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SUMMARY

During excavation of tunnels in crystalline rock a permeable zone is developed around the tunnel
wall periphery - a disturbed zone. In the present report both numerical and analytical calculations
have been performed to evaluate the importance of the disturbed zone for radionuclide migration
from a final storage of radioactive waste.

The magnitude of the groundwater flow rate within the disturbed zone depends on the orientation
of the repository tunnels relative the regional flow direction. The largest flow rate increase is
obtained when the regional flow direction is parallel to the tunnel principal axis. In this case the
magnitude of the flow rate increase is approximately proportional to the permeability contrast
between the disturbed zone and the undisturbed rock. For flow transverse the tunnel axis the flow
rate increase is limited to maximum twice the flow in the undisturbed rock.

In the numerical groundwater flow calculations, particles have been released from the positions of
the canisters below the tunnel floor. The results show that at least some of the pathways from the
canisters reach to the disturbed zone when the tunnel axis is oriented parallel to the regional flow.

The radionuclide migration calculations show that the nuclide transport velocity within the
disturbed zone might be faster than the transport velocity in the undisturbed rock.

Finally, it is concluded that there is a need for a more accurate study of the modelling strategy for
the near-field in order to account for the release of radionuclides to the disturbed zone.



1 BACKGROUND

According to (Pusch 1990), the part of the rock that is adjacent to the excavated tunnels - in this
context called the disturbed zone, has an increased permeability relative to the surrounding rock.
This permeable zone is developed during excavation of tunnels partly through the mechanical work
but also because of rock stress redistribution.

I this report examples are given of the effect of the disturbed zone on:

- Groundwater flow within the repository area
- Transportation of nuclides from a canister to an adjacent {racture zone

2 GROUNDWATER FLOW WITHIN THE REPOSITORY AREA
2.1 Considerations from potential-flow theory

A local increase of the hydraulic conductivity in a water-bearing rock exaggerates the groundwater
flow rate in the domain. The water that normally passes by the area, will now flow through the
domain. The flow-rate increase within the area depends on the increase of hydraulic conductivity,
the angle between the flow direction within and outside the high-permeability area, and the
geometry of the conductive area. Larger extension of the conductive area in the flow direction
implies higher flow increase within the permeable area compared to the undisturbed flow.

In Figure 2.1 and Figure 2.2 it is illustrated how the groundwater pressure distribution is changed
in an area comprising a prolate spheroid with a higher hydraulic conductivity compared to
surrounding media for flow along and perpendicular to the principal axis of the ellipsoid. At large
distance from the prolate spheroid the potential is proportional to the y-coordinate, i.e. the potential
profiles are parallel in an undisturbed media (Carslaw & Jaeger,1959).
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Figure 2.1 Isopotentials around a prolate
spheroid with an increased
permeabiliry of a factor 10°
relative to surrounding medium.
Potential gradient parallel to
spheroid principal axis.

Figure 2.2 Isopotentials around a prolate
spheroid with an increased
permeability of a factor 10
relative to surrounding medium.
Gradient perpendicular to
spheroid principal axis.
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For a flow in a medium with the conductivity K directed &)ergendicular to an infinitely long
cylinder with the conductivity K’ a flow rate is obtained (m”/m*“,s) per meter cylinder Q’. This
flow can be compared with the flow through the same area under undisturbed conditions Q:

o
Q K'+K

The theoretical maximum for the flow rate increase is a factor 2, in the case of an infinitely
permeable tunnel. Some combinations of Q’/Q and K’/K are shown in Table 2.1.

Table 2.1  Flow rate increase for flow perpendicular to a cylinder

K'/K QQ
oo 2.0
1.0 1.0
0.0 0.0

The flow conditions in a cylinder for flow parallel to the cylinder axis are more difficult to
calculate. The above mentioned approach using a prolate spheroid, however, is a reasonable

. . ‘e S (3t o i
approximation of the conditions. In the same way we denote a flow Q' (m”/m~,s) in the a prolate
spheroid with the conductivity K’ and a corresponding flow rate Q in the undisturbed rock with
the conductivity K. Then the following equation is given:

K/
Q9. K
/
Q a Ko
Where:
2
e= 1—2—
a?
2
A0= l_e [.lln(l:f)—e}
e3 l-e
For small b/a, A rapidly approaches:
2
APl 28) 1
a’l \ b

Some combinations of Q'/Q and K’/K are presented in Table 2.2. A few combinations regarding
length, width and permeability contrast are shown in table 2.3. By studying the numbers in Table
2.3 it can be concluded that the flow rate in this case can increase some orders of magnitude.
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Table 2.2 Flow rate increase through a prolate spheroid, parallel to the hydraulic gradient

K’/K Q/Q
oo 1/A,
1.0 1.0
0.0 0.0

Table 2.3  Flow increase through a prolate spheroid, approximately size of a single KBS-3
repository tunnel. Hydraulic gradient parallel to the spheroid principal axis.

QM
K’/K b/a=0.01 b/a=0.02
Ay=4.3-10"* Ag=144107
10.0 9.96 9.87
100.0 95.9 87.5
1000.0 699.0 4100
oo 2.3310° 694.0

In Figure 2.3 and Figure 2.4 it is illustrated how magnitude and direction of the flow inside a
spheroid varies as a function of the angle between the prolate spheroid principal axis and the
undisturbed flow in the undisturbed surrounding media. The calculations have been performed for
a prolate spheroid 500 m long with a maximum diameter at the spheroid centre of 10 m, which
approximately corresponds to a single KBS-3 repository tunnel including a disturbed zone
(equivalent length and volume).

As can be seen from Figure 2.3, the magnitude of the flow rate inside the ellipsoid is relatively
insensitive to variations of the angle between the ellipsoid principal axis and the direction of the
undisturbed flow outside the tunnel when the permeability is slightly decreased. However, at an
angle almost perpendicular to the length axis the flow is considerably decreased compared to the
maximum value for flow directions parallel to the length axis.

An effective conductivity can be calculated in the case where the conductivity differs in different
parts of a cross-section. When the flow is parallel through different materials with the
conductivities K and K and the cross-sectional areas A and A’ respectively, the effective

conductivity is given by:
K/A /+K//'14//
o Al+A"
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Figure 2.3 Flow rate increase within a prolate spheroid (b/la=0.02) as a function of the
hydraulic gradient direction.
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This expression could be applicable to a tunnel with a permeable disturbed zone surrounding a
relatively impermeable clay backfill. On the other hand, if an impervious zone surrounds a
permeable tunnel backfill, the flow rate in the tunnel would be limited by the flow rate through the
impervious zone and the expression above would lose its validity.

In the case defined in Chapter 3 for the transport calculations, the effective conductivity of the
tunnel including the disturbed zone is a factor between 30 and 50 times higher than the
conductivity of the surrounding rock. The higher value, which is valid for flow along the tunnel,
has been included in Figures 2.3 and 2.4.

The flow rate in the rock mass, in the vicinity of the disturbed zone, i.e. at the canister positions,
is not dramatically affected. For b/a=0.02 (equivalent with the case in the right column of Table
2.3) and K’/K=50, a flow increase of less then 50 % compared with the undisturbed flow is
obtained close to the tunnel ends. About 90% of the undisturbed flow is obtained at the mid section

of the tunnel (see Figure 2.5).
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Figure 2.5 Flow rate increase along a line located 6 m below the prolate spheroid principal
axis where a=250m, b=5m and K'/K=50. The hydraulic gradient is parallel to the spheroid.

The KBS-3 repository concept consists of tunnels positioned parallel to each other at an internal
distance of 25 m (KBS-3, 1983). The effect of multiple tunnels has not been studied, but the
following quantitative conclusions can be drawn:

When the flow is perpendicular to the tunnel the interference between the tunnels is limited. For
flow parallel to the tunnel axis the water collection area is much larger and the flow rate in the
tunnel is hence limited by geometrical constraints.



2.2 Numerical modelling

2.2.1 General

The main purpose of the modelling is to illustrate the effect of a disturbed zone located around the
tunnel periphery on the hydrology at a potential repository. Calculations are performed for a 3-
dimensional, substantially simplified representation of a single repository tunnel located 500 m
below the ground surface in a bedrock, which with the exception of some significant fracture zones
with a different permeability, is assumed to be homogenous. A simple scenario has been set up to
give a rough qualitative picture of the effect from the different phenomena involved.

The generic 3-dimensional model comprises a repository tunnel (500 m) surrounded by a 1 m wide
high-permeable disturbed zone adjacent to the tunnel periphery, Figure 2.10. Flowpaths have been
recorded from a number of release points located 2 m below the tunnel floor. The general flow
field direction and the hydraulic conductivity of the disturbed zone have been varied.

The modelling is made at two scales, a regional and a local scale. The main purpose of the regional
modelling is to deliver boundary conditions to the local model. The tunnel and the disturbed zone
are not included in the regional model.

The calculations have been performed assuming steady-state conditions, and using the finite-
element method.

222 Regional model
Description of the geometry and modelling assumptions

The horizontal extent of the model is 500x2000m. The outer vertical boundaries have been
assigned no-flow conditions. The bottom surface boundary located at z=-2000m has also been
assigned no-flow boundary conditions.

The driving force in the model is a monotonously slanting groundwater surface. The gradient is
set to 1%. The topmost elevation of the groundwater table is z=20m, and the lowest level is z=Om.
The top surface of the model has been assigned atmospheric pressure.

The element mesh comprises totally 23712 elements and 26622 nodal points, see Figure 2.6.

Three cases have been calculated utilizing the regional model. The undisturbed flow is calculated
in all three cases, i.e. neither the repository tunnel nor the disturbed zone is modelled in the

regional model.

In Case R1 a completely homogenous bedrock is assumed. In Case R2 the effect of having two
vertical zones located upstream and downstream of the potential repository is illustrated. The
distance between the two zones is 300m. Case R3 elucidates the effect of a horizontal zone located
at the level of z=300m. Parameter values used (hydraulic conductivity) are shown in Table 2.4.
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Figure 2.6 Horizontal view of the finite element mesh of the regional model.

Table 24  Material properties (hydraulic conductivity) for Case 1-3 in the regional model

Case 1 Case 2 Case 3
[m/s] [m/s] {m/s)
-10 -10 -10
Ig'ock mass 10 10_7 10_7
ertical zone - 107" (10m) 10_5 (10m)
Khon'zontal zone - - 107 (100m)

Results

The groundwater flow potential distribution for Cases R1-R3 is plotted on a vertical cross-section
in Figures 2.7-2.9. The vertical cross-section is located at the centre of the potential repository
parallel to the direction of the main flow gradient, see cut A-A in Figure 2.6. The position of the
local model is indicated in the figures, although it is not explicitly included in the regional model.

In Figure 2.7 the potential distribution is shown for Case R1 under conditions of homogenous rock
mass. The flow, which is perpendicular to the isopotential lines, in the repository area has a
predominant horizontal component. Nevertheless a flow component directed upwards is detectable
at the upstream section of the repository area and a downward directed component at the
downstream section of the repository.

In Case R2, Figure 2.8, the two vertical zones are included increasing the potential drop between
the vertical zones while the potential drop outside the zones is decreased. The reason for this is that
the relatively high conductivity in the vertical zones leads to a lower vertical flow resistance, thus
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the potentials at the ground surface is transferred far down in the domain without being

considerably reduced.

Case R3, Figure 2.9, shows that the comparably high permeability contrast between the rock mass
and the horizontal zone, a factor 10° ,in combination with zone continuity over the whole modelled

domain has yielded an extremely low hydraulic gradient at the level of the repository.
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Figure 2.7 Isopotentials (m) in a vertical cross-section through the repository area, Case R1
regional model. The position of the local model is indicated in the figure.
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Figure 2.8 Isopotentials(m) in a vertical cross-section through the repository area, Case R2
regional model.
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Figure 2.9 Isopotentials(m) in a vertical cross-section through the repository area, Case R3
regional model. The position of the local model is indicated in the figure.
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223 Local model
Description of geometry and modelling assumptions

The model describes a 500 m long repository tunnel with a cross-sectional area of 3.3x4.5m. The
geometry of the tunnel is in the model simplified to the shape of a rectilinear block, see Figure
2.10. The disturbed zone is modelled as a 1 m thick shell around the tunnel. The distance between
the centre of the tunnel and the model boundary is 15 m, which is judged to be sufficient to be
outside of the influence radius of the disturbed zone. The extent of the model is 30x500x30m. The
tunnel backfill(sand/bentonite) has been assigned the same permeability as the surrounding rock

mass.

The boundary conditions in the local model is derived from the calculation results of the regional
model, see table 2.5.

The element mesh consists of 18150 elements and 21744 nodal points, see Figure 2.11.
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Figure 2.10 Vertical cross-section through the local model(30x30m). The position of
the local model is indicated in the figure.
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Figure 2.11 Horizontal view of the finite element mesh in the local model. For reasons of
clarity the x-axis scale has been enlarged a factor 4. Cut A-A is shown in Figure
2.10.
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The following cases have been studied;

Case L1 describes the flow in the repository area under undisturbed conditions, i.e. the disturbed
zone is assigned the same permeability as the rock mass.

In Case L2 the influence of the disturbed zone on the flow field at the repository area is studied
assuming homogenous rock mass.

Case L3 describes the flow under undisturbed conditions with two vertical zones intersecting in
the repository area. The vertical zones has been assigned a hydraulic conductivity of K=10"m/s.

Case L4 elucidates the effect of shortcircuiting the groundwater flow through the two vertical
zones and the disturbed zone, The permeability contrast between the rock mass and the disturbed

zone is a factor 10%,

In Case L5 the effect of a lower permeability contrast(lOz) between rock mass/disturbed zone is
studied, compare with Case L4.

Case L6 describes the effect of the main flow directed perpendicular to the tunnel centre axis. This
is achieved by turning the local model 90° inside the regional model when setting the boundary
conditions. Remaining assumptions are equal to Case L4.

Case L7 throws light upon the effect of introducing a highly permeable horizontal zone located
above the repository area.

The different calculation cases are summarized in table 2.5 below.

Table 2.5  Material properties(hydraulic conductivity) and boundary conditions for Case 1-7 in
the local model.

L1 L2 L3 L4 L5 L6 L7
(m/s]  [m/s]  [m/s]  [m/s] [m/s] [m/s]  [m/s]

1 10 -10 -10 -10 -10 -10 -10

Kook mass. 10 107910 1000 100 107 10!
Kdisturbed zone - 10 - I 10-7 10_7 10~7 10_7

ertical zone - - 10 10 10 10 10_5

horiz. zone - - - - - - 10

t-axis? p p p P p pe p
boundary
cond.¥ R 1 R 1 R?2 R 2 R 2 R 2 R 3

D' The same hydraulic conductivity is used for the tunnel backfill

2) Direction of tunnel principal axis relative to the direction of the main hydraulic gradient,
p=parallel, pe=perpendicular

2 Boundary conditions have been transferred as groundwater pressures from the regional model
Case R1-R3
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Results

Figure 2.12-2.17 show the groundwater potential distribution for calculation case 1-6. The
calculated isopotentials for Case 7 is not presented as the hydraulic gradients in the repository area
are very low, i.e. in the same order of magnitude as the numerical precision of the finite element

model.

The figures show the groundwater potential distribution (metres of water head) on a vertical cross-
section positioned at the centre of the tunnel and parallel to the regional hydraulic gradient, cut A-
A in Figure 2.10 and cut B-B i Figure 2.11. For reasons of clarity the scale on the vertical axis has
been expanded a factor 4 relative to the scale of the horizontal axis. ’

Case L1, Figure 2.12, illustrates the calculated groundwater potential distribution within the
repository area under undisturbed conditions and homogenous rock mass.

In Case L2, Figure 2.13, the impact from the disturbed zone comprising a permeability contrast of
10* between rock mass and the disturbed zone is illuminated. It can be concluded that the most
obvious disturbance on the general flow field pattern, is seen in the upper part of the disturbed

zone.

Case L3, Figure 2.14, illustrates the increase in potential difference and potential drop in the
repository area when including the two vertical zones in the model, compare with Case L1, Figure
2.12. The groundwater potentials at the ground surface are transported via the relatively highly
permeable zones far down into the domain without being significantly reduced.

Case L4, Figure 2.15, describes the impact from the disturbed zone having a relatively high
permeability contrast (104) between the disturbed zone and the rock mass, In the critical area
beneath the lower part of the disturbed zone a local hydraulic gradient directed upwards is formed
in the upstream portion of the repository and a downward directed gradient is formed at the
downstream section of the tunnel.

The results in Case L5, Figure 2.16, is similar to the results obtained in Case L1, i.e. the regional
flow pattern is predominant. The lower contrast between rock mass and disturbed zone (102)
implies less influence from the disturbed zone compared (o Case L4.

In Figure 2.17, Case L6, the potential distribution for a repository tunnel located perpendicular (o
the regional flow is presented. The interference from the disturbed zone on the regional flow is in
this case very limited. It should be pointed out that the vertical zones have been indicated in the
figure although they in Case L6 have not been included in the local model.
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Figure 2.12 Isopotentials (m) on a vertical cross-section along the centre of the
repository tunnel, Case L1 local model.

TITITTTTT
F—11.2 —
ey
b 80l —|
M 901 ]
-~ 0L —]
t— Z°0L —
oL —

88 —

{96 —

b v6 —]

e 276 4

(e 6

p— g3 —

T

e 1
o]

TTTITTITTT

—11.2 .

i
RN AN Lt b i

IIII[!J[I‘!|‘!11!‘I[$

hd
o

©
o

>

o
© h
[N

— | o

i

bl
o«
III\II

—250 -200 -150 —-100 -50

Y-axis {(m)

0

50

100

150

200 280

Figure 2.13 Isopotentials (m) on a vertical cross-section along the centre of the repository

tunnel, Case L2 local model.
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tunnel, Case L4 local model.
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Figure 2.16 Isopotentials (m) on a vertical cross-section along the centre of the repository
tunnel, Case L5 local model.
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Five particles have been released in each calculation case to illustrate how the resulting pathways
from the waste canisters vary in the different calculation cases, Figures 2.18-2.23. The particle
release points are located beneath the tunnel centre line at a level of 1 m below the disturbed zone,
i.e. 2 m below the tunnel floor. The elevation of the release points corresponds approximately to
the level of the top of the canisters. For reasons of clarity the scale on the vertical axis (z-axis) has
been exaggerated by a factor 4 relative to the horizontal axis scale. The particles have been
followed to the point where they enter the downstream vertical fracture zone.

Case L1, Figure 2.18, illustrates the pathlines following the regional flow pattern for undisturbed
conditions.

In Case L2, Figure 2.19, the particles follow the regional flow field until the disturbed zone is
reached. From here the particles are diverted via the disturbed zone out to the downstream vertical
boundary of the model. The vertical flow component is greater than in Case L1 because the
disturbed zone acts as a water collector creating more horizontal pathways compared with Case L1.

Case L3, Figure 2.20, illustrates the effect of introducing vertical zones in the model where the
disturbed zone is omitted, i.e. undisturbed conditions. All pathlines are released to the downstream
located vertical zone, and further upwards to the upper boundary of the model.

In Case L4, Figure 2.21, the permeability contrast between rock mass and the disturbed zone leads
to an inflow at the upstream section of the repository and an outflow at the downstream section of
the repository. This causes particles released in the upstream part of the repository area to go up
into the disturbed zone. The relatively high permeability contrast between rock mass and the
disturbed zone leads to an effective shortcircuiting of the flow between the vertical zones. Due to
the stagnation point at the downstream end of the tunnel, an overpressure is formed which pushes
the particles slightly downwards in the downstream fracture zone. Because of the exaggerated
vertical scale, the effect looks more significant in Figure 2.22 than it is. Also, particles started in
positions located downstream the repository centre are pressed downwards in the direction towards
to bottom surface boundary where they exit the model.

Case L5, Figure 2.21, is a compromise between Case L3 and Case L4 where the contrast between
rock mass and the disturbed zone is a factor 100 times less than the contrast in Case L4. The results
show that all pathlines at the beginning follow the regional flow pattern, compare with Case L3.
At the intersection between the downstream located vertical zone and the disturbed zone the
particles are led vertically upwards to an elevation approximately 1 m above the tunnel roof. At
this point the regional flow field becomes predominant again. All particles are led out into the rock
mass and towards the vertical boundary of the model.

In Case L6, Figure 2.23, where the repository is positioned perpendicular to the regional hydraulic
gradient, just a minor disturbance on the regional flow field and on the trajectory is obtained.
Directly after the release the particle is pressed downwards. Afterwards the pathline follows the
regional flow field towards the vertical boundary. It should be pointed out that the vertical zones
for reasons of clarity have been indicated in the figure despite that they are not included in the

model for Case L6.
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Figure 2.18 Pathlines released at the elevation of the canisters, Case LI local model.
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The groundwater Darcy velocity has been calculated along two imaginary lines, in the centre of
the disturbed zone(0.5 m below the tunnel floor) and along a line which coincides with the
positions of the upper portion of the waste canisters(2 m below the tunnel floor). The calculated
velocities vary only little along the lines. Table 2.6 shows average values(representative values)

for Cases L1-L.6.

Table 2.6  Representative values of the groundwater flow rate of the disturbed zone beneath the
tunnel floor and at the level of the top of the canisters.

Case 0.5m below tunnel floor 2m below tunnel floor
[(m?-yn)] [V(m?yn)]
L1 0.0170 0.0170
L2 168 0.0170
L3 0.0255 0.0255
L4 249 0.0259
L5 2.522 0.0256
L6 0.0946 0.0158

From the values in Table 2.6 it can be concluded that the magnitude of the flow at the top of the
canisters is only slightly changed because of the disturbed zone. The flow increase inside the
disturbed zonme, relative to undisturbed conditions, is approximately proportional to the
permeability contrast between the rock mass and the disturbed zone for Cases L1-L5. The lowest
flow magnitude is reached in Case L6 where the repository is oriented perpendicular to the regional
hydraulic gradient. In a comparison between Case L4 and Case L6 it can be seen that the flow at
the elevation of the canisters in the latter case is about 60% of the flow obtained when the
repository is positioned parallel to the regional flow.

3 THE EFFECT OF THE DISTURBED ZONE ON THE NUCLIDE TRANSPORT

To illustrate the impact on nuclide transportation from the disturbed zone, migration calculations
have been set up including the two vertical zones in the repository area(Case L3 and Case L5 in
Section 2.2.3). Some relevant migration calculation data for the five particles released in the local
model are shown in Table 3.1. The particle tracks have been denoted a-e where a is the particle
release at the upstream end of the tunnel and e the particle release at the farthest downstream end.
The geometrical description of the migration path is defined by the Darcy velocity along the
particle tracks and the parameter values given in Table 3.2. The remaining parameters were derived
assuming flow through planar and parallel fractures.

The fracture width is calculated as(Snow, 1968):

=& 5y
K 12v(6)/S

At ambient temperature g/12v equals about 10% m?%/s.



The flow porosity & is given by:
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Table 3.1  Groundwater travel time along the particle tracks, out to the vertical fracture zone
(t,.for a fracture spacing of 5 m in the disturbed zone is indicated within brackets).
L3 path length, t,.rock Ug,average path length, te Ug,average
rock (m) {s) {m/s) disturbed disturbed (m/s)
zone (m) zone (s}
a 290.0 57010° | 8.0810" . . -
b 225.0 4.4110% | 8.0910™ . -
c 150.0 204108 | 81110 . -
d 75.0 1.4740% | 809401 - -
e 15 197107 | 92710 -
L5
a 290.5 57310 | 8.0510" R
b 1635 321108 | 8.0910" 62.0 3.80-10 78510
(5.82108)
¢ 43.0 8.4010% | 81340 107.0 8.40107 8.0310"!
(9.81105
d 11.0 21410 | 815101 64.0 6.66-10 46210
(1.02407)
e 10.0 203107 | 7.8110°" .

The migration calculations have been performed for the particle released at y=0, i.e. at half the
tunnel length. The migration path length is defined as the length between the release point and the
pathway intersection with the downstream vertical zone. In the calculation case where the disturbed
zone is omitted (Case L3) the pathline follows a curved path before it reaches the vertical zone (see
Figure 2.19). In the case where the disturbed zone is included(Case L5) the particle instead is led
up to the disturbed zone where the particle is transported out to the vertical zone (see Figure 2.21).
The calculation were made for a non-sorbing species (K ;=0) as well as for a highly sorbing species
(K2d=5). The migration calculation source term is a fixed concentration of 1.0 m™ at an area of |
m” at the start of the pathline.

The discharge rate as a function of time is shown in Figure 3.1 and Figure 3.2 for a highly sorbing
and a non-sorbing radionuclide respectively. Out of these graphs it can be concluded that the
discharge rate will be higher if the rock portion of the migration path is changed to a corresponding
length of the disturbed zone as the flow rate is higher here. With a fracture distance of 0.3 m in the
disturbed zone, the time used for material diffusion is in the same order of magnitude as the break-
through time for the case without the disturbed zone. The break-through times can be compared
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Table 3.2  Migration calculation parameters.

Undisturbed rock Disturbed zone
g; (Derived according to above) | 1.5847-10°¢ 4.81-107 (7.37-10%)
€, (Assumed) 2.0-107 2.0-10°
& (Derived according to above) 7.94-10° m 1.44-107 (3.68-107)
(m)
S (Assumed) (m) 50m 0.3 (5.0)
Pe (Calcul. for a part of the path) | 2.0 2.0
Prock mass 2700 kg/m® 2700 kg/m®
D, 5101 m%s 5-10°4 m%s
K (Input in hydraulic 1-101° mys 1-10°8 mys
calculations)

D,=5.01 01%m?/s and the porosity=2-10"

with e.g. the time it takes for the radionuclides to diffuse into the rock matrix. Such diffusion times
defined as the time it takes for the break-through curve to rise to C/C,=0.5 are given in Table 3.3.
The time to full penetration using a 5 m fracture spacing is significantly longer than the migration
time in the flow tube indicating that the rock matrix sorption capacity never is fully utilized in this
case. For a fracture spacing of 0.3 m, however, the rock matrix would be fully saturated. This
shows as a steeper break-through curve in Figures 3.1 and 3.2. In fact, at very small concentrations
the curve for rock matrix only appears before the curve for 0.3 m spacing in the disturbed zone(not

visible in the figures).

Table 3.3  Penetration time in a case where C/C,=0.5 in a semiinfinite matrix where

0.3 m fracture spacing

5.0 m fracture spacing

9.89-10% s

2.75-10' s

Kd=5 .O

6.66:101° s

1.85-10'% 5
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Comparing the case without a disturbed zone and the case with a disturbed zone using a fracture
distance of 0.3 m, the break-through appears slightly earlier without disturbed zone. The reason
for this is the shorter transit time for the groundwater - 2.94-10%s through the rock compared to
9-10%s through rock plus disturbed zone. Soon after initial penetration the rock matrix in the
disturbed zone will become fully permeated and will not contribute any further to the delay of
nuclide release. Also the larger diffusion area into the rock matrix for the undisturbed rock (see
Table 3.4.) will further slow down the release in the scenario without a disturbed zone compared
to the case with a disturbed zone.

For a fracture spacing of 5 m in the disturbed zone the discharge rate is higher than without the
zone at all times. The release rate at stationary conditions is equivalent in the three cases since it
only depends on the water flow at the beginning of the migration path which is almost identical
in all cases. In reality the effect derived from the disturbed zone depends very much on the fracture
geometry and the groundwater flow. Parameter values used in this report, in particular data used
for flow and diffusion geometry should be considered as assumptions. The purpose with these
parameter variations has been to find the parameters to which the migration is sensitive.

Table 3.4  Specific area available for diffusion into rock matrix

Available diffusion

area (mz/m3 fracture volume)
Undisturbed rock 1.26-10°
Disturbed zone, S=5m 2.72.10*
Disturbed zone, S=0.3m 6.94-10*

4 CONCLUSIONS

In this study calculations have been performed to throw light upon the effect on the groundwater
flow and the radionuclide transport from a permeable zone around the repository tunnel in a
repository for nuclear waste. The influence on the groundwater flow has been studied by potential
flow theory based on analytical solutions as well as by numerical calculations. The aim with the
radionuclide transport calculations has been to illustrate possible effects on break-through times

etc from the disturbed zone.

The flow rate in the disturbed zone is strongly dependent on the orientation of the tunnels relative
to the flow field. A maximum flow rate enhancement of a factor 2 relative to the surrounding rock
mass is obtained if the flow direction is perpendicular to the principal axis of the tunnel. If the
main flow is parallel to the tunnel axis the flow increase reached is almost proportional to the
permeability contrast between the disturbed zone and the surrounding rock. The water needed for
such flow increase is collected from a large area upstream from the tunnel. The flow around the
canisters, in the area beneath the disturbed zone, is only affected marginally by the disturbed zone.

If the disturbed zone is intersected by vertical or subvertical zones, a U-tube situation can be
developed where the water is transported downwards through one fracture zone, horizontally by
the disturbed zone, and upwards to the discharge area at the ground surface via the second fracture
zone. Calculations made for such conditions yield a flow rate increase of about 50% in the
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disturbed zone. The limited geometric extent of the disturbed zone which disables an unrestricted
water uptake, is probably the explanation to the fact that the flow rate increase is relatively limited.

The flow direction beneath the tunnels, i.e. around the canisters, varies according to the position
and the modelling assumptions. In the case where the repository tunnel is oriented perpendicular
to the regional flow the pathlines from the canister area do not reach the disturbed zone since the
influence from the disturbed zone under these conditions is limited. On the other hand in the case
where the tunnel is oriented parallel to the regional flow, at least some of the pathlines will reach
the disturbed zone. At high permeability contrast between rock mass and disturbed zone most of
the pathlines will reach the zone. It must be made clear that the calculations performed are based
on the assumption that the rock mass as well as the disturbed zone can be considered as a porous
medium. If the water flows in discrete fractures of statistically distributed orientations, pathways
from the canister positions to the disturbed zone can not be excluded from any canister position

along the tunnel.

The calculations performed indicate that the disturbed zone is of significant importance. It is not
possible with today’s knowledge to exclude the possibility of transport of radionuclides from the
canister positions to the disturbed zone. This becomes evident if axial diffusion in the deposition
holes is considered. If the radionuclides reach the disturbed zone and the tunnel is oriented parallel
to the main flow direction, the transport velocity is probably higher in the zone than in the
undisturbed rock. In the calculations performed, considerations have been taken to fracture
expansion in the disturbed zone corresponding to rock stress redistribution, by assuming a higher
fracture frequency (3 fractures per metre in the zone and 0.2 fractures per metre in the undisturbed
rock). Accordingly the difference in the nuclide travel time in the zone and the rock is smaller
compared to the difference in Darcy velocity as the accessible retention capacity is higher in the
zone than in the rock.

As a consequence of the introduction of the disturbed zone, it is recommended that the near-field
modelling strategy is reviewed. In particular the possibility of axial diffusion in the deposition
holes ought to be considered. Furthermore it should be clarified how the conductive fracture
frequency or rather the accessible wetted fracture area, is affected by blasting damages and the
stress redistribution. Also chemical factors, such as sorption properties of fresh fractures, the time
aspect of fracture ageing together with a possible redox front extending into the disturbed zone

should be discussed.
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6 LIST OF SYMBOLS

a,b,c

m M o
D E E

<D

Half axises along the x, y and z direction in a prolate spheroid
Fracture aperture (m)

Concentration in liquid phase (l/m3)

Initial concentration in liquid phase, boundary concentration
Dispersion coefficient (m“/s)

Effective diffusion coefficient; Dp-sp (m2/s)

Pore diffusion coefficient (n12/s)

Acceleration of gravity (m2/s)

Hydraulic conductivity (m/s)

Hydraulic conductivity for the disturbed zone (m/s)

Mass sorption coefficient (m3/kg)

Effective hydraulic conductivity (m/s)

Characteristic length

Peclet number: u-1/D

Flow rate (m3/m2,s)

Flow rate in within an area with the hydraulic conductivity K’
Fracture spacing (m)

Groundwater travel time (s)

Linear velocity, flow velocity in the fractures (m/s)

Darcy velocity (m3/m2,s)

Flow porosity (mz/mz)

Porosity accessible for diffusion (m3/m3)

Density (k g/m3 )

Kinematic viscosity (mz/s)
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