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An uncertainty analysis considering the heterogeneity of host rock has been made by using the multiple-canister radionu-

clide transport code, the VR code, for performance assessment for the high-level radioactive waste (HLW) repository. In the

previous VR calculations, the number of connected canisters in the same water stream was determined arbitrary. In this study,

the number of connected canisters in the same water-flow stream has been determined statistically by counting the number of

canisters included in the same fracture network by using the FFDF code. The uncertainty resulting from fracture networks in

host rock has been taken into account by applying the probability distribution function (PDF) of the numbers of connected

canisters by a fracture cluster obtained by the FFDF code. The release rate of 237Np from a hypothetical repository model con-

taining 500 canisters has been evaluated by using the VR code with uncertainties associated with the 237Np release rate result-

ing from variations of the number of connected canisters. The VR code and the FFDF code had been transplanted to the Earth

Simulator by authors to perform large-scale computations. The Latin Hypercube Sampling has been utilized to reduce the

number of samplings in Monte-Carlo calculation utilized in the VR code.
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1. Introduction
An uncertainty analysis considering heterogeneity of the

host rock has been made by using the multiple-canister

radionuclide transport code, the VR code [1][2], for per-

formance assessment of the High-level radioactive waste

(HLW) repository.

By deterministic studies with the VR code, it was found

that, especially for a water-saturated repository where water

flows in parallel to the repository plane, the effects of neigh-

boring canisters on the release of radionuclides from the can-

ister of interest are significant [1]. In the previous determin-

istic VR calculations, however, the number of connected

canisters in the same water stream was determined arbitrary.

The number of connected canisters in the same water-flow

stream is an important parameter because the radionuclides

are released from the only canisters in the water-flow

stream, and transported via the groundwater flow, and could

be determined statistically by counting the number of canis-

ters included in the same fracture network. 

Recently, the FFDF model, a Monte Carlo model for mass

transport in fractured rock, was developed. [3] In the FFDF

model, a two-dimensional circular model space considered

as the repository in which a waste canister of interest is

located at the center of the model space. The central waste

canister is surrounded by the buffer and the host rock. In the

host rock, fractures are generated based on statistical distri-

bution functions. After a certain number of fractures are gen-

erated, inter-connection among the generated fractures is

checked, and Flow-Bearing fracture Cluster (FBC), which

connects the outer boundary of the circular model space and

the outer boundary of the buffer in the central waste canister,

is determined.

The FFDF code has been transplanted to the Earth

Simulator [4] for a large-scale simulation of the fracture net-

work in a circular domain with a radius of 60 m with more

than a hundred thousand fractures. This scale of calculation

has never been made in the previous calculations by PCs.

The probabilistic distribution functions of the total numbers

of connected canisters by the same fracture cluster are

obtained by the code.

The release rate of 237Np from a hypothetical repository

containing 500 canisters has been evaluated by using the VR

code as a surrogate measure for repository performance.

Uncertainties associated with the release rate resulting from

parameter variations including the number of connected can-

isters by a fracture network have been evaluated. In the
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uncertainty analysis, the PDF for the number of connected

waste canisters by fracture network obtained by the FFDF

code is used.

From the viewpoint of computational workload, we need-

ed to solve the issue of a vast amount of calculation to obtain

statistical convergence if a standard Monte Carlo approach is

applied. To overcome this difficulty, Latin Hypercube

Sampling [5] to reduce the number of samplings is applied.

2. Fracture Network Analysis by FFDF Code
In this study, the total number of fractures existing in the

model space is estimated based on the geological survey data

at JNC Horonobe site [6], where the linear frequency distri-

bution of fractures is obtained.

As the FFDF code was originally developed for PC in

C++ language, the code has been converted to Fortran-90

language. 

Cases have been set for various total numbers of fractures

in a circular model with a radius of 60m with 109 canisters.

For each case, the number of connected canisters by FBC

has been evaluated. 

Figure 1 shows fracture networks for the total numbers of

fractures of 20000. In the figure, the FBC are shown as blue

lines, fractures not included in the FBC as gray lines, the

canisters included in FBC as red circles, and the canisters

not included in FBC as green circles.

The PDF of the total numbers of fractures connected by

FBC is shown in Figure 2. As shown in Figure 2, each PDF

has a bell-shape with its peak. The PDF strongly depends on

the total number of fractures in the model space. As the total

number of fractures increases, the distribution becomes nar-

rower, and the median value for the number of canisters con-

nected by the FBC increases.

3. Uncertainty Analysis by VR code
Uncertainty analysis is performed by the VR code, a mass

transport calculation code for multiple- canister repository

model.

3.1 VR Model

In the VR model, the repository consist of multiple com-

partments, each containing a waste canister, the buffer that

backfills the space between the waste canister and the dis-

posal tunnel surface, and the near-field rock. The compart-

ments are positioned in the direction of groundwater flow. 

3.2 Uncertainty Analysis

The PDF for the maximum value of the 237Np release rate

to the far-field has been obtained by the uncertainty analysis.

In this study, the 237Np release rate to the far-field is used as

a surrogate performance measure of the repository.

We assume that the following input parameters for the VR

model are associated with uncertainties: the solubility, the

sorption coefficients of the radionuclide, and the number of

connected canisters in a row.

We consider that among the canisters in the repository

only n canisters are included in the fracture cluster that is

connected with the groundwater flow field in the region

exterior to the repository, or the far-field. The probability for

the event that a row of n compartments occurs is given by

the PDF calculated by the FFDF code. 

The VR code has been performed for each trial calcula-

tion, and the maximum value of the 237Np release rate has

been obtained and recorded to obtain the PDF for the release

rate. The release rate to the far-field has been calculated by 

(1)

where F(t) is the release rate from the repository to the far-

field at time of t, Pj the probability for the number of con-

nected canisters by a fracture cluster to be j, Rj(t) the release

Fig. 1  FBC for 20000 fractures.
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Fig. 2  The Frequency of Total Numbers of Canisters Connected by

FBC for Various Number of Fractures in the Repository Model.
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rate from a row of j compartments at time of t obtained by

the VR model, and N the total number of canisters in the

repository model, set to be 500 in this study.

The PDF of the solubility for 237Np reported in [7] has

been utilized. The PDF of the sorption coefficient reported

in [7] has also been utilized in the uncertainty analysis. 

Figure 3 shows the 237Np release rate with the PDF for the

numbers of connected canister for 8000 and 18000 fractures.

Thus, variations of the solubility and the sorption coefficient

are also considered in the 237Np release rate for 8000 and

18000 fractures. The primary interest is the peaks of the

release rate. We observe that the peak value for 8000 is

smaller than that for 18000. This is because with more frac-

tures, more canisters are connected by the fracture cluster, so

that greater mass of the radionuclide is released from the

repository. 

Based on these results, we have obtained the cumulative

distribution function (CDF) for the maximum fractional

release rate for various numbers of fractures. Figure 4 shows

the results for various fracture numbers. The fractional

release rate is obtained by dividing the release rate by the

total mass of the radionuclide initially included in the n can-

isters in the repository. 

From Figure 4, it is observed that with a fewer fractures,

the fractional release rate tends to be smaller. With the frac-

ture number 12000 or greater, the fractional release rate dis-

tributes around the same range.

4. Discussions 
4.1 Computational performance of the FFDF code

We have measured the computational performance of the

FFDF code with the repository model with a radius of 20 m

containing 10 canisters. The CPU time and the amount of

memory consumption for fracture calculation part of the

code are measured by varying parameters of the numbers of

fractures.

The measured computational performance is as followings:

The total numbers of fractures in the repository dominates

the CPU time for fracture calculation. The CPU time is

approximately proportional to the total numbers of fractures

raised to the second power.

Since the total numbers of canisters in the HLW reposito-

ry is 40,000, from the viewpoint of the numbers of fractures,

the FFDF code with the present calculation models and the

optimization condition can not calculate the fracture genera-

tion and interconnection judgment for the full-scale HLW

repository model with more than 1.0E+6 fractures by using

the Earth Simulator with full nodes.

To overcome this difficulty, the more efficient optimiza-

tion of the FFDF code, the development of new fracture cal-

culation algorithm, and the improvement of the calculation

model of HLW repository are needed. For example, the

development of the homogenization model of the canister

and its surrounding materials is the promising method to

improve the HLW repository calculation model to reduce the

CPU time without severely decreasing the precision of the

mass transport calculation. We should study further to

decide which solutions is the most promising and has the

highest priority to overcome the difficulty.

5. Conclusions
We have successfully transplanted the FFDF code, a frac-

ture network generation, water flow, and mass transport code

based on Monte-Carlo approach, on Earth Simulator and exe-

cuted for a model space containing 109 waste canisters. 

We have also successfully transplanted the VR code on

Earth Simulator, and combined with the Latin-Hyper Cube

sampling code for the uncertainty analysis.

With the codes we have made numerical exploration, and

reached the following observations.

FFDF code

• Simulation of fracture networks in a circular model of a

repository with a radius of 60 m with more than a hundred

Time (yr)

R
el

ea
se

 R
at

e 
(m

o
l/y

r)

1 × 105

4 × 10–7

3 × 10–7

2 × 10–7

1 × 10–7

0
1 × 106 1 × 107

8000 Fracture
18000 Fracture

Fig. 3  237Np Release Rate with the PDF for the Number of Connected

Canister for 8000 and 18000 Fractures in the Repository.
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thousand fractures has been executed by Earth Simulator.

• The key parameter that determines the PDF of the total

numbers of canisters connected by Flow Bearing Cluster is

the total number of fractures in the model space. As the

total number of fractures increases, the distribution

becomes narrower, and the average value for the number

of canisters included in the FBC increases.

• The present FFDF code can not handle the fracture calcu-

lation of the full-scale HLW repository model with more

than 1.0E+6 fractures by using the Earth Simulator with

full nodes. To overcome this difficulty is the future task.

VR code

• As the number of fractures included in the repository

increases, the average for the peak release rate of the

radionuclide increases. For sufficiently large number of frac-

tures, the average peak release rate becomes unchanging,

because in such a case most of the canisters in the repository

are connected by the fracture cluster, and additional frac-

tures does not change the number of connected canisters.
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