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Chapter 4  Epoch Making Simulation

Three simulation codes for HLW (High-Level radioactive waste) repository design have been developed and used for the

safety analysis.  The first code is a FE large scale groundwater flow and solute transport analysis system. The system is based

on the GeoFEM solvers [1], which achive the high vectorization ratio and the parallel efficiency on the Earth Simulator.  The

second one is the safety performance assessment code for multiple-canister repository model, VR code [2][3]. An uncertainty

analysis was performed by using the VR code. It is shown from the analysis that the uncertainty would decrease with time for

the single-canister and the multiple-canister repository model. The third one is the FFDF code, a Monte Carlo code for mass

transport in fractured rock with the fracture network. The geo-statistical simulation for the size of rock fracture clusters that

connect multiple waste canisters in the same water-flow path is performed, and the mass transport is computed for HLW

repository model.

Keywords: HLW repository, finite element method, fracture network, Monte Carlo method, Latin hypercube sampling

1. FE Large scale groundwater flow and solute trans-
port analysis

1.1. Introduction

The governing equations of groundwater flow considered

here is given by the non-compressive continuous equation

and the Darcy’s equation. The governing equation of solute

transport is given by the advection-diffusion equation. Finite

element solutions of groundwater flow and solute transport

are obtained by establishing a weak form of the equations

using Galerkin procedure.

A GeoGEM platform[1] has been used in the paralleliza-

tion, which takes the following strategies:

1) Inter-node parallelization,

2) Intra-node parallelization and

3) Vectorization.

The inter-node parallelization is realized by dividing the

analysis model into sub-regions and allocating SMP-nodes.

The intra-node parallelization and the vectorization are real-

ized by the optimization of do-loops.

1.2. Performance analysis

The test model used in the performance analysis was a

rectangular model as shown in Fig. 1. The model was divid-

ed into 8-node cubic elements. The water head on the planes

vertical to the x axis are fixed to 1.0 and 0.0 so that the

groundwater flows in the +x direction. The boundary condi-

tions on other planes used in the groundwater flow analysis

were non-permeable. The boundary conditions on the planes

used in the solute transport analysis were all non-flux.

The performance of the code is shown in Table 1. In the

analysis of a model with 500 million-mesh, the vectorization

rate is as high as 98.91% using 500 SMP-nodes, and the par-

allelizaion efficiency is as high as 99.993%, which is calcu-

lated from the execution times of 250 and 500 SMP-nodes.

1.3. Numerical results

A rectangular domain is considered as an analysis model.

The permeability and the diffusion coefficient were set to 1.0

and 0.1, respectively in all elements of the model. The concen-

tration at the point of origin was set to 1.0. Figure 1 shows the

2D distribution of concentration originating from one source.

The size of the model was 100 x 100 x 100. The model was

divided into 100 x 100 x 100 finite elements. Figure 2(a) and

(b) show the case where the head gradient is 0.01 and 0.02,

respectively. Figure 2 shows the 2D distribution of concentra-

tion originating from 1,000 sources as described in Fig. 3. The

size of the model was 1,000 x 1,000 x 400. The model was

divided into 1,000 x 1,000 x 400 finite elements.
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2. Uncertainty Analysis of Multiple Canister
Repository Model

2.1. Introduction

In the previous performance assessments [4], the mass

transfer and transport were modeled for a single-canister

configuration. For example, for a repository with N canis-

ters, results of the single-canister model were simply multi-

plied by N. Authors have developed the mass transport code

VR, which incorporates interference effects of multiple can-

isters in performance assessment of the repository. By deter-

ministic studies with the VR code, it was found that, espe-

cially for a water-saturated repository where water flows in

parallel to the repository plane, the effects of neighboring

canisters on the release of radionuclides from the canister of

interest is significant [2]. In this study, repository perform-

ance has been evaluated by using the VR code with its

uncertainties resulting from parameter variations. Necessary

modification and tuning up of the VR code have been made

for transplantation to Earth Simulator.

2.2. Optimization of VR code to Earth Simulator

In the VR code, the repository is considered to consist of

multiple compartments, each containing a waste canister, the

buffer that backfills the space between the waste canister and

the disposal tunnel surface, and the near field (NF) rock. The

compartments are positioned in the direction of groundwater

flow. Radionuclides are first assumed to be released from

the waste canister, diffuse through the buffer, and then

released to the NF. The NF rock in a compartment is con-

nected by advection with the neighboring compartments.

From the upstream compartment, radionuclides are carried

in to the NF of the compartment of interest, and then carried

out to the downstream compartment by advection. (Fig. 4)

The code optimized for parallelization and vectorization

has attained the vectorization ratio of 98.14% and the paral-

lelization ratio of 99.99% using 512 SMP-nodes.

2.3. Uncertainty Analysis

Variations of input parameters have been determined by

literature survey. Parameter values with variations are deter-

mined by sampling for each realization. Latin hypercube

sampling (LHS) approach has been applied for sampling.

The VR code has been coupled with the code for LHS [5]

readily available. 

Figures 5 and 6 show the numerical results for the case

where 50 canisters are included in the repository. Variations

have been considered for three input parameters: the glass

leach time, the solubility and the retardation factor in the

buffer for a radionuclide. Only Neptunium-237 is considered

in these figures. The probability distribution functions

(pdf’s) assumed for these three parameters are as follows

[6]: a triangular distribution for the glass leach time with

3.0E+5 (yr) as the central value and 6.0E+6 as the range, a

discrete distribution for neptunium solubility with 70% prob-

ability allocated for the reference value 5.0E-9 (mol/l), and

15% each for an optimistic 3.0E-9 and a pessimistic value

1.0E-8, and a discrete distribution for neptunium retardation

factor in the buffer with 70% for 1.8E+5, 15% each for

1.8E+4 and 1.8E+6.

The repository performance is measured by the environ-

mental impact, which is expressed in terms of the mass accu-

mulation of Np-237 in the far field. The far field is defined

Table 1 Summary of performance analysis

Fig. 1 Concentration distribution (t = 10,000) from one radioactive

waste container

Fig.2 Concentration distribution (t = 10,000) from one thousand

radioactive waste containers

Fig. 3 Location of radioactive waste
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in this study the region exterior to the repository region. The

present analysis gives the environmental impact and its

uncertainty resulting from the uncertainties associated with

the aforementioned three parameters.

In Fig. 5, results obtained by a conventional single-canis-

ter model are shown. The results of the single-canister model

have been obtained first, and then multiplied by 50. The

uncertainty associated with the glass leach time has negligi-

ble effects on the uncertainty associated with the mass of Np

accumulated in the far field.

The result of the uncertainty analysis for the 50-canister

repository by VR is shown in Figure 6. These figures show

(1) the single-canister model would generate results with a

greater uncertainty than the multiple-canister model, and (2)

in either case, the uncertainty would decrease with time.
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3. Large-Scale Simulation of Rock Fracture Network
for Mass Transport in Geologic Repository 

3.1. Introduction

Analyses for groundwater flow and mass transport in frac-

tured rock play a central role in the performance assessment

of HLW repository. It is likely that a repository is built in

geologic formations where rock fractures are major conduits

of groundwater, which is a principal vehicle for radionuclide

transport. Rock fractures with finite sizes intersect with each

other, forming a cluster, through which groundwater flows.

From the viewpoint of repository performance assessment,

how large these clusters could be in size and how many

waste canisters would be connected by the same cluster need

to be known. It was found in the previous theoretical model

studies that radionuclides released from a waste canister

affect radionuclide release of other canisters within the same

water stream [7]. In these previous studies, however, the

effects of other canisters in the same cluster were studied by

assuming a number of waste canisters in the same water

stream, but no discussion was made for how the number of

connected canisters can be obtained.

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

transport in fractured rock, was developed [8]. It can calcu-

late groundwater flow and mass transport for a host rock of

10 square meters, with hundreds of fracture segments.

In this study, FFDF code has been transplanted to Earth

Simulator 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.

3.2. Calculation Model

In a two-dimensional circular model space considered, a

waste canister of interest is located at the center of the model

space. In the host rock, fractures are generated based on sta-

tistical distribution functions assumed for the orientation

angle, the location, the length and the aperture. After a cer-

tain number of fractures are generated, inter-connection

among the generated fractures is checked, and Flow-Bearing

fracture Cluster (FBC) is determined that connects the outer

boundary of the circular model space and the inner boundary

between the buffer of the central waste canister and the host

rock. It is considered that groundwater flows through the

FBC, so that radionuclides released from the central waste

canister are transported through the FBC. Once a FBC is

identified, the number of canisters included in the FBC is

counted by overlapping the grid points of the canister array.

This procedure has been repeated to obtain a statistical dis-

tribution for the total number of the connected canisters by

fracture network in the model space. The model space is

divided into triangular elements and homogenized parame-

ters for each element are calculated. Groundwater flow

Fig. 4 HLW repository model

Fig. 5  The Np-237 accumulations in the far field obtained by

the single-canister repository model.
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Fig. 6  The Np-237 accumulations in the far field obtained by

the 50-canister repository model. (Interference effects

by multiple canisters considered )
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through FBC is calculated by finite element method using

homogenized parameters. Mass transport calculation is made

based on the Monte Carlo method.

3.3. Numerical Results

The sample realization of a fracture network is shown in

Fig. 7. In the figure, the FBC is shown as blue lines, frac-

tures not included in the FBC as green lines, the canisters

included in FBC as red circles, and the canisters not included

in FBC as yellow circles. A hundred thousand fractures can

be handled by one SMP-node of Earth Simulator.

In Fig. 8, the PDF of the number of canisters included in

the FBC is shown for three different total numbers of frac-

tures generated in the model space. 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 narrower,

and the median value for the number of canisters included in

the FBC increases.

It is observed from the calculation results that if the total

number of fractures in the model space is over about 3.0E+4,

all the canisters in the model space are included in the FBC.

If the total number of fractures is smaller than about 1.0E+4,

a FBC is not generated in the model space. It indicates that

the total number of fractures in the repository, which can be

evaluated by measuring the number of fractures per unit vol-

ume of the host rock, is a key parameter that determines the

flow path of groundwater.
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Fig. 7 Fractures generated in the HLW model.

Fig. 8  PDF of the total number of fractures connected to FBC. The PDF

is obtained for total number of fractures of 1.8E+4, 2.0E+4, and

2.2E+4. The total number of canisters in the repository model is

109.
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