock is usually sparsely fractured in locations that
would be considered for disposal zones, it can contain highly fractured
zones. Hence, a nuclear fuel waste disposal vault constructed in plutonic
rock could intersect and/or come close to one or more highly fractured
zones. The distance between the waste and the highly fractured zone should
be such that the zone has no adverse influenc on the rock surrounding the
waste.
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The disposal vault will be carefully excavated. Nevertheless, some local
rock damage is inevitable. The presence of the disposal vault and the heat
generated by the contained waste will perturb the in situ stress state of
the rock. In time, this perturbation will cause further damage, the magni-
tude of which will decrease with increasing distance from the excavation.

This report describes some estimates of the extent of the rock damage anti-
cipated from microcracking as a function of time. These estimates take
into account the immediate excavation damage. In particular, envelopes
containing the opening (a critical segment of the disposal vault) are esti-
mated beyond which less than 0.001 radial strain (creep) occurs after 1000
and 100 000 a respectively.

Because the analyses presented in this report consider the conditions that
may exist 1000 and 100 000 a after excavation of the openings, the openings
would be backfilled. The bulk of the backfill would be passive, hence the
backfill would not exert an active force on the rock surrounding the exca-
vation. However, the presence of the backfill would act as a restraint to
any radial dilation of the rock mass into the opening, and would therefore
tend to limit the extent of such dilation.

Radial creep strain (er) is assumed to stem from the extension and dilation
of microcracks with time. The estimates of er were made using the code
PMCDIRC (an enhanced version of HCDIRC) [2].

In addition, stresses are generated by differential thermal expansion (DTE)
between neighbouring rock constituents, which can also lead to microcrack
extension. Likely changes in the microcrack population caused by DTE can
be estimated for Lac du Bonnet granite as a function of temperature in-
crease using the code MCROC [3]. For rock located where the temperature
increase peaked at 43.3°C, the results indicated that the extent of micro-
cracking because of DTE would be negligible after 50 000 a [4].

2. SPARSELY FRACTURED ROCK STABILITY AT AN EXCLUSION DISTANCE OP 46.5 m

In a real disposal vault, the openings will not be circular in section.
However, this report considers the openings to be circular in section for
convenience and because it makes no significant difference to the problem.

Consider a long cylindrical opening 8 m in diameter (with an approximate
length of 230 m). The boundary of the opening is -46.5 m from the near
edge of a highly fractured zone, which dips at an angle of -18°. Figure 1
shows a vertical section of the opening at right angles to its axis. Extra
openings comprising the continuation of the disposal vault away from the
highly fractured zone are also shown.

The influence of the extra openings on the stress state of the rock between
the opening under consideration and the highly fractured zone is twofold.
Heat from the waste associated with the extra openings increases the tem-
perature of the surrounding rock. In turn, this creates thermal stresses
that are superimposed onto the local stress state. Also, the extra open-
ings influence the local stress state in a mechanical fashion. Thermal
stresses are taken into account. Stress components from the mechanical
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FIGURE 1: Openings Near the Highly Fractured Zone

influence are trivial and are ignored (the distance between openings is
large).

The initial local rock damage is considered to exist up to 1 m into the
rock wall. Hence, the first 1 m of rock is assumed to be less strong than
rock further away from the opening boundary. In this analysis, the first
1 m of rock is given zero strength. This simplifies the calculations and
ensures that the extent of microcracking is exaggerated beyond 1 m into the
rock.

In PMCDIRC, the axis of the cylindrical opening is defined to be the z
direction. The x and y directions are in the plane at right angles to the
axis of the opening. However, it is common practice to refer to the verti-
cal direction in the rock as the z direction, with the horizontal plane
containing the x and y directions. To avoid the confusion with directions
that stems from having a cylindrical opening with a horizontal axis, direc-
tions are designated according to the convention that xx and yy are in the
horizontal plane, with zz being the vertical direction for the rock mass,
and x and y are in the plane at right angles to the opening axis, with z
the direction along the opening axis.

3. CALCULATION OF THERMAL STRESSES

Consider an infinite plane containing an opening with radius r0 as in Fig-
ure 2. Assume that the temperature distribution for above-ambient temper-
atures has radial symmetry and is given by T(r) where T(r) = 0 for r > b.
The radius at which the highly fractured zone exists is given by bf, where
bf < b.



Temperature

FIGURE 2: Temperature Distribution Around Opening Being Considered

For plane strain with radial symmetry, the equilibrium equation in terms of
the radial displacement (u)r is given by

d

where ut = v/{\ - v), a^ = a(l + v), and v and o are Poisson's ratio and
the coefficient of thermal expansion respectively. Integrating Equation
(1) twice yields

u ( r> . T(r)r dr (2)

From Hooke's Law, the stress components are given by the following set of
equations:

T(r)r dr

T(r)r dr - «
E.C,

rzt = !/(o-r + og) - EaT

f.c = 0 (3)
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where Cx and C2 are integration constants found from the boundary condi-
tions u(») = 0. Also, ar(r0) = 0 , ffE» is the axial stress induced by im-
posing plane strain and Ex = E/(l - u

2) where E is Young's modulus. Ref-
erence 5, Section 4.3, shows that the three-dimensional stress distribution
for a long cylinder in plane strain under thermal loading can be approxima-
ted by superposing statically equivalent loads over the ends of the cylin-
der. By invoking St. Venant's principle, the stress distribution around
the cylinder and away from the ends of the cylinder can therefore be ap-
proximated adequately.

In this problem, a constant pressure (pc) is applied over the cylinder of
radius b. The pressure can then be evaluated from

From Equation (3),

r-
J r

r dr . (4)

e u,)] . (5)

Then pc is evaluated as follows.

f Zv 1 f ZCiE,»/
[ J T(r)r dr H

r
o

The axial component is

az - az' ~ Pc • (7)

Table 1 gives the time-dependent thermal map of the rock surrounding the
openings that comprise the disposal vault. This table was provided by Baum-
gartner and Ates [6] who derived it using HOTROK [7]. The calculations that
follow assume that T(r) is piecewise linear through the temperature data
points given in Table 1, and that T(r) is linearly extrapolated from bf to
b. Calculations are for temperature fields at times of 1000 and 6000 a.
The following values are used: E = 60 GPa, v = 0.25, a = 8 x 10-6/°C and
r0 = 4 m. [Note that the estimated thermal-stress components for ro = 4 m
are too large if ro is set >4 m].

By equating the stress components at the edge of the opening, additional in
situ stresses were calculated to account for the thermal stresses developed.
The additional stresses as a function of r are

Sr = [ff,(ro)/2][l - (ro/r)
2]

S, = [cr,(ro)/2][l + <
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TABLE 1

TEMPERATURE TRANSIENTS T(r}

r (m)

4.00
10.64
17.29
23.97
30.57
37.21
43.86
50.50

AT 1000 and 6000 a

Temperature Rise (°C)

1000 a

29.05
28.28
27.53
26.77
26.06
24.65
24.65
23.97

6000 a

31.25
30.82
30.41
29.99
29.59
28.81
28.81
28.42

These stress components are correct at the opening wall (r = ro)f but they
are too large elsewhere (r > ro). Thus, if the compressive in situ
stresses are increased by Aax = Aay = afl(ro)/2 and ACT,, = oz(ro) for the
PHCDIRC input, the effects of the thermal response will be overestimated.
The thermal stress components are summarized in Table 2. These stresses
are the maximum thermal stresses developed at 1000 and 6000 a. Note that
the maximum thermal stresses (spatial) peak at -6000 a [6].

TABLE 2

ADDITIONAL IN SITU STRESSES THAT' ACCOUNT FOR

THE THERMAL RESPONSE OF THE ROCK

Time
(a)

1000
6000 •

ACTX ACT
(MPa) (MPa)

13.8 13.8
15.6 15.6

A*.
(MPa)

5.1
6.0

4. ESTIMATION OF CREEP STRAIN

The assumed in situ stress state is CTXX = 60, ayy = 50 and atz = 14 MPa.
The opening is aligned so that the direction of CTXX is along the axis of
the opening. Because the opening is long, the problem is reduced to two
dimensions. Thus, the in situ stresses relative to the opening are ax =
(50 + 15.6), crv = (14 + 15.6) and az = (60 + 6.0) MPa, as shown in Fig-
ure 3.
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A <rzz = 1 4 M P a

<rxx = 60 MPa

<ryy = 60 MPa

B
FIGURE 3: In Situ Stresses (A refers to the rock mass, B shows the

input for the PMCDIRC code when an opening exists)

The fracture zone is -46.5 in (>5 opening diameters) from the boundary of
the opening considered. Therefore, the influence of the fracture zone on
the in situ stress state at the opening is negligible and vice versa.

The rock properties and other parameters needed to estimate the radial
creep strain (cr) are: the uniaxial compressive strength (crc), the Hoek
and Brown [£] rock strength parameters (m and s), and the slow crack growth
parameters (n and Q).

The opening diameter (0) at t = 0 is 8 m (ro = 4 m). For r z 5 m, the
values assumed for ac, m, and s in these calculations are 150 HPa, 30 and 1
respectively. Where 4 s r s 5 m, ac < 150 MPa, m < 30 and s = 1 [9]. The
values of n and Q are 29 and 1 respectively [10]. The n value of 29 is for
wet Lac du Bonnet granite at 80°C. Note that m, s, n and Q are dimen-
sionless.

Table 3 lists the input files for the code PMCDIRC. The format for these
files and the use of the code are described in detail in the PMCDIRC User
Guide [2]. The files listed in Table 3 are for r0 o m, so crc
In the real problem, ro = 4 m and, as noted above, ac < 150 MPa.
now ignores the presence of the rock where 4 <, r <, 5 m.
rock where 4 <, r <, 5 m is credited with zero strength.

150 MPa.
PMDIRC

In effect, the

The radial distance into the rock mass is normalized in PMCDIRC by the
radius of the opening at time zero (ro). The output from PMCDIRC includes
the time needed for an inward movement by (1 - €)ro of the opening wall
(t2), and €r, which occurs in time t2 as a function of r/ro. The output is
scanned to find at which r/r0 value er = t2(0.0Ol)/(10O0)(365)(24)(6O)(6O)
= 3.171 x 10-8(t2), where t2 is in seconds. This gives the r/r0 value
where cr = 0.001 in 1000 a. Similarly, the r/ro value at which et = 3.171
x ÏO-lo(t2) corresponds to where er = 0.001 in 100 000 a.
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TABLE 3

INPUT FILES FOR PMCDIRC

Bpj-. </x « y » u , w c m e n
1 (MPa) (MPa) (deg) (MPa) (MPa) m s n

1
2
3
4
5
6
7

For

65.6
65.6
65.6
65.6
65.6
65.6
71.6

Files 1 to

29.6
29.6
29.6
29.6
29.6
29.6
29.6

6, note

0
24
36
48
72
90
96

that

66.0
66.0
66.0
66.0
66.0
66.0
6.0

ax = (50

150
150
150
150
150
150
150

30
30
30
30
30
30
30

'•6), ov

1
1
1
1
1
1
1

29
29
29
29
29
29
29

(14 +

1
1
1
1
1
1
1

15.

0.996
0.996
0.996
0.996
0.996
0.996
0.996

6) and
az = (60 + 6.0) MPa. For File 7, CTX = (50 + 21.6) MPa.

Table 4 lists the estimated r/ro values that correspond to the files shown
in Table 3, and Figure 4 shows them graphically. Note that r0 is set at
5 mf which has the effect of totally discounting the beneficial influence
of the first 1 m of rock around the opening, and of overestimating the ex-
tent of microcracking everywhere beyond r = 5 m. The estimates in Table 4
and Figure 4 show that well within one diameter from the opening wall (12 m
from the centre of the opening), in any direction, ths rock experiences
negligible creep strain (< 0.001) in 100 000 a.

TABLE 4

ESTIMATES OF

File

r/rc AND THE
AFTER

e
(deg)

WHICH

1000

NUMBER
6r < 0

r/r(

a

OF
.001

>

100

OPENING DIAMETERS BEYOND
IN 1000 AND 100 000 a

THE OPENING

No. Opening Diameters

000 a 1000 a 100 000 a

1 0 1.115 1.119 0.197 0.199
2 24 1.115 1.225 0.197 0.266
3 36 1.115 1.255 0.197 0.284
4 48 1.200 1.360 0.250 0.350
5 72 1.240 1.360 0.275 0.350
6 90 1.240 1.350 0.275 0.344
7 90 1.270 1.400 0.294 0.375

Note that ro = 5 m and the opening diameter (0) is 8 m in this table.
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FIGURE 4: Position of Envelopes Beyond Which er 4 0.001 at 1000
and 100 000 a
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The thermal gradient around the opening of interest will not have perfect
radial symmetry. Therefore, the ratio between the stresses in the vertical
plane at right angles to the opening axis will be somewhat larger than
estimated in Files 1 to 6 in Table 3. Hence, File 7 is included to show
that a significant perturbation (-10Z) of the ratio between the stresses in
the vertical plane (Aax is increased by -38Z from 15.6 to 21.6 MPa) has
little effect on the extent of estimated rock, creep. In other words, the
assumption of radial symmetry of the thermal stresses around the opening of
interest is acceptable.

5. DISCUSSION AND CONCLUSIONS

The excavation and presence of the opening will immediately perturb the
(micro)crack population and the in situ stress state of the surrounding
sparsely fractured rock. The time-dependent extension and dilation of
existing microcracks will cause the rock to expand (creep) towards the
opening. After backfilling, this creep will exert pressure on the back-
fill. The amount of creep, that is the amount of crack extension, will
diminish rapidly with distance from the opening.

These estimates indicate that there would be no change in the physical pro-
perties of the rock mass beyond one opening diameter into the rock that
could affect the isolation of nuclear fuel waste. However, the physical
properties would be altered (by microcracking) for some portion of the rock
within the one diameter, and would have to be accounted for in any perfor-
mance assessment.

The use of a strain of 0.001 as an indication of significant change in the
physical properties of the rock mass is based on experience at the Under-
ground Research Laboratory. Data from studies there indicate that rocks at
the surface of openings yield at a strain of about 0.0015 and rocks in a
confined state away from the surface of openings yield at strains »0.0025
depending on the confining stress [8]. Therefore, the assumption of
yielding at a strain of 0.001 used in these analyses is considerably lower
than our experience in situ would indicate. This will accommodate any
effects from increased temperature and will also tend to overestimate the
amount of rock that will be altered by excavation and heating.

Heat from the nuclear fuel waste will increase the temperature of the sur-
rounding rock mass, and so thermal stresses would be produced. The maximum
thermal-stress components were estimated to occur at ~6000 a. Hence, these
thermal-stress components were superimposed onto the in situ stress state
before estimating the radial creep strains (er) expected to occur in the
rock around the opening after 1000 and 100 000 a.

The values of er after 1000 and 100 000 a were estimated using the model
PMCDIRC. In this model, the evolution (decrease) of the rock safety factor
is directly related to microcrack extension. The data were obtained from
Lac Du Bonnet granite using tensile loading of wet four-point bend speci-
mens. It is axiomatic that the strength of granite in tension is less (and
more variable) than in compression. Similarly, the time to failure at the
same fraction of the immediate breaking load is less in tension than in
compression. In PMCDIRC the safety factor of the rock surrounding the
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opening is considered to be tensile in character (Q = 1 in Table 3), with
the result that microcrack extension is exaggerated.

The thermal-stress components are superimposed (added) at t = 0. This sim-
plifies computation but overestimates cr. Direct superposition produces an
overestimate of er because the thermal-stress components are exaggerated
everywhere, except at the opening boundary. In addition, the thermal-
stress components estimated for ro = 4 m are too large for the case where
ro = 5 m. Also, it is emphasized that the maximum thermal-stress compo-
nents occur at -6000 a. These stress components were superimposed at t = 0
(and maintained for the entire 100 000 a), again leading to overestimates
of microcracking in both the 1000- and 100 000-a cases.

Table 4 and Figure 4 show where the required cr criterion (er s 0.001) is
met after 1000 and 100 000 a. From these data, it is clear that the rock
experiences negligible creep strain (< 0.001) in 100 000 a well within one
diameter from the opening wall (12 m from the centre of the opening), in
any direction. This conclusion is extremely conservative because PMCDIRC
is designed to overestimate €r and because the input parameters (Table 3)
are chosen to reinforce this trend.

For convenience the temperature field above ambient was assumed to have
radial symmetry around the opening. This approximation is justified in the
light of the above results.

Finally, MCROC has shown that any contribution to er from differential-
thermal expansion between the rock constituents is negligible.
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