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ABSTRACT 

Radionuclide release from the degraded canister to the 
mobile water in the rock has been modelled and several 
different pathways have been investigated. They include 
transport through the rock to the water by diffusion as 
well as directly into the mouth of the fractures via the 
backfill. The importance of the different paths and the 
various resistances to transport are discussed and 
numerical sample calculations are given. 
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SUMMARY 

The transport rates of radionuclides from a canister to the 

mobile water in fractures in the rock has been calculated 

for several pathways. They include the diffusion through 

the backfill via the rock and further into the mobile water 

in the fractures. Another pathway which leads directly from 

the backfill and into the mouth of the fracture has also 

been calculated and compared to the path via the rock. The 

influence of a possible sealing of the fracture on the 

transport rate has also been investigated. 

The results show that the pathway through the rock conveys 

less nuclides than the pathway directly to the fracture 

mouth. Sealing the fracture for a few tens of cm consider­

ably decreases the release. 





1 INTRODUCTION AND BACKGROUND 

In Sweden, the final repository for the storage of high 
level waste is to be located deep down in a bedrock of very 
low permeability. The high level waste contains long lived 
nuclides. If released they will migrate to the biosphere 
carried by the groundwater. In order to decrease the 
release rate of nuclides from the repository, the waste is 
enclosed in canisters. These canisters are placed in holes 
in the bedrock and the space between the canister and rock 
is filled with a backfill material of very low hydraulic 
conductivity which will decrease waterflow to the canister 
to very low values. Nuclides will move through the backfill 
mainly by diffusion (Neretnieks,1977). 

Nuclides which escape from a penetrated or degraded 
canister will diffuse through the backfill to the rock and 
further through the rock until they enter some mobile water 
in a fracture. They will then be picked up by the water and 
swept away. Some fractures are bound to intersect the hole 
and if the fractures are open and have water flow in them 
this mobile water will be in direct contact with the buffer 
and nuclides may be picked up by this water without them 
having to diffuse through the rock first. It has been pro­
posed that the fractures nearest the deposition hole be 
sealed with some stable material so that the mobile water 
will not be in direct contact with the backfill in the 
hole. One of the main aims of this report is to model the 
migration of the nuclides, to investigate the relative 
importance of the different pathways and to assess the 
impact of sealing. 

A simple model for the analysis of two dimensional tran­
sport in the backfill and the uptake in the mobile water in 
the fracture was proposed by Neretnieks (1978). Andersson 
et al. (1982) used a numerical approach to model three dim­
ensional diffusion of the nuclides in the backfill as well 
as the subsequent uptake in the water. A simpler model 
taking into account the 2 or 3 dimensional diffusion in the 
backfill material was developed and solved analytically 
assuming constant flux at the fracture aperture 
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(Neretnieks,1986). In all these models it was assumed that 
the nuclides do not penetrate into the porous rock. 

The present study is aimed at modelling the transport of 
nuclides in the backfill as well as in the rock near the 
canister. Two different situations are modelled in order to 
compare the relative importance of the different nuclide 
paths. In the first case the nuclides migrate through the 
backfill and enter only the fracture aperture. The rock 
matrix is assumed to be impermeable. In the second case the 
fracture aperture is completely sealed so that nuclide must 
diffuse through the porous rock to reach the mobile water. 

Both analytical and numerical methods are used in this 
study. The analytical methods are difficult to apply to 
some of the cases of interest but are very useful for 
studying the general properties of the solutions. Further­
more they are used to test the accuracy of the numerical 
methods and to lend credibility to the results. 
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2 THE STUDIED CASES: CONCEPTUAL MODELS 

For modelling purposes the canister is assumed to be very 

long and the rock is assumed to be intersected by fractures 

at regular intervals. The region between two fractures can 

then be modelled utilizing the planes of symmetry. Figure 1 

shows a section of a canister with a fracture intersecting 

it perpendicularly. 

Figure 1 

Canister z 
I 

2d 

Fracture 

Fractures intersecting a repository hole with a 

canister. 

To further simplify the modelling at this stage only a 

sector of the region around the canister is modelled as 

shown in figure 2. The geometry of the sector is further 

simplified by transformation to a parallellepiped, whereby 

rectangular symmetry is achieved. This considerably 

simplifies the analytical solutions without introducing 





4 

errors more than by a factor of about 2 for the the cases 

studied as can be found from the analytical solutions for 

both rectangular and cylindrical symmetry presented by 

Neretnieks (1986). 

Rock 
Backfill 

Fracture 

< 

Figure 2 A sector of the backfill with the canister and 

the rock with the fracture. 

In addition the following limitations and assumptions were 

made 

1. The diffusivities of the backfill material and the 

porous rock were assumed to be constant but not the 

same. 

2. Only the steady state transport of very long-lived 

nuclides is calculated. 

3. The water flow is so high that the nuclide concentra­

tion in the fracture is zero. 

4. The nuclide concentration at the wall of the canister is 

constant. 





2.1 DIFFUSION INTO THE FRACTURE APERTURE 
- ROCK IMPERMEABLE TO DIFFUSION 
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When the rock is assumed to be impermeable, the nuclides 
diffuse only into the fracture aperture. This case is shown 
in figure 3. In this figure the nuclide concentration at 
the canister is constant. With the exception of the 
fracture aperture, the boundary region at the rock inter­
face is impermeable. 

By the aforementioned assumptions the governing equation 
for the nuclide concentration can be written as follows . 

. . . (1) 

The boundary conditions at y=0 and y=d are obtained from 
the symmetry assumption and they state that there is no 
flux over these boundaries. All the nuclide transport must 
thus go via the mouth of the fracture to reach the mobile 
water. 

~ 
(I) 
+.l 0 
O') 0 

.,, II 
i:: 
ru 0 
u 

Y=o 

x=O 

I C =O 
I 
, Fracture 

X =a 

Figure 3 Schematic view of the region near the canister 
when the rock is assumed to be impermeable. 

Thus 

~, = 0 a Y y={) 

~, =0 ay ~ 

... ( 2) 

... ( 3) 
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The concentration at the canister, x=O is constant 

( for x=O ) ... ( 4) 

The boundary conditions at x=a are constant concentration 

at the fracture mouth and impermeable rock 

C = 0 (O<y<O) ... (Sa) 

and 

ac I =O ax x=a 
(O<y<d) ... (Sb) 

This case is not readily available for analytical treatment 

because of the mixed boundary conditions. A case which much 

resembles this case and where analytical solutions are 

available is used to study the properties around the narrow 

fracture mouth. 

By stating that there is a constant flux across the 

fracture mouth, a certain location in the fracture mouth 

can be given the concentration zero. The concentration at 

other locations in the mouth can then be both less than and 

larger than zero. For a narrow aperture it is expected that 

the average flux for the two cases is nearly the same. 

Numerical calculations will be used to compare the 

solutions. 

ac I = f(y) ax x=a 
.•• (6) 

where f(y) = const for O < y < 0 and O for O < y < d. 

For the boundary condition given in (6) the analytical 

solution was obtained while for the boundary condition 

according to (Sa) and (Sb) the numerical method was applied 

to get the solution. 

It will be shown later that for a narrow fracture the 

solutions give very similar results. 
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2. 2 DIFFUSION VIA THE ROCK - THE FRACTURE APERTURE 

IS PLUGGED. 

The fracture aperture is assumed to be sealed completely 

and the nuclides diffuse through the porous rock to reach 

the fast flowing water (assumption to keep concentration 

equal to zero) in the fracture. The no flux boundary 

condition at the wall of the rock in the previous case, 

figure 3, is not valid. The impermeable boundary condition 

is instead applied for the fracture aperture. This is shown 

in figure 4. 

y =d.,.,......_......,.....,....._.....,..._.,_,,, ........ .....,,.~......_....._,....,_.....,..._.,_,,, ........ .....,,.~......_.......,....,_ ...... ...,_,/ 

>-I 
<l) 
.µ 
Cl) 

-~ 
C 
ro 
u 

Y=O 

Figure 4 
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/ 
/ 
/ 
/ 
/ 
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;-,-------------'/ 

X =O X =a X =b 

Schematic view near the canister when the 

fracture aperture is sealed. 

The governing equation for the whole region is 

... (7) 

The boundary conditions are 

for O < x < a, y=O ... ( 8) 

C = 0 for a< x < b, y=O ... ( 9) 

for O < x < b, y=d ... ( 10) 
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for 0 < y < d, x=0 ... ( 11) 

~I =0 a X X=a 
for 0 < y < 8, x=a ... ( 12) 

dC I = 0 a x X=b for 8 < y < d, x=b ... ( 13) 

The continuity conditions at the interface, x=a are 

... ( 14) 

... ( 15) 

where the subscripts 1 and 2 correspond to backfill 
material and rock respectively. 

The governing equation (7) with the boundary conditions 
(8)- (15) was solved numerically by using the finite 
difference method as well as the integrated finite 
difference method (Lapidus and Pinder, 1982, Rasmusson et 
al, 1982). 

2.3 DIFFUSION AROUND THE EDGE OF THE ROCK 

In the problems studied here there are locations where a 
region with no flux is directly adjacent to a region with 
zero concentration and very high flux. Such points are very 
difficult to handle with numerical methods. It would be 
necessary to make very fine discretisations in the vicinity 
of such points to obtain good accuracy and it would still 
be difficult to know what errors would be obtained. Some 
analytical methods were therefore used to explore the 
properties of these regions. 

For a case where the canister surface is directly in 
contact with the rock, due to the loss of the backfill 
material or a deformation of the hole, the concentration at 
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the rock surface becomes equal to the concentration at the 

canister surface (which was assumed to be equal to c 0 ). If 

the fracture aperture is sealed completely most of the mass 

flow goes just around the edge. This is shown in figure 5. 

C =O 
Fracture 

., .. - - - - - --- - - - - - - - - - -

Figure 5 Schematic view near the edge of the rock. 

Then the governing equation can be written in polar 

coordinates rather than in Cartesian coordinates. 

c(0 

c(0 = 

c(r = 

a2c 1 ac 1 a2c 
-+--+---=0 
a/ r ar / a 02 

7t/2) = Co for 

0) 0 for 

0) = finite for 

c(r ➔oo) = finite for 

... ( 16) 

all r ... ( 1 7) 

all r ... ( 18) 

0 < 0 < 7t/2 ... ( 19) 

0 < e < 1t/2 ... ( 2 0) 

The equation (16) with the boundary condition (17)-(20) can 

easily be solved (Carslaw and Jaeger, 1959). 
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3 RESULTS AND DISCUSSION 

3.1 DIFFUSION INTO THE FRACTURE APERTURE 

The analytical solution for equation (1) with the boundary 

conditions (2)-(4) and (6) is given as (Neretnieks, 1986) 

00 sinh(n7t x) 
...k.. = 1 - _N_ ( ~ x + 2' __2d_ cos cn1t y) sin cn1t 0) d ) 
co ADco d n=l (mt)2 d d cosh(ncf a) 

... (21a) 

At a point in the fracture mouth with the coordinates x=a 

and y=0/2, the concentration of the nuclides can be 

expressed as 

00 sinh(llK a) 
_f_ = 1 _ _R_ ( .Q. a+ L, _14_ cos (mt Q..) sin (n1t o) d ) ... (21b) 
co ADco d n=l (nn)2 d 2 d cosh(~ a) 

The summation of the series in equation (21) converges very 

slowly for small apertures (0). The summation was made with 

a finite number of terms for a desired error bound. The 

term in the summation decreases with order of n 2 . Thus the 

summation was terminated when the following term appears. 

1 
- < E 

2 
n 

... ( 22) 

When the value of o is extremely small the absolute values 

of preceding terms are so small that those values are 

comparable with E. In this case the summation is made over 

the first period of sinusoidal functions. The sum for the 

second period is then computed and compared with the first. 

If the sum over the second period is smaller than E times 

the preceding sum, the calculation is terminated. Otherwise 

additional periods are calculated. 

The concentration profile in the region is shown in 

figure 6. In this figure the most curved line corresponds 

to the concentration at x = a (fracture mouth). As shown in 

this figure the nearer the canister the location is, the 





1 1 

less change in concentration there is. Also the 
concentration along the system boundary at y=d remains 
practically constant irrespective of the position x. 

1.0 

0 0.8 c., 
---c., 

C 0.6 
0 -CU .. 0.4 -C 
Cl) 
c., 
C 0.2 0 
c., 

0.0 
0.0 0.2 

-x/a=1 
...... - xla=0.875 

••••• xla=0.75 
--·xla=0.5 

0.4 0.6 0.8 

y/d 

1.0 

Figure 6 Comparison of analytical solution (lines) and 
numerical solution (marks) based on the same 

total flow rate for 0/d = 0.01 

Figure 6 also compares the analytical and numerical 
solutions. For our practical purposes thses solutions are 
equal and we can use the analytical solution which is based 
on constant flux to calculate the nuclide transport also 
for the case where the concentration is zero at the mouth 
of the fracture. 

The analytical solution (21) gives the relation of the 
nuclide flow rate, N, with the fracture aperture. Let the 
summation term be F(x,y) then the nuclide flow rate can be 
expressed as 

N 1 -----=---- ... (23) 

where A = 2 1t r 2 o is the surface area of the half of the 

fracture mouth within our system boundaries. 

If both sides of equation (23) are multiplied by o, the 
flow rate, expressed as the inverse of the equation (23), 
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i.e. as F(x,y)/8 can be represented as a function of 8/d, 

figure 7 (Neretnieks 1986). This figure shows that the mass 

flow rate decreases very slowly with decreasing fracture 

aperture. 

Figure 7 

is--------------------. 

10 

5 

-6 -5 -4 

~ a/d=0.01 

a/d=0.1 

• 

-3 

log ( 5/ d) 

a/d=0.5 

a/d=l.O 

a/d=l. 0 

-2 -1 

The function F(a,y)/8 versus log(O/d) with a/d 
as parameter (the dashed line is calculated by 

using a logarithmic approximation (Neretnieks, 
1986)) 

Another way of describing the influence of the fracture 

aperture on the flow rate of nuclides into the fracture is 

to introduce a dimensionless flow rate, r, defined as the 

ratio ;, where N°=DA0 ~, A0 being the surface area of the 

hole. N° represents the flow rate that would occur when 8=d, 

corresponding to a case where there would be no resistance 

to the flow from the surrounding rock . 

.N.. is obtained by multiplying both sides of equation (23) 
N° 

8·a 
by the factor 

d 
r = f(-6.) is shown in figure 8. 

d 
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10-6 10-5 10-4 10-3 10-2 10-1 
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Figure 8 Dimensionless flow rate of nuclides, r, as 

function of O/d. The concentration in the 
fracture is zero. 

3.1.1 zero concentration boundary condition 

When the boundary condition of zero concentration is 
applied instead of the constant flux boundary condition the 
governing equation was solved numerically. In figure 6, the 
numerical solution was compared with the analytical 
solution. Even though different boundary conditions are 
applied the solutions are in good agreement when the flux 
is averaged over the whole fracture aperture. 

The flux at the fracture aperture is shown in figure 9. 
This shows that the flux at the point of the boundary 
between the aperture and rock is larger than those for the 
other points, especially for small fracture apertures. 

The influence of the fracture aperture on the equivalent 
mass flow rate, Qeq = N/c 0 is shown in figure 10.The 

effective diffusivity in the backfill is 4·10-11 m2 /s, this 
is the same value as that used in KBS-3 (KBS-3, 1983). 





~ 
::, .... 

1M 

G) 

> 
·r-1 
+> 
"' .... 
G) 

c:i:: 

4 

aperture, m 

3 l!l 0.001 

• 0.003 
a 0.006 

2 
0 0.01 

1 

O i:~ri-.!:.i-;.=}.=.=~~;~Ji;i:'".=~-=~~:~.---o 
0.000 0.002 0.004 0.006 0.008 0.010 
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1 4 

Figure 9 Flux across the fracture aperture when the 
concentration is zero. 

Again it may be noted that the fracture aperture has a 
small influence on the nuclide flow rate. A three orders of 
magnitude change in aperture changes the nuclide flow rate 
by a factor of less than three. 

"' ....... 
r-1 

.. 
tr' 
QI 
OI 

0.8 

0.6 

0.4 

0.2 

0. 0 -5 
10 

aperture, m 

Figure 10 Equivalent flow rate, Oeq dependency on the 

fracture aperture, for c=O in the fracture. 
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3.1.2 Upper bound for the flow rate 

To get the limiting value of the flow rate when the 

fracture aperture goes to zero and the upper bound for the 

mass flow rate the following simple geometry shown in 

figure 11 was considered. 

y ---------~ 
c/co =1.0 

• hj 

I 11 
C =O I (,0 Ill 

(l 

/ ----f + rt 
C 
11 
(1) 

◄ r ~ 

Figure 11 Simplified geometry for the upper bound of flow 

rate. 

In this figure the concentration is kept constant over the 

outer arc of the circle (at a distance equal to that to the 

canister) and the concentration at the inner arc (the 

fracture) remains zero. This condition gives conservative 

results for cases where the fracture spacing is larger than 

the thickness of the backfill. This is because the concen­

tration at y=d is less than c 0 in reality whereas the 

approximation says that it is equal to c 0 • This means that 

the simplified case will overestimate the mass flow rates 

obtained. 

The concentration gradient at r = 8 is given as (Bird et 

al, 1960) 

a( c/co) I 1 1 
- ar o=8ln(d/8) 

... (24) 

and the equivalent flow rate at 8 is 
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... (25) 

where L = 2nr2 is the length of contact between the rock 

and the clay. 

The solution behavior is also shown in figure 10. The value 
of the upper bound differs slightly from the actual value 
when the fracture aperture is large. But as the fracture 
aperture decreases the values for the upper bound agree 
well with the actual mass flow rate. Moreover in equation 
(25), as the aperture decreases the mass flow rate 
decreases and ultimately reaches zero. This results 
coincides with the physical situation. This means that if 
the fracture was sealed and there was no diffusion through 
the rock, the mass flow rate should be zero. 

We can now compare the approximate case of figure 11 with 

the results for a square area, i.e. a=d. The dimensionless 

flow rate r = li, where N', as in the case with rectangular 
N' 

geometry, is defined as the nuclide flow rate when there is 
no resistance to the flow from the surrounding rock. 

No= D1 Ao tic 
a 

where 
case, 

A0= d·L and 

... (2 6) 

0 since a=d we get N = D1 ·L·Co. The circular 
equation (25) 

r=.N..=n_l_ 
No 2 ln.d_ 

6 

gives N and so 

This is plotted in figure 8. 

... ( 2 7) 

3. 2 DIFFUSION INTO THE ROCK - THE FRACTURE APERTURE 

IS SEALED COMPLETELY 

In this case the fracture aperture is assumed to be sealed 
completely with impermeable material. Then the nuclides 
diffuse through the porous rock and eventually arrives at 
the wall of the fracture where the concentration of 
nuclides, due to the high water flow rate always is zero. 
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The governing equation ( 7) with the boundary conditions 
(8)-(15) was solved numerically. In this case the value of 

7.4·10- 13 m2 /s was used for the effective diffusivity of 

the rock, and 4 · 10- 11 m2 /s was used for the backfill 
material. 

In figure 12 the flux behavior along the fracture wall is 
shown. The flux at the corner (see figure 4) is higher than 
in other regions. This means the most mass transport takes 
place at the corner. 

10 o 

~ 
::s 10 -l: 

r-1 
1M 

Ill 
10 - 2 : 

IQ 

GJ 
10 - 3 : r-1 

c:: 
0 

•rl 
10 - 4 ·. Ill 

c:: 
GJ a 10 -s •rl 
Cl 

10 -€ 

0.0 0.2 0.4 0.6 
Distance into the fracture, m 

Figure 12 Dimensionless flux into the fracture (fracture 

aperture=2·10- 3 m, thickness of the backfill 
=0.38 m, fracture spacing=2 m). 

The integral flow rate of nuclides over the fracture wall 
rate is shown in figure 13. 

This figure shows that the first 10 cm of rock carry most 
of the nuclides(80 %) and that if the fracture could be 
sealed for some tens of cm the nuclide transport could be 
strongly decreased. 
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Figure 13 Integral flow rate of nuclides, expressed as Qeq 

1/a across the fracture surface (fracture 

aperture= 2·10-3 m, thickness of the backfill= 
0.38 m, fracture spacing= 2 m). Oeq is given 

per a canister length equal to half a fracture 
spacing. 

3. 2. 1 Concentration profile 
interface between the 
material 

assumption at the 
rock and backfill 

It is not possible to solve the case with transport through 
both backfill and rock analytically when the transport goes 
to the fracture as in the case shown in figure 4 using 
conventional methods. It would be possible to solve the 
equations for the backfill region and for the rock region 
separately provided the concentration profile at the 
boundary between the regions was known. It is not known, 
since it would depend on what takes place in the two 
regions. However, some properties of the concentration 
profile at the boundary are known and this can be utilized 
to study the properties of the solution. It would in 
principle be possible to make a trial solution with the 
known properties but with some unknown parameter values and 
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to match the solutions of the two regions by determining 
the parameter values. This possibility has so far only been 
explored and may be pursued further at a later stage. The 
exploratory calculations have however led to some 
interesting and useful qualitative results. 

Figure 14 shows the actual concentration profile along the 
interface of the rock and the backfill material calculated 
by the numerical method. It is seen that the concentration 
rises sharply over a short distance and becomes nearly 
constant quickly. Although not directly visible in figure 
13 or in the numerical results it is known that the 
concentration profile between the two regions must have the 
following properties. At x=a for y=d the gradient dc/dy=0. 
For y=0 at x=a- (just to the left of the boundary) dc/dy=0 
also. At x=a+ (just to the right of the boundary) c=0. At 
the boundary then c=0 and de/ dy=0. For simplicity the 
fracture aperture which is sealed anyway is taken to be 0. 
A trial concentration profile can then be constructed so 
that it has the above properties. The simplest such profile 
is a step function where c=0 between y=0 and y=~ and then 
suddenly c=c 0 for y between ~ and d, where ~ is an 
arbitrarily chosen distance. This is shown in figure 15. An 
analytical solution for this case is available in the 
literature (Ozisik, 1980). It is given below. 

0.5 
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GJ 
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0.0 ,$--B~l:I:l:J:El)r.;pc!N;J::~!...::..~,--.-----1 

0.0 0.2 0.4 0.6 0.8 1.0 
concentration c/co 

Figure 14 Concentration profile along y direction 

(fracture aperture=2·10- 3 m, fracture spacing= 

2 m, thickness of backfill=0.38 m). 
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Figure 15 Concentration profile approximation at the 

interface 

_Q_ = L 2-_1 cos(An~) sin(AnY) exp(-An(x-a)) 
Co n=1 d An 

... (28) 

where "-n = n·n/2·d ( n = 1,2, .... ) 

From equation (28), the gradient at the wall of the 

fracture can be written as 

a..k_ 00 

~ lv=o = L 2- cos(AnP) exp(-An(x-a)) 
ay n=1 d 

..• (29) 

which can be integrated from x=a to 

rock to obtain the cumulative 
illustrated in figure 16. 

any distance into the 

flow rate. This is 

The flow rate dependency on the distance along the fracture 

wall for p = 0. 001 m is shown in figure 16. The results are 

very insensitive to the choice of P as can be seen in 

figure 1 7. The results using this approximate method are 

within a factor of 2 or less compared to those obtained by 

the numerical method as shown in figure 13, if P is chosen 

to be between 0.01 and 0.1 m. The method thus can be used 

to study the qualitative properties of the system. 
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3.3 DIFFUSION AROUND THE EDGE OF THE ROCK 

If the concentration at the wall of the rock is assumed to 

be equal to that at the canister surface, then most of the 

nuclide flow through the rock will take place near the 

edge. This case is described by figure 17. In this figure 

the fracture aperture is assumed to be plugged completely, 

as well as a portion of the edge of the fracture. 

r =er 
C =O 

Fracture 

Figure 18 Schematic view of the coating around the edge. 

By solving the governing equation (16) with the boundary 

conditions (17) - (20) (Greenberg, 1988), the flux can be 

obtained as follows. 

flux 0 2 .ac D2 2·co = --=---
r ae r 1t 

... (30) 

Then the nuclide flow rate can be written as 

... (31) 

As shown in equation (31) the flow rate depends strongly on 

the size of the closed region. As this decreases, the 

nuclide flow rate increases to infinity. This suggests that 

if even a small part of the edge is sealed a dramatic 

reduction of nuclide flow rate can be obtained. 
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3.4 OVERALL EFFECT OF THE STUDIED DIFFUSION MODELS 

An attempt to quantify the total effect of the studied 

diffusion models would give a picture of the total flow of 

nuclides into the fracture. 

The contributions to the total flow into the fracture is 

calculated by simply adding the equivalent flows, Oeq, of 

each diffusion barrier, the backfill, the rock matrix, the 

backfill material penetrating into the fracture mouth and 

the film resistance in the fracture itself (Neretnieks, 

1986). 

We make the assumption here that the pathway through the 

backfill material from the fracture mouth and the pathway 

through the rock are independent. This is not strictly 

true, but is a fair approximation, if either of the 

pathways has a large resistance compared to the other. 

The equivalent flow rate is expressed as the product of a 

mass transfer koefficient, kn, a mass transfer area, An, 

and a concentration difference, ~(c/c 0 )n. 

From equation (23) we get for the transport through the 

clay, 

... (32) 

from equation ( 31) we get for the transport through the 

rock, 

... (33) 

from (Bird et al., 1960) we get for the transport through 

the clay in the fracture. 

. .. (34) 





24 

and from (Neretnieks, 1986) we get the transport in the 

mobile water, 

Oeql1 = (kA)r~(__Q__) = 2·(r2+CJ)·oy 4DwUf ~(__Q__) ... (35) 
Co f (r2+cr) Co f 

where CJ is the distance of penetration into the fracture of 

the backfill material. Dw is the diffusivity in water and 

uf is the velocity of water in the fracture.Dp = 4·10-lO 

m2/s is the diffusivity of the clay in the fracture. The 

indices represent the different diffusion barriers (b -

backfill, r - rock matrix, p - backfill penetrated into the 

fracture mouth and f - diffusion into the water in the 

fracture) . These flow rates are coupled to a total 

equivalent flow rate Qeqltot = k·Atot~(c/c)tot as follows. 

~to- 1 
--=- is defined as the resistance to the mass transfer 
Oeq kA 

and the total resistance is obtained by adding the local 

resistances the same way as you calculate the total 

resistance in an electrical circuit. 

In this case the resistances for the rock matrix and the 

clay filling injected into the fracture are coupled in 

parallell, consequently the total resistance will be 

... ( 3 6) 

At this stage it is not possible to calculate this 

function, since in this report the separate diffusion 

barriers have been calculated with different assumptions 

and boundary conditions. However, by plotting (see figure 

19) the equivalent flow rates for each of the calculated 

cases against the water flow in the fracture, with fracture 

width (0) and penetration depth (CJ) as parameters, we can 

see in which intervals of water flow the different 

resistance will be dominant. For high water fluxes u 0 in 

the rock the diffusion resistance in the backfill in the 
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hole will start to play a role. For lower water fluxes the 

resistance in the mobile water dominates. If the fracture 

can be sealed over a few tens of centimeters the nuclide 

flux will be strongly limited. For example for s = 0.2 m 

Qeq is reduced to less than 0. 04 1/a for one meter of 

canister. 
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Figure 19 Resistance to nuclide migration into the 

fracture represented as equivalent nuclide flow 

in the different diffusion barriers. The pathway 

through the rock is not included in the figure. 
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4 CONCLUSION 

Two different cases were studied to analyze the influence 
of the fracture aperture on the mass flow rate. In addition 
the extreme case for the penetration of nuclide at the 
aperture edge was also studied. In summary the following 
was found. 

For diffusion into the fracture aperture with impermeable 
rock it was found that for very high flow rates of water in 
the fracture, so high that the concentration is maintained 
at c=0, the nuclide flow rate monotonically increases with 
the fracture aperture. The order of magnitude of Qeq is 1 

1/a and meter of canister using an effective diffusivity 

for the backfill of 4·10- 11 m2 /s. Only the resistance in 
the backfill is then accounted for. 

For diffusion through the rock only (the fracture aperture 
is plugged) it was found that for an effective diffusivity 

of 7.4•10-13 m2 /s for the rock the equivalent nuclide flow 
rate, Qeq is in the order of 0.1 1/a per meter of canister, 

much less than what can be going through the fracture 
mouth. 

The equivalent flow rate increases steeply with decreasing 
sealed distance around the apex. This indicates that even a 
limited filling of the fracture aperture reduces the 
nuclide flow rate remarkably. This applies both for the 
pathway through the rock and through the sealed fracture 
portion to the water. 

In summary the transport of nuclides through the rock to 
the flowing water is small compared to that directly 
through the mouth of the fracture even for very high water 
flow rates. If the fracture can be sealed some 10 's of 
centimeters the flow rate decreases dramatically. 





NOTATION 

a 

A 

b 

C 

backfill thickness (m) 

area (m2 ) 
assumed distance as infinity in x direction (m) 

concentration (mole/m3 ) 

concentration at the canister wall (mole/m3 ) 

a half distance between fractures (m) 

effective diffusivity in backfill (m2/s) 

effective diffusivity in rock (m2/s) 
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effective diffusivity in clay in the fracture (m2/s) 

effective diffusivity in the mobile water (m2/s) 

F(x,y): summation term in equation (21) 
n summation constant in equation (21) 
N : mass flow rate (mole/s) 

No reference flow rate (mole/s) 

Qeq equivalent flow rate, N/c0 (l/a) 

r : radial coordinate (m) 
r 1 radius of canister (m) 

r 2 radius of canister+ backfill (m) 

uf velocity of water in the fracture (m/a) 

uo water flux in the bed rock (l/m2 ,a) 

x distance into the fracture (m) 
y : distance to longitudinal canister axis (m) 

Greek letter 

~ arbitrary distance (m) 

6 a half of fracture aperture (m) 

E error bound in equation (26) 

"-n eigenvalue in equation (26) (m-1 ) 

0 angular coordinate (radians) 

r dimensionless flow rate, N/N° 

a depth of backfill penetration into fracture (m) 
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