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요  약  문 
 

I. 제목  

복층 고준위 처분장 개념에 대한 열-역학적 평가 

 

II. 연구개발의 목적 및 중요성 

 

가. 목적 :  이 연구는 multi-level(복층) 지하 고준위폐기물 처분장의 

설계를 위한 설계 인자들이 처분장의 열-역학적 거동에 미치는 영향을 

분석하기 위한 것이다.   

 

나. 필요성  

 

o 심부 암반에 고준위폐기물 처분장을 건설하는 경우 암반의 대규모 

불연속면을 피해서 건설되어져야 한다. 한국에서 발생되는 고준위 

폐기물을 처분하기 위해서 필요한 4km2 의 처분장 지하면적은 처분장 

부지를 선정하는데 제약조건이 될 수 있다.    

 

o 한국에서 발생되는 특성이 상이한 PWR 과 CANDU 사용후핵연료의 

처분을 위해서는 두 폐기물을 분리된 지역에 처분하는 것이 작업의 

효율성 측면에서 유리할 것이다. 

 

o  복층 처분장 개념을 채택하는 경 우, 두개 이상의 층을 심도 차이를 

두고 건설하기 때문에 처분장 평면적을 줄일 수 있으며 PWR 과 CANDU 

사용후핵연료를 각 층에 분리 처분할 수 있을 것이다. 

 

o 복층으로 처분장이 건설되는 경우 처분장의 안정성에 영향을 미칠 수 

있는 설계인자들의 영향을 파악하는 것이 필요하며 폐기물에서 발생하는 

열과 지하 심부에서 작용하는 암반의 응력을 고려한 열-역학적 coupling 

해석을 수행하고 그 결과를 단층 처분장의 경우와 비교 분석하여야 한다.   

 

o 처분처널과 처분공을 함께 고려하기 우해서는 3차원 모델링 기법의 

적용이 필요하다.  또한 신뢰할 수 있는 결과를 얻기 위해서는 한국에서 

실측된 암석 물성 자료와 지질 조건을 활용하는 것이 필요하다.   
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III. 연구개발의 내용 및 범위 

 

본 연구에서는 3차원 상용 FDM 프로그램인 FLAC3D 를 사용하였으며   

효과적인 열-역학적 coupling 거동 해석을 위해 개발된 FISH 프로그램을 

활용하였다. 유성에 위치하는 원자력연구소 부지내의 시추 현장에서 

얻어진 암석  및 암반의 열적, 역학적 물성을 사용한 컴퓨터 모델링이 

실시되었다.  층간의 간격, 각 층에 처분되는 폐기물의 종류, 층간의 처분 

시점의 차이와 같은 설계인자들을 고려한 3차원 열-역학적 해석이 

실시되었다. 이를 통해 적합한 복층 처분장 개념을 도출할 수 있었다.   

 

IV. 연구개발의 결과 및 활용에 대한 건의 

 

지하 심부의  복층 고준위폐기물 처분장을 건설하는 경우 처분장 

주변에서의 열-역학적 거동에 영향을 미치는 설계인자들에 대한 해석을 

통해 다음과 같은 결과를 얻을 수 있었다.  

 

o 심도 500m 에 단층으로 처분장을 건설하는 경우 처분용기와 완충재 

접촉부에서의 최고 온도는 거치 약 20 년 후에 도달하는 것으로 나타난다.  

이러한 최고 온도 도달 시간은 복층처분개념에서 훨씬 뒤로 미뤄져서 

나타난다. 예를 들어 500m 와 550m 에 처분장이 건설되는 경우 완충재 

최고 온도는 거치후 180 년에 나타나며 이때의 온도는 약 93oC 이다.  

 

o 복층 처분장은 온도, 응력, 변위 값이 단층 처분장에 비해 크게 

나타나지만 유성부지에서 얻어진 암반물성을 이용하는 경우 완충재의 

열적 기준인 100oC 는 만족하는 것으로 나타난다.  복층 개념에서는 

약간의 응력집중 증가가 나타나지만 인접 암반에 소성영역을 

발생시키지는 않을 것으로  판단된다.  

 

o 단층과 복층 처분장에서의 온도 차이는 시간의 경과에 따라 증가한다.  

층간 간격이 100m 인 경우 완충재 온도 증가는 처분후 200 년에 10oC 

이며 50m 인 경우는 20oC 로 나타난다.  

  

o 복층 처분장에서 PWR 폐기물을 상부 층에 CANDU 를 100m 아래쪽에 

위치하는 하부층에 처분하는 것이 적합할 것이다.  
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o  층간 운영 시점의 차이가 없는 경우에도 완충재의 열적 기준인 100oC 

는 만족한다. 하지만 CANDU 를 아래층에 처분한 뒤 10 년이나 20 년이 

경과하고 나서 PWR 을 처분하는 경우 완충재 최고 온도를 낮출 수 있다. 

 

o  층간 간격이 50m 인 복층 처분개념에서도 열적 기준을 만족하지만 

이를 복층개념으로 선정하는데는 주의를 요한다.  

 

o 모델링 결과를 통해 합리적인 복층처분 개념을 다음과 같이 도출해낼 

수 있었다. 

- 층간 간격 : 100m (상부층 500m, 하부층 600m) 

- 폐기물 종류 : 하부층 CANDU, 상부층 PWR  

- 처분순서: CANDU 우선처분 후 PWR 처분 

- 처분 시간 간격: 수십년  
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SUMMARY 

 

 

I. Title 

 

Thermo-Mechanical Analysis for Multi-level HLW Repository Concept  

 

II. Objectives and importance of the project 

 

A. Objectives :This work aims to investigate the influence of design 

parameters for the underground high-level nuclear waste repository 

with multi-level concept.   

 

B. Necessity 

 

o In order to construct an HLW repository in deep underground,  it is 

required to select a site, which is far enough from major 

discontinuities.  To dispose the whole spent fuels generated from the 

Korean nuclear power plants in a repository,  the underground area of 

about 4km2 is needed.  This would be a constraints for selecting a 

repository site.   

 

o It is recommended to dispose the two different spent fuels, PWR and 

CANDU, in different areas at the operation efficiency point of view.   

 

o In a multi-level repository, two or more levels at different depths 

will be constructed.  That will reduce the required plane area of the 

repository and allow disposing PWR and CANDU spent fuels on each 

level.  

 

o It is necessary to investigate the influence of the parameters, which 

can affect the stability of multi-level repository.  It is also needed to 

consider the influence of the heat generated from the HLW and the 

high in situ stress in deep underground. Therefore, thermo-mechanical 

coupling analysis should be carried out and the results should be 

compared with the results from single-level repository concept.    
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o Three-dimensional analysis is required to model the disposal tunnel 

and deposition hole.  In order to achieve reliable modeling results, it 

is recommended to use the geological conditions and rock properties 

actually measured in Korea.  

 

 

III. Scope and contents of the project  

 

In this study,  a FISH routine developed for effective modeling of 

Thermal-Mechanical coupling analysis was implemented in the 

modelings using FLAC3D, which is a commercial three-dimensional 

FDM code. The thermal and mechanical properties of rock and rock 

mass achieved from Yusung drilling site, which is within KAERI domain,   

were used for the modeling.  Different parameters such as level 

interval, waste type disposed on different levels, and time interval 

between the operation on different levels, were considered in the 

three-dimensional analysis.  From the analysis, it was possible to 

derive adequate multi-level repository concept.  

 

IV. Results and recommendations for application  

 

From the thermal-mechanical analysis  for the multi-level repository 

concept with consideration of different design parameters, which might 

influence on the stability of near-field rock as well as engineered 

barriers,  the following conclusions could be made: 

 

o In the case of single-level repository on 500m level,  the peak 

temperature at the canister and buffer contact was observed at  

around 20 years after the emplacement of canister.  The time for 

peak temperature was delayed significantly in multi-level repository 

concept.  For instance, when the levels are located on 500m and 

550m levels,  the buffer temperature on 500m level reaches the peak 

temperature of about 93oC at around 180 years after emplacement.  

 

o Multi-level repository shows higher temperature and stress, and 

more displacement around the disposal tunnel.  However,  the 



 vi   

thermal criteria of 100oC at buffer could be satisfied, when the rock 

properties from Yusung drilling site were used.  With multi-level 

concept, a little more stress concentration could be observed,  but not 

enough to generate plastic zone in near-field rock. 

 

o The difference between the temperature in single- and multi-level 

cases increases with time.  When the level interval is 100m, the 

buffer temperature in multi-level case is almost 10oC higher than that 

in single-level in 200 years after emplacement.  It is about 20oC, 

when the level interval is 50m. 

 

o The most possible multi-level repository concept is that PWR is 

disposed on upper level and CANDU is disposed on lower level, which 

is located about 100m below the upper level.   

 

o The thermal criteria of 100oC in buffer can be satisfied even with no 

time delay between the operations at the levels. When the disposal of 

CANDU spent fuels is completed on lower level first and the operation 

for PWR disposal is followed with 10 or 20 years time interval,  the 

peak buffer temperature can be decreased.  

 

o Even though the multi-level concept with 50m level interval can 

satisfy the thermal criteria, it should be carefully decided whether the 

multi-level design with 50m level interval is acceptable or not. 

 

o From the modeling results, it was possible to derive a reasonable 

multi-level repository concept as followings: 

- Level interval and location: 100m interval (Upper level 

500m and lower level 600m) 

- Waste type : CANDU on lower level and PWR on upper 

level 

- Disposal sequence : CANDU disposal first and then 

PWR disposal  

- Disposal time interval : several tens of years 
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1. INTRODUCTION 

  

According to the Nuclear Energy Plan of the long-term national power 

development plan in Korea, 20 reactors, which is consisted of 16 

Pressurized Water Reactors(PWR) and 4 Canadian Deuterium 

Uranium(CANDU) rectors will be operated by 2005.  In 2015, 7 more 

reactors are planning to be operated.  The spent fuels from the 

nuclear power plants (NPP) during their life time are estimated to be 

36,000 tHM, which is consisted of 20,000 tHM of PWR spent fuel and 

16,000 tHM of CANDU spent fuel.  Since 1997,  Korea Atomic 

Energy Research Institute(KAERI) had been carrying a long-term R&D 

program for developing a safe disposal system for the permanent 

disposal of the spent fuels. From the comparison of the proposed 

alternative disposal concepts based on various technical aspects, the 

preliminary disposal concept could be determined in 2002(Kang et al., 

2002).  

 According to the preliminary disposal concept, the underground 

High-level radioactive waste (HLW) repository is supposed to be 

located in several hundred meters deep crystalline rock mass.  The 

canisters containing PWR and CANDU spent fuels are assumed to be 

disposed in the deposition holes excavated in disposal tunnels.  

Because of quite different characteristics of the two spent fuels, it is 

recommended to dispose them in separate areas. Figure 1.1 shows the 

reference repository concept developed from the international 

collaboration with Sandia National Laboratory in USA(Kang, et al., 

2000).  The deposition holes are to be drilled along the center line on 

disposal tunnel floor as shown in Figure 1.2. 

 The underground repository can be build at a site where the 

rock formation is large enough to accommodate the spent fuels of 

36,000tHM.  The required underground area to dispose the entire 

spent fuels at one site, is about 4 km2 .  If it is not possible to find an 

adequate site with the required underground area, the repository 

design should be adjusted.  One of the possible ways to adjust the 
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Figure 1.1  Overview of preliminary disposal concept of the 

underground HLW repository in Korea.   
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repository design to a site with not enough underground area is 

adapting multi-level concept.  In Canada, a series of studies on 

alternative arrangements were conducted during 1980s.  The 

alternatives included single- and multi-level vault arrangements.  In 

the multi-level configuration, the waste would be emplaced on two or 

more levels located at different elevations in the rock body(Simmons 

and Baumgartner,1994).   In Korea, because of the potential limitation 

of candidate sites due to various geographic, geological, social, and 

political reasons, it is needed to consider it as an alternative to build 

the HLW repository within a limited underground area.  In that case, 

multi-level repository concept would be the best solution.  It is, 

therefore, necessary to study the possibility of multi-level repository 

concept.  In this study, thermal-mechanical coupling analysis had 

been carried using a commercial three-dimensional analysis code to 

investigate the stability of different multi-level repositories.   
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Figure 1.2  Preliminary dimensions of disposal tunnel and deposition 

hole. 
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2.  TM  MODELING  METHOD USING FLAC3D 

 

The thermal-mechanical stability of single- and multi-level 

repositories had been analyzed using FLAC3D. FLAC3D, Fast 

Lagrangian Analysis of Continua in 3 Dimensions,  is a three-

dimensional continuum code that is widely used in analysis, testing, 

and design by geotechnical, civil, and mining engineers. It  is an 

explicit finite difference program and developed by Itasca Consulting 

Group Inc.  FLAC3D has a large range of applications including 

tunnel design, slope stability, mining engineering, and radioactive 

waste disposal,  because its analytical potential is not limited to a 

particular problem definition or type of analysis. FLAC3D is designed 

to accommodate any kind of geo-technical engineering project where 

continuum analysis is necessary.  

FLAC3D contains the powerful built-in programming language, 

FISH, that allows the user to define new variables and functions, if 

necessary.  In this study, for example, the decay heat given by 

Equation 4.1 and 4.2 for PWR and CANDU spent fuels, respectively, 

was modeled with FISH.  For effective routine for thermal-

mechanical coupling, another  FISH routine was also developed.   

 

 

2.1 Introduction to FLAC3D 

Thermal-Mechanical coupling in HLW repository is due to the thermal 

stresses developed by the decay heat from the waste.  Subsequent 

heating of the rock mass by the heat-generating waste would increase 

the stresses in the buffer, canister, and rock mass because of thermal 

expansion (Simmons and Baumgartner, 1994).  The thermal stress 

due to the thermal expansion can be calculated as following:  

 

ν
ασ
−
∆

=∆
1

TE
                                  (2.1)    
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where,  ∆σ is increase in stress due to the expansion of  rock,  α is 

thermal expansion coefficient,  T is temperature increase,  E is 

Young's modulus, and   ν is Poisson's ratio.  

In FLAC3D,  the thermal-mechanical coupling occurs only in 

one direction: temperature changes cause thermal strains to occur 

which influence the stresses,  while the thermal calculation is 

unaffected by the mechanical changes taking place (Itasca, 1996).   

As normal in most modeling situations, the initial mechanical 

conditions correspond to a state of equilibrium which must first be 

achieved before the coupled analysis is started.   There are three 

suggestions for thermal-mechanical coupling in FLAC3D user’s manual.  

i. If the medium is elastic and the thermal-mechanical response 

must be investigated at a certain thermal time, for instance,  a thermal 

only calculation may be performed until the desired time.  The 

thermal calculation may then be turned off and the mechanical 

calculation is performed.  When the mechanical equilibrium is reached, 

thermal calculation is performed again.  

ii.  For each thermal time step, several predefined mechanical 

steps or steps until detecting equilibrium condition.  

iii. The STEP command is used while both mechanical and 

thermal modules are on.   In this approach, one mechanical step will 

be taken for each thermal step.   

In this study,  a new approach was developed  for more 

effective TM coupling analysis than the suggestions in user’s 

manual.  The following calculation procedure was used in the TM 

coupling:   

          

a.   Mesh generation for a quarter model  

b.   Define material properties and initial and boundary 

conditions  

c.   Mechanical steps  before the excavation  

d.  Temperature initialization with thermal gradient  

e.   Excavation of the deposition tunnel and deposition hole  

f. Mechanical steps until equilibrium  
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g. Thermal analysis until the temperature variation is 3oC  

h.   Mechanical steps until equilibrium  

i.   Continue the steps g and h until the predefined time is 

reached  

Figure 2.1 shows the TM coupling calculation procedure. Detailed 

discussion and FISH program for the new procedure for TM coupling 

analysis could be found in the KAERI report written by Kwon et al. 

(2002). 

 

2.2  TM coupling using FLAC3D 

 

2.2.1 Initial condition  

In this study, hydrostatic in-situ stress condition was considered 

based on the measurement that shows the stress ratio in Yusung 

drilling site is almost 1.0 at 500m deep location.  The temperature 

distribution in the model was calculated with the geothermal gradients, 

25oC/100m,  measured at the drilling site. It was assumed that the 

average surface temperature is  20oC.    The initial vertical stress is 

calculated by multiplying the average overburden rock density, gravity 

acceleration, and depth.  The horizontal stress can be determined by 

multiplying the vertical stress and the stress ratio, K.  For example, 

the vertical and horizontal stresses under hydrostatic stress condition, 

K=1,  at 500m can be calculated as following: 

 

 MPammmkggZV 13)(500)sec/(8.9)/(2600 23 =ΧΧ== ρσ    (2.2) 

MPaK VH 13== σσ  

 

Even though there should be time gap between the excavation of 

disposal tunnel and deposition hole,  it was assumed that they are 

excavated simultaneously to simplify the modeling.   
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2.2.2  Boundary condition  

The normal displacements along the boundaries except the top are set 

to zero.   Zero flux densities for heat are imposed on the boundaries 

except the top of the model mesh.  

 

2.3  Material properties of rock and engineering barriers 

 

2.3.1  Fuel part and outshell   

According to the reference disposal concept, PWR and CANDU spent 

fuels are recommended to be disposed in separate areas, because of 

dissimilar characteristics of them.  The PWR spent fuel with burnup 

of 45,000 MWd/tHM is now considered as the reference PWR spent 

fuel,  because that type of spent fuel occupies 64 % of all spent fuels 

from Korean reactors.  Before the disposal in the underground 

repository, spent fuels are considered to be cooled for 40 years in a 

water pool after discharge from reactors.  The following equation 

shows the decay heat for the PWR spent fuel with  burnup of 45,000 

MWd/MtU:  

 

     )/( x 14548)( 0.76204 tWttP −=        (2.3)  

 

where, t is time(year) after discharge from reactors. Four  PWR 

assemblies are inserted in a PWR canister.     

        The reference CANDU fuels have the average burnup of 7,500 

MWd/tHM and the fuel diameter is 10 cm and length is 49.5 cm.  297 

CANDU fuels are to be loaded in a canister. The decay heat from the 

reference CANDU spent fuel is  

 

)/( x 7.4561)( 0.67667 tWttP −=        (2.4) 

 

        The mechanical and thermal properties of fuel part, which 

represents the part inside of outshell,  were determined with the 

assumption of that the fuel and cast iron were uniformly mixed.  The 

average density of fuel part could be determined as  6500 
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kg/m3.   The other average properties of the fuel part were 

calculated based on volume ratio and listed in Table 1.  

        The canister is consisted of two components, a massive cast 

insert and a corrosion resistant outshell.  Different materials 

including copper, Ni-Alloy, and stainless-steel are considered as  

candidate outshell materials.  In this study, 5 cm thick stainless-steel 

is assumed to be used as the outshell.  The diameter of the canister 

is 1.22m and the length is 4.78m.  The cast insert is for providing 

mechanical strength as well as radiation shielding.  The thermal-

mechanical properties of stainless steel are also listed  in Table 1.   

 

2.3.2  Buffer and backfill  

 

In the Korean reference disposal concept, compacted bentonite 

is  considered as the buffer material, because of its low permeability, 

high sorption capacity, self-sealing characteristics, and long term 

durability.  The annulus of 50 cm between the canister and the 

deposition hole rock surface is to be filled with the buffer 

material.  The dry density of the compacted bentonite is 1.8 g/cm3 

and it would increase up to 2.1 g/cm3 with saturation.     

        The mixture of bentonite and crushed rock are assumed to be 

used as backfill material.  In this study, however,  the thermal-

mechanical properties of bentonite and sand mixture were used, 

because of not enough test for material properties of bentonite and 

crushed rock mixture.  Even though it is not yet decided backfilling 

time,  it was assumed that backfilling is done immediately after the 

emplacement of canister and buffer to simplify the situation in this 

study.  

        Some of the thermal and mechanical properties of buffer and 

backfill materials could be determined from laboratory tests using 

Korean bentonite, Kyungju bentonite, which is currently considered as 

a candidate buffer material in Korean disposal concept.  Other 

material properties,  which could not be determined from actual tests, 

need to be derived from literature survey.   Important buffer and 
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Figure 2.1  Flow chart of the Thermal-Mechanical coupling analysis 

 

 

 

 

Table 1.   Material properties of fuel part and outshell  

Model type   Elastic model Elastic model

Young's modulus GPa 190 200 

Material type   
Fuel+Cast 

steel 
Stainless steel

Poisson's ratio   0.3 0.3 

Density Kg/m3 6500 8000 

Thermal conductivity W/m oK 43 15.2 

Specific heat J/Kg oK 424 504 

Thermal expansion /oK 1.2e-5 8.2e-6 
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backfill properties derived from tests and literature survey are listed 

in Table 2.  In this study,  the buffer and backfill materials were 

modeled with the following Drucker-Prager model (Desai  and 

Siriwardane, 1984).   

 

sD KJJf −−= 12 α     (2.5) 

where, J1  the first invariant of the stress tensor, and J2D is the second 

invariant of the deviatoric stress tensor (Desai  and Siriwardane, 

1984), α and Ks is Drucker-Prager parameters. The Drucker-Prager 

parameters for buffer and backfill could be determined from the 

triaxial compression tests under different confining pressures(Jo et al., 

1999).     

 

2.3.3  Rock properties  

In the modeling,  granite was considered as the host rock of the 

underground repository. It is assumed that the underground repository 

is located at 500m below surface.  In a crystalline rock mass, 

different types of discontinuities are normally included and the 

behavior of rock mass is strongly dependent on the distribution of 

discontinuities.  FLAC3D, which is basically for continuum modeling, 

cannot directly consider the influence of discontinuities in the 

calculation.  It is, therefore, needed to utilize a indirect way for 

considering the influence of discontinuities. In this study, the influence 

of discontinuities was considered indirectly using the equations 

proposed by Fossum(1985) to calculate the modulus of randomly 

jointed rock mass.  The effective bulk and shear moduli can be 

written in terms of the intact and joint properties.  Effective bulk and 

shear moduli are  

                  

              ⎥
⎦

⎤
⎢
⎣

⎡
−+−+

++
=

Esk
EskEK

n

n
m )1()21)(1(

2)1(3
9
1

ννν
ν

                  (2.6)  



 12   

Esk
EsK

Esk
EskEG

s

s

n

n
m ++

+⎥
⎦

⎤
⎢
⎣

⎡
−+−+
−+−+

+
=

)1(25
2

)1()21)(1(
)57()21)(1(9

)1(30
1

νννν
ννν

ν
     (2.7)  

 

where, E is Elastic modulus of intact rock, ν is Poisson's ratio, S is 

joint spacing, and kn and ks are normal and shear stiffness of 

joint.   It is also possible to determine the effective isotropic 

properties Em and m from the effective bulk and shear moduli,  
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In order to get more reliable results from the modeling, it is 

highly recommended to utilize the rock properties actually measured 

in Korea.  Among different rock properties measured in Korea, those 

from Yusung drilling site, which is within KAERI domain, were used in 

the modeling.  At Yusung site,  several deep boreholes up to 500m 

were drilled and various thermal, mechanical, hydrological, and 

geochemical properties were carefully measured during the last 

years(Kim et al., 2001).  The mechanical and thermal properties from 

Yusung drilling site are listed in Table 3.   NX size rock cores were 

retrieved from the drill holes reached up to 500m below 

surface.   Thermal and mechanical properties were measured from 

the rock specimens selected with the frequency of three 

specimens/50m interval.  The geological information of rock joints 

was also achieved from the site.   By using borehole televiewer, 

which uses ultra sonic waves of frequency of 1.4MHz,  various joint 

properties such as joint dip,  dip direction, and joint size could be 

determined (Kim, et al., 2001).   The important joint properties are 

also listed in Table 3.   Thermal logging was carried out at the 

drilling site and found that the geothermal gradients is 25oC/km at the 

site(Kim et al., 2001).  
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Table 2.   Material properties of buffer and backfill.  

  Unit Buffer Backfill 

Material type   Bentonite 
Bentonite 70% &

Sand 30% 

Modulus GPa 
Bulk=0.345 

Shear=0.258 

Bulk=0.038 

Shear=0.029 

Density Kg/m3 
Dry 1800 

Wet 2100 

Dry 1800 

Wet 2100 

Thermal conductivity W/m oK 1.47 2.04 

Specific heat J/Kg oK 888 900 

Thermal expansion /oK 3.1e-4 3.1e-4 

UCS MPa 7.66 0.93 

Cohesion MPa 1.1 1.1 

Friction angle Degree 50 17 

Drucker-Prager 

parameters 
  

α=0.41 

Ks=944 

α=0.08 

Ks=1472 

 

Table 3.  Properties of Yusung granite (Kim, et al.,2001).  

Properties Values 

Density (kg/m3) 2660 

Apparent porosity 0.82 

UCS (MPa) 132.5 

Youngs modulus (GPa) 46.8 

Poisson's ratio 0.28 

Tensile strength (MPa) 9.27 

Cohesion (MPa) 30.4 

Friction angle 51 

Thermal conductivity(W/m oK) 3.541 

Thermal expansion coeff. ( /oK) 19.312e-6 

Specific heat  (J/Kg oK) 1212 

Joint spacing (m) 0.26 

Joint aperture (mm) 0.82 

Geothermal gradient(oC/km) 25 
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3.  MODELLING FOR SINGLE-LEVEL REPOSITORY CONCEPT 

 

Before analyzing the modeling results from multi-level repository 

concepts, important results from single-level repository will be 

reviewed.  This will help understanding the general thermal-

mechanical behaviors of the engineered barriers as well as near-field 

rock mass.  Detailed information of the analysis for single-level 

repository concept can be found in the KAERI technical report, 

KAERI/TR-2360, written by Kwon et al.(2003). 

For single-level repository case, the material properties 

of  Yusung drilling site were used. The repository was modeled to be 

located at 500m deep granite.  To simplify the calculation,  it was 

assumed that the repository is filled with PWR spent fuel with burn up 

of 45,000 MWd/tHM.     Figure 3.1 shows the model mesh and 

dimensions of the disposal tunnel and deposition hole, and  points for 

checking results from the modeling.  The thermal-mechanical 

coupling analysis for single-level concept can be summarized as 

followings:  

 

3.1  Temperature 

Figure 3.2 shows the variation of  temperature with time at different 

locations.  The temperature at the canister/buffer contact is 

important, because of the thermal criteria of buffer, which is required 

to be maintained below 100oC.   The highest temperature was 

calculated about 80oC in 20 years after emplacement.  After the peak 

temperature, the temperature decreases with time because of the heat 

decays with time as commented earlier.  In 200 years after the waste 

emplacement, the buffer temperature was decreased to 72.5 oC, which 

is 7.7 oC lower than the peak temperature.  In the case of rock 

temperature,  the peak temperature is below 70oC.  Since the initial 

temperature in Yusung site is 32.5oC at 500m deep location, when the 

geothermal gradient is 25oC/km,  the rock temperature increment due 

to the heat from the waste is up to 45oC.   
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Figure 3.1  Model mesh and checking points 
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Figure 3.3 shows the temperature at the nine checking points, which 

are shown in Figure 3.1,  in 20 years after the emplacement of 

canister and buffer.  The temperature at the canister center(number 

1) is almost same as that of canister/buffer contact, which is 

represented by number 2.   This is due to the high heat conductivity 

of metals surrounding the spent fuel. Since the thermal properties 

inside of outshell were homonized to simplify the model mesh 

generation, the peak temperature at the exact spent fuel is higher than 

that from this calculation.  

 

3.2  Stress distribution 

Figure 3.4 shows the distribution of maximum and minimum principle 

stresses  in the canister.  The minimum principle stress is 

compressive and the magnitude of it  is up to 18 MPa,  while the 

maximum principle stresses were tensile and it was up to 26 

MPa.  Therefore, the tensile stress, which may cause mechanical 

failure of canister, need to be considered as an important parameter in 

the repository design.    

It is important to  check von-Mises stress, because the 

distribution of von-Mises stress is closely related to the mechanical 

stability of rock opening.  Von-Mises stress can be calculated from 

the following equation:  

 

])()()[(
2
1 2

31
2

32
2

21 σσσσσσσ −+−+−=m          (3.1)    

 

Figure 3.5 shows the von-Mises stresses at the checking points 

in Figure 3.1.     In the case of checking point 2,  which represents 

canister/buffer contact, the  von-Mises  is highest up to 43 MPa.   

 

3.3 Displacement 

In the deposition hole, the heat from the waste will lead thermal 

expansion of canister, buffer, and backfill.  The displacements around 

the tunnel will also be influenced by the heat generation from the  
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Figure 3.3  Temperatures at the checking points, 20 years after 

emplacement  
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(a) Minimum principal stress     (b) Maximum principal stress 

 

Figure 3.4  Principle stress contours at the canister, 200 years  after 

emplacement  
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Figure 3.5  Mises stresses at the checking points, 200 years after 

emplacement.    
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deposition hole.  Figure 3.6 shows the displacement plot around the 

deposition tunnel in 200 years after the emplacement of the canister 

and buffer.  The maximum displacement, which is recorded at the 

upper backfill,  was about 19 cm.  The upward displacement from the 

deposition hole to the tunnel is thought to be mainly from the thermal 

expansion of the materials inside of the deposition hole.  Buffer 

movements can also cause the canister to move in the deposition 

hole.    

 

3.4  Plastic zone development 

In order to check the mechanical stability around the repository,  the 

plastic zones in the buffer, backfill, and canister after 200 years were 

plotted in Figure 3.7.  The buffer and backfill had experienced various 

plastic zone developments except the bottom buffer layer.  The outer 

buffer layer had experienced plastic zone development with shear 

stress in Yusung case. 
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Figure 3.6 Displacement plot around the repository, 200 years after 

the emplacement of PWR spent fuel 
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Figure 3.7 Plastic zone development inside of deposition hole, 200 

years after emplacement. 
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 4. MODELLING FOR THE MULTI-LEVEL REPOSITORY CONCEPT  

 

If a candidate HLW repository site does not have enough underground 

area for disposing the whole spent fuel,  it is necessary  to adjust  

the disposal concept and construction of a multi-level repository 

would be the best choice.  In that case, the decision for the safe 

interval between the levels, and the adequate time gap between the 

operations on the levels,  is required.  By computer simulation,  it is 

possible to investigate the influence of the level interval and other 

parameters on the thermal and mechanical stability of the repository. 

In this study, different options for multi-level repository were modeled 

to suggest the adequate multi-level repository concept.  The 

following factors were considered in the multi-level modelings:  

 

a. Distance between the levels :  According to the multi-level concept 

design proposed by AECL, Canada,  the level interval is 

150m(Simmons and Baumgartner,1994).   As some mines, the 

distance between mining levels is normally less than 100m.   In this 

study,  two different level intervals, 50m  and 100m, were modeled 

and the results were compared to check the influence of the level 

interval.    

 

b. Waste type :  Since  two types of spent fuel are generating from 

the nuclear power plants in Korea,  the underground repository design 

needs to consider to dispose the two different wastes.  If a multi-

level repository concept is chosen, it is one possible way to emplace 

different types of waste in two different levels.   

 

c. Waste emplacement time : It is normally accepted that CANDU spent 

fuels are disposed first and then the disposal operation for PWR spent 

fuels is followed.   If there is time gap between the disposal of 
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CANDU and PWR spent fuels, it is better to dispose  them in different 

layers.  If then, it is necessary to analyze the influence of the 

emplacement interval on the stability of the multi-level repository 

design.   

In this study, the cases listed in Table 4 were modeled to 

evaluate different multi-level repository concepts. In the table,  

emplacement time represents the cooling  time before the 

emplacement of the spent fuel after releasing from the nuclear power 

plants.  FISH routines for modeling the cases for multi-level 

repository were developed and implemented in FLAC3D. 

 

 

Table 4.  Modeling conditions for different cases 

Depth(m) Waste type Emplacement 

time (year) 

 

Upper 

level 

Lower

level 

Upper 

level 

Lower

level 

Upper 

level 

Lower

level 

Single- 

level 
Case 1 500 PWR 40 

Case 2 500 600 PWR PWR 40 40 

Case 3 500 550 PWR PWR 40 40 

Case 4 500 600 CANDU PWR 40 40 

Case 5 500 600 PWR CANDU 40 40 

Case 6 500 600 PWR CANDU 50 40 

 

 

Multi-

level 

Case 7 500 600 PWR CANDU 60 40 

 

 

4.1 Model mesh 

The model meshes used for single- and multi-level repository are 

shown in Figure 4.1.  Figure 4.1(a) is the model mesh for the single-

level repository.  Figure 4.1(b) and (c) show the model meshes for the 

multi-level cases with 100m and 50m intervals, respectively.  The 

model meshes covers from surface to the depth of 1000m, which was 

considered as the constant temperature zone.  By using a quarter 

model with the assumption of symmetry,  the size of model mesh  
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(a)  single-level      (b) 100m interval         (c) 50m interval  

Figure 4.1 Model meshes for single- and multi-level modelings.  
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could be significantly reduced.  In the case of multi-level repository,  

the total number of zones in the model mesh is 11790, while it is 5890 

for single-level repository.  

 

4.2 Initial and boundary conditions  

 

4.2.1  Initial condition 

Hydrostatic in situ stress condition was assumed in the analysis.  

Same as the single-level repository case, the geothermal gradient of 

25oC/1000m was used and the average surface temperature is 

assumed to be 20oC.  The initial vertical and horizontal stresses were 

calculated by multiplying the average overburden rock density, gravity 

acceleration, and depth.  It was also assumed that the excavation of 

disposal tunnel deposition hole were excavated simultaneously and the 

material properties measured from Yusung site were used.   

 

4.2.2  Boundary condition 

Similar to single-level case,  the normal displacements along the 

boundaries except the top are set to zero.  Zero flux densities for 

heat are imposed on the boundaries except the top of the model mesh.  
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5. RESULTS FROM MULTI-LEVEL MODELING 

 

5.1 Comparison between single- and multi-level cases 

In order to check the effect of constructing a multi-level repository 

instead of a single-level repository, the results from the single-level 

case, case 1 in Table 4,  and those from the multi-level case with 

level interval of 100m, case 2 in Table 4, were compared.  In the 

multi-level repository case, the upper and lower levels are located at 

500m and 600m below surface.  For comparison, temperature, 

principal stress, displacement, and plastic zone development at 500m 

level were plotted together.   

 From the previous computer simulations for the HLW repository 

carried out by Kwon et al.(2002),  it was found that the peak 

temperature at the canister reached around 25 years after the 

emplacement of canister and engineered barriers including buffer and 

backfill.  It was, therefore, decided that the results for 200 years after 

emplacement would be long enough to check the characteristic 

thermal-mechanical behavior for the cases. 

 

5.1.1  Temperature 

Figure 5.1 shows the temperature distribution around the repository in 

200 years after the emplacement of HLW in single-level repository 

and multi-level repository.  In the case of single-level repository, the 

highest temperature is below 72oC.  Compared to the temperature 

distribution in single-level case, that in multi-level case is much 

higher and the buffer temperature is maintained up to 84oC, even in 

200 years after the emplacement.   

 The continuous increase of buffer temperature in the multi-

level case can only be explained with the influence of the heat 

generated from the waste emplaced on the lower level, which is 

located 100m below the upper level.  The horizontal lines showing up 

several times along the curves are due to the stepwise calculation 

scheme for thermal-mechanical coupling as explained in section 2.1.   
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(a) Single-level     (b) Multi-level  

Figure 5.1  Temperature distributions for single- and multi-level 

repositories at 500m, 200 years after emplacement of PWR spent fuel. 
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From the horizontal lines, it is possible to observe that the 

temperatures are kept constant during mechanical steps.   

 Figure 5.3 shows the time-dependent temperature variation at 

different locations on lower level repository.  Because of geothermal 

gradient, which is about 25oC/km, the temperature of buffer and rock 

are a little higher than those on 500m level.  

 Figure 5.4 shows the time-dependent temperature variation at 

the canister/buffer contact in single- and multi-level cases. As 

expected, the temperature in multi-level repository case is higher than 

that in single-level case.   Initially the temperature difference is not 

significant but it increases with time.   This is due to the time 

required for interacting between the levels.   In 200 years after the 

emplacement of waste, the temperature difference between the cases 

is about 11oC. 

 In the case of multi-level repository concept, the buffer 

temperature is maintained about 80oC with a little increase with time 

until 200 years. Even though the temperature difference between the 

cases increases with time, the thermal criteria, which requires the 

maximum buffer temperature should be lower than 100oC, could be 

satisfied in both cases.   

  

5.1.2  Displacement 

Figure 5.5 shows the comparison of buffer displacements at 500m 

level in 200 years after emplacement for the single- and multi-level 

repository concepts. Because of the heat generated from the waste,  

the material surrounding the canister expands and that results upward 

displacement. In the case of single-level repository,  the maximum 

buffer displacement was about 25mm, while it was 85mm in multi-level 

case.  Since the performance of buffer as the major engineered 

barrier is significantly important at repository safety point of view, the 

possible influence of buffer displacement needs to be investigated in 

future study.  One positive fact is  that the displacements in the 

buffer might not induce significant disintegration of the buffer blocks,  
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Figure 5.2 Variation of temperatures at different locations in a 

deposition hole on the upper level at 500m. 
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Figure 5.3 Variation of temperatures at different locations in a 

deposition hole on the lower level at 600m. 
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Figure 5.4.  Buffer temperature variation for the single- and multi-

level repositories. 
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Figure 5.5.  Displacement at buffer for single- and multi-level 

repositories at 500m level, 200 years after emplacement of PWR spent 

fuel. 
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because the magnitudes and directions of the displacements in the 

buffer are almost same.   

 

5.1.3  Stress 

The minimum principal stress distribution for the single- and multi-

level repositories are compared in Figure 5.6.  In the figure,  

negative value represents compressive stress.  Even though there is a 

little more stress concentration in the roof in multi-level case than 

single-level one,  the overall stress distributions in the two cases are 

more or less identical.  From this, it is possible to assume that the 

stress distribution in the rock around the repository is not seriously 

influenced by the number of repository levels.   

In order to check the influence of the number of repository 

levels on outshell, the distribution of maximum principal stresses, 200 

years after the emplacement of canister,  were plotted in Figure 5.7.  

The maximum principle stress on the outshell is tensile.  Compared to 

the  highest tensile stress of 28 MPa in the single-level case,  it is 

about 35MPa in multi-level case.  Since the tensile stress strength of 

the outshell material,  which will be one of stainless steel, copper, Ni-

alloy, and titanium, is reasonably higher than 35MPa,  the tensile 

stress would not result any serous structural problem on the outshell.  

It is, however, should be kept in mind that the tensile stress acting on 

cracks or fractures, which can be included during manufacturing, 

transportation,  or operation,  may result stress concentration at the 

crack tips and induce sudden rupture of the outshell.   Further study 

on the tensile stress on outshell is recommended.  

 

5.1 4  Plastic zone 

Figure 5.8 shows the plastic zone development in and around the 

deposition hole.  Even in the multi-level repository case,  there is no 

plastic zone in the rock surrounding the disposal tunnel and deposition 

hole.  Plastic zone is only developed in the buffer and backfill.  

Compared to the plastic zone in the single-level repository case, the 

only difference in the multi-level case is the plastic zone in the buffer  
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(a) Single-level     (b) multi-level  

Figure 5.6.  Minimum principal stress distributions for single- and 

mult-level repositories at 500m, 200 years after the emplacement of 

PWR spent fuel. 
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(a) Single-level     (b) multi-level  

Figure 5.7.  Maximum principal stress distributions at cask at 500m, 

200 years after the emplacement of PWR spent fuel. 
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(a) Single-level     (b) multi-level  

Figure 5.8  Plastic zone development for single- and mult-level 

repositories at 500m, 200 years after the emplacement of PWR spent 

fuel. 
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below the canister.  Since the plastic zone development in the multi-

level repository is almost same as that in single-level repository, it 

can be disregarded in the design process for selecting the adequate 

number of repository levels.  However, it should be reminded that the 

in situ stress ratio of 1 is used and the discontinuities in rock mass are 

considered indirectly in the modeling.  These assumptions applied for 

simplifying the modeling might lead overestimation of  the stability of 

the rock mass.  Since the purpose of the modelings is mainly for 

comparing the thermal-mechanical stability of single- and multi-level 

repository concepts, it is not a problem to apply these assumptions.  

For quantitative evaluation of plastic zone developed in rock mass, 

however, it is necessary to consider the potential effect of the 

assumptions on the stability.  It is, therefore, recommended to carry 

quantitative evaluation with consideration of various factors,  which 

can influence on the stability.  

 

5.2   Distance between the levels 

In order to investigate the influence of level interval on thermal-

mechanical stability of multi-level repository concept,  two intervals 

of 100m and 50m were modeled.  The followings are the summary of 

the comparison between the two cases.   

 

5.2.1 Temperature 

As shown in Figure 5.9,  the difference between the temperatures in 

single- and multi-level cases increases with time.  When the multi-

level interval is 100m, the buffer temperature in 200 years after 

emplacement is 10oC higher than that in single-level case, while it is 

about 20oC, when the level interval is 50m. 

 Even though the buffer temperature in the multi-level case with 

50m level distance, can satisfy the thermal criteria of 100oC at 

canister/buffer contact,  it should be carefully decided whether the 

multi-level design with 50m level interval is acceptable or not.   

According to the previous sensitivity analysis done by Kwon et 

al.(2003) using FLAC3D,  the thermal properties at another drilling 
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site, Kosung, are less appropriate for being an HLW repository than 

those at Yusung site,  because of higher geothermal gradient and 

lower thermal conductivity.  The peak buffer temperature calculated 

using Kosung properties was about 10oC higher than the case using 

Yusung properties.  If Kosung properties are used in the multi-level 

modeling instead of Yusung properties,  higher buffer temperature 

would be resulted and may not satisfy the thermal criteria.  Because 

of that the suitability of the multi-level design with 50m interval needs 

to be carefully decided with further study.   

 

5.3 Influence of depth for multi-level 

In a multi-level repository,  the thermal-mechanical stability in each 

level may be different.  This section is for investigating the influence 

of depth on temperature distribution.   

 In the case of multi-level repository with 100m level interval,  

the buffer temperatures on the levels of 500m and 600m are changing 

with time as shown in Figure 5.10.  Because of geothermal gradient, it 

is expected that the buffer temperature on the lower level is higher 

than that on the upper level.  The modeling results show that the 

temperature on 600m level is 2.4-3oC higher than that on 500m level. 

 Figure 5.11 shows the time-dependent temperature variation at 

different locations on 500m and 550m levels.  The buffer 

temperatures on 550m level are a little higher than those on 500m 

level, because of geothermal gradient.  In the case of canister/buffer 

contact, the temperature difference is 1.13-1.3oC,  while it is 1.2-

1.4oC at buffer/rock contact, and 1.2-1.8oC in the rock about 2m from 

the deposition hole.  From the results,  it is possible to conclude that 

the temperature difference between the upper and lower levels in a 

multi-level repository can be reasonably estimated from geothermal 

gradient.   

 

5.4 Location of CANDU-PWR repositories 

To investigate the influence of waste type emplaced on different levels, 

the following cases were modeled. 
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Figure 5.9  Comparison of buffer temperatures on 500m level between 

single-level and multi-level cases. 
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Figure 5.10  Buffer temperature variation for multi-level case with 

500m and 600m levels.   
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5.4 1  CANDU 500m - PWR 600m 

When CANDU and PWR spent fuels are disposed on 500m level and 

600m, respectively, the time-dependent buffer temperature on the 

levels are plotted in Figure 5.12.  As expected, the buffer temperature 

in CANDU deposition hole on 500m level is much lower than that in 

PWR hole on 600m level,  because of the much lower heat generation 

from CANDU spent fuel compared to PWR spent fuel.  The peak 

buffer temperature in PWR deposition hole is about 83oC when 19 

years after emplacement.  In the case of CANDU hole, it increases 

continuously up to 56oC until 50 years after emplacement. 

 

5.4.2  PWR 500m - CANDU 600m 

Figure 5.13 shows the temperature variation with time at 

canister/buffer contact, when PWR and CANDU spent fuels are 

disposed on 500m and 600m levels, respectively.  Similar to Figure 

5.12, the buffer temperature at PWR deposition hole reached the peak 

temperature of 80oC in 18 years after emplacement. Compared to the 

single-level repository case, the buffer temperature in the PWR 

deposition hole decreases more slowly after reaching the peak 

temperature. This is due to the influence of the heat generation from 

the lower level.   The buffer temperature at CANDU hole increases 

up to 59oC, which is about 3oC higher than the previous case.  

 

5.4.3  Influence of CANDU-PWR repositories 

In order to compared the influence of waste type emplaced on 

different levels,  the buffer temperature in the PWR deposition hole 

for the two cases were plotted in Figure 5.14.  When PWR is disposed 

on 500m level,  the peak temperature is about 3oC lower than the case 

with PWR disposal on 600m level.  The buffer temperature in CANDU 

hole shows opposite trend.  The temperature difference between the 

two cases is mainly due to the geothermal gradient.  Since the 

temperature at CANDU deposition hole is relatively low and easily 

satisfy the thermal criteria of buffer,  it is possible to focus on the  
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Figure  5.11 Temperature variation for the multi-level case with 

500m and 550m levels. 
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Figure 5.12  Buffer temperature variation for the multi-level case 

with PWR disposal on 600m level and CANDU on 500m level. 
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Figure 5.13 Buffer temperature variation for the multi-level case with 

PWR disposal on 500m level and CANDU on 600m level. 
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Figure 5.14  Buffer temperature variation around PWR spent fuel for 

the multi-level cases.
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buffer temperature in the PWR holes.  For a safe repository design, it 

is needed to minimize the buffer temperature in PWR holes.   At that 

point of view, it would be better to dispose PWR spent fuels in upper 

level and CANDU on lower level than the opposite way.    

 

5.5  Operation time gap 

If CANDU spent fuels are disposed on lower level, 600m below surface,  

the next thing to be decided is that the adequate disposal time interval 

between the upper and lower levels.  For the sake of investigating the 

influence of disposal time interval between the upper and lower levels, 

the two cases with different operation time intervals of 10 years and 

20 years were modeled.  

 

5.5.1 10years 

when the disposal of CANDU spent fuels is carried out on 600m level 

first and then the disposal of PWR spent fuels is followed on 500m 

level with 10 years time interval, the buffer temperature on the upper 

and lower levels vary with time as shown in Figure 5.15.  It is 

possible to see the temperature at upper level, 500m, is almost steady 

until 10 years after the emplacement of CANDU spent fuels.  The 

buffer temperature starts increasing almost immediately after the 

emplacement of PWR spent fuels and continuously increase up to 65oC 

in 80 years after the emplacement.   In 100 years, the buffer 

temperature in CANDU hole is about 55oC.  

 

5.5.2  20years 

Figure 5.16 shows the buffer temperature variation with time for the 

multi-level repository with 20 years operation time delay between the 

emplacements of CANDU spent fuels on 600m level and PWR spent 

fuels on 500m level.  The temperatures in PWR and CANDU 

deposition holes in 100 years after the emplacement are about 63oC 

and 54oC, respectively.  Both of PWR and CANDU deposition holes 

show a little lower buffer temperature compared to the case of 10 

years operation time gap.  Figure 5.17 shows the temperature  
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Figure 5.15 Buffer temperature variation with time for the multi-level 

repository with emplacement of CANDU spent fuel on 600m level and 

PWR spent fuel on 500m level.  
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Figure 5.16 Buffer temperature variation with time for the multi-level 

repository with 20 years time delay between the emplacement of 

CANDU spent fuel on 600m level and the emplacement of PWR spent 

fuel on 500m level.  
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Figure 5.17  Buffer temperature around CANDU deposition hole at 

600m level for the multi-level repositories with different time delays 

between the emplacement of CANDU spent fuel on 600m level and the 

emplacement of PWR spent fuel on 500m level.  
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difference in CANDU holes between the two cases. The buffer 

temperature variations in the  PWR holes are plotted in Figure 5.18.   
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Figure 5.18 Buffer temperature around PWR deposition hole at 500m 

level for the multi-level repositories with different time delays 

between the emplacement of CANDU spent fuel on 600m level and the 

emplacement of PWR spent fuel on 500m level. 
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6. CONCLUSIONS 

 

From the three-dimensional thermal-mechanical coupling analysis for 

single- and multi-level repository concepts using FLAC3D,  the 

following conclusions could me drawn:  

 

(1) In the case of single-level repository on 500m level,  the 

temperature at the canister and buffer contact reaches the 

highest point around 20 years after the emplacement of 

canister.  In multi-level repository concepts, the time for 

reaching peak temperature is delayed significantly.  For 

instance, when the two levels in a multi-level repository are 

located on 500m and 550m,  the buffer temperature on 500m 

level reaches peak temperature of about 93oC at around 180 

years after emplacement.  

(2) Multi-level repository shows higher temperature and stress, 

and more displacement around the disposal tunnel.  However,  

the thermal criteria of 100oC at buffer could be satisfied, when 

the rock properties from Yusung drilling site were used.  With 

multi-level concept, a little more stress concentration could be 

observed,  but not enough to generate plastic zone in near 

field rock. 

(3) As shown in Figure 5.4, the difference between the 

temperature in single- and multi-level cases increases with 

time.  When the level interval is 100m, the buffer temperature 

increase compared to single-level is almost 10oC in 200 years 

after emplacement.  It is about 20oC, when the level interval is 

50m. 

(4) The most possible multi-level repository concept is that PWR 

is disposed on upper level and CANDU is disposed on lower 

level, which is located about 100m below the upper level.   

(5) The thermal criteria of 100oC in buffer could be satisfied even 

with no time delay between the operation at the levels. When 



 49   

the disposal of CANDU spent fuels are completed on lower 

level first and the PWR disposal is followed with 10 or 20 

years time interval,  the peak buffer temperature can be 

decreased.  

(6) Even though the multi-level concept with 50m level interval 

can satisfy the thermal criteria, it should be carefully decided 

whether the multi-level design with 50m level interval is 

acceptable or not, because of possible increase of temperature 

with consideration of other factors such as the influence of 

discontinuities and rock properties in other sites. 

(7) From the modeling results, it was possible to derive a 

reasonable multi-level repository concept, which can satisfy 

the thermal criteria, as followings: 

i. Level interval : 100m (Upper level 500m and lower level 

600m) 

ii. Waste type : CANDU on lower level and PWR on upper 

level 

iii. Disposal sequence : CANDU disposal first and then PWR 

disposal 

iv. Disposal time interval : several tens of years 
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APPENDIX.  INPUT DATA FILE FOR MULTI-LEVEL REPOSITORY 

------------------------------------------------------ 

group rock ran any group rock1 any group ract any

 group ract1 & 

 any group ract2 any group rinc     

 range name core any gr  fuel any gr  cask any gr  buff

 any gr  back & 

 any gr back1 any group rock     

group rock-a ran any group rock1-a any group ract-a

 any group ract1-a & 

 any group ract2-a any group rinc-a   

 range name core-a any gr  fuel-a any gr  cask-a any gr  buff-a

 any gr  back-a & 

 any gr back1-a any group rock-a    

model th_iso       

model elastic       

set grav 9.8      

 macro uo2 'conduc 43 spec_heat 424 ' 

 macro steel 'conduc 15.2 spec_heat 504'  

 macro bent 'conduc 1.47 spec_heat 888'  

 macro granit 'conduc 3.541 spec_heat 1212 ' 

 macro bfill 'conduc 2.04 spec_heat 900'  

 prop uo2 range group fuel   

 prop steel range group cask   

 prop bent range group buff   

 prop granit range group rock   

 prop granit range group rock2   

 prop bfill range group back     

 prop bfill range group back1      

 prop uo2 range group fuel-a     

 prop steel range group cask-a    

 prop bent range group buff-a     

 prop granit range group rock-a     

 prop granit range group rock2-a    

 prop bfill range group back-a    

 prop bfill range group back1-a    
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 prop thexp 1.93E-05 bulk 2.08E+10 shear

 1.08E+10 range group rock   

 prop thexp 1.93E-05 bulk 2.08E+10 shear

 1.08E+10 range group rock2   

 prop thexp 1.93E-05 bulk 2.08E+10 shear

 1.08E+10 range any group fuel & 

 any group cask any group back any group back1

 any gr buff 

 prop thexp 1.93E-05 bulk 2.08E+10 shear

 1.08E+10 range group rock-a   

 prop thexp 1.93E-05 bulk 2.08E+10 shear

 1.08E+10 range group rock2-a   

 prop thexp 1.93E-05 bulk 2.08E+10 shear

 1.08E+10 range any group fuel-a & 

 any group cask-a any group back-a any group back1-a

 any gr buff-a 

 ini density 2660 range group rock    

 ini density 2660 range group rock2    

 ini density 2660 range any group fuel any group

 cask &  

 any group back any group back1 any gr buff 

 ini density 2660 range group rock-a    

 ini density 2660 range group rock2-a   

 ini density 2660 range any group fuel-a any group

 cask-a &  

 any group back-a any group back1-a any gr

 buff-a    

 ini temp 20 grad 0 0 -0.025   

 ini szz 0 grad 0 0 26068 range any gr

 rock any  gr  rock2  

 ini sxx 0 grad 0 0 26068 range any gr

 rock any  gr  rock2  

 ini syy 0 grad 0 0 26068 range any gr

 rock any  gr  rock2  

 ini szz 0 grad 0 0 26068 range any gr

 fuel any  gr  cask & 
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 any group back any group back1 any gr buff 

 ini sxx 0 grad 0 0 26068 range any gr

 fuel any  gr  cask & 

 any group back any group back1 any gr buff 

 ini syy 0 grad 0 0 26068 range any gr

 fuel any  gr  cask & 

 any group back any group back1 any gr buff  

 ini temp 20 grad 0 0 -0.025   

 ini szz 0 grad 0 0 26068 range any gr

 rock-a any  gr  rock2-a  

 ini sxx 0 grad 0 0 26068 range any gr

 rock-a any  gr  rock2-a  

 ini syy 0 grad 0 0 26068 range any gr

 rock-a any  gr  rock2-a  

 ini szz 0 grad 0 0 26068 range any gr

 fuel-a any  gr  cask-a & 

 any group back-a any group back1-a any gr

 buff-a     

 ini sxx 0 grad 0 0 26068 range any gr

 fuel-a any  gr  cask-a & 

 any group back-a any group back1-a any gr

 buff-a     

 ini syy 0 grad 0 0 26068 range any gr

 fuel-a any  gr  cask-a & 

 any group back-a any group back1-a any gr

 buff-a     

range name lefb x=-0.01 0.01 y=0.0 3 z= -1000 0 

range name rigb x= 19.8 20.2 y=0.0 3 z= -1000 0 

range name fronb x=0.0 20 y=-0.01 0.01 z= -1000 0 

range name backb x=0.0 20 y=  2.985 3.015 z= -1000 0 

range name topb x=0.0 20 y=0.0 3 z= -0.01  0.01  

range name botb x=0.0 20 y=0.0 3 z=-1000.01 -999.99   

fix x range lefb        

fix x range rigb        

fix y range fronb   

fix y range backb   

fix z range botb   
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apply flux=0.0 range lefb   

apply flux=0.0 range rigb   

apply flux=0.0 range fronb   

apply flux=0.0 range backb   

apply conv 20 0.7 ran topb 

fix t range botb   

history unbal     

hist gp disp 0.01 0.01 -593 

hist gp disp 3.01 0.01 -596 

hist gp disp 0.01 0.01 -600 

hist gp disp 20 0 -490 

hist gp disp 20 0 -510 

hist gp disp 0 0 0 

hist gp zdisp 0.01 0.01 -593 

hist gp zdisp 3.01 0.01 -596 

hist gp zdisp 0.01 0.01 -600 

hist gp zdisp 20 0 -490 

hist gp zdisp 20 0 -510 

hist gp zdisp 0.01 0.01 -0.01 

; stress his 14   

hist zon szz 0.05 0.05 -593 

hist zon szz 3.01 0.05 -596 

hist zon szz 0.05 0.05 -600 

hist zon szz 20 0 -490 

hist zon szz 20 0 -510 

hist zon szz 0 0 0 

hist zon sxx 0.05 0.05 -593      

hist zon sxx 3.01 0.05 -596      

hist zon sxx 0.05 0.05 -600      

hist zon sxx 20 0 -490      

hist zon sxx 20 0 -510      

hist zon sxx 0.05 0.05 -0.01      

set thermal off        

solve           

save tmeq.sav         

model mohr range any group rock any group rock2   

prop thexp 1.93E-05 bulk 2.08E+10 shear 1.08E+10
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 fric 51 coh 3.04E+07 & 

 ten 9.27E+06 range any group rock any group

 rock2   

model mohr range any group rock-a any group rock2-a  

prop thexp 1.93E-05 bulk 2.08E+10 shear 1.08E+10

 fric 51 coh 3.04E+07 & 

 ten 9.27E+06 range any group rock-a any group

 rock2-a   

model null range gr back       

model null ran any gr fuel any gr cask any gr  buff

 any gr back1 

model null range gr back-a     

model null ran any gr fuel-a any gr cask-a any gr  buff-a

 any gr back1-a 

solve           

save tmexc.sav         

model elastic range any group fuel any group cask   

prop thexp 1.20E-05 bulk 1.58E+11 shear 7.30E+10

 range group fuel  

prop thexp 8.20E-06 bulk 1.67E+11 shear 7.69E+10

 range group cask  

model drucker ran gr back1     

prop thexp 3.10E-04 bulk 3.80E+07 kshear=1472 qdil=0.24

 &qvol=0.24 shear 2.90E+07 ten 0 ran gr back1 

model drucker ran gr buff      

prop thexp 3.10E-04 bulk 3.45E+08 kshear 944 qdil

 1.23 & qvol 1.23 shear 2.58E+08 ten 0

 ran gr buff  

model elastic range any group fuel-a any group cask-a  

prop thexp 1.20E-05 bulk 1.58E+11 shear 7.30E+10

 range group fuel-a  

prop thexp 8.20E-06 bulk 1.67E+11 shear 7.69E+10

 range group cask-a 

model drucker ran gr back1-a     

prop thexp 3.10E-04 bulk 3.80E+07 kshear=1472 qdil=0.24

 &   

 qvol=0.24 shear 2.90E+07 ten 0 ran gr
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 back1-a  

model drucker ran gr buff-a      

prop thexp 3.10E-04 bulk 3.45E+08 kshear 944 qdil

 1.23 & 

 qvol 1.23 shear 2.58E+08 ten 0 ran gr

 buff-a 

 ini density 6500 range group fuel    

 ini density  2100 range group buff    

 ini density  8000 range group cask    

 ini density  2100 range group back    

 ini density 2100 range group back1    

 ini density  6500 range group fuel-a    

 ini density  2100 range group buff-a 

 ini density  8000 range group cask-a 

 ini density  2100 range group back-a 

 ini density  2100 range group back1-a 

solve       

save tmcsp0.sav        

def ps1          

ps=step         

end           

ps1           

def decay          

 tcon=60*60*24*365       

 if nkk = 1 then      

 psn=step-ps        

 else          

 psn=step-psp+thsp     

 end_if     

 rtime=thdt*psn     

 t=(rtime-thini)/tcon     

vol= 1.12 * 1.12 *3.14159/4* 4.68 

 tt=14548.0 *(t+40)^ (-0.76204)   

 tt_a=1456.7 *(t+40)^ (-0.67667)   

 decay=0.44*4*tt/vol     

 decay_a=0.0195*297*tt_a/vol     

end      
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set thini=0.0     

apply vs=1 hist=decay_a range group fuel-a 

apply vs=1 hist=decay range group fuel 

history rtime     

hist decay     

hist thtime     

hist gp temp 0 0 -604.84 

hist gp temp 0.61 0 -604.84 

hist gp temp 1.11 0 -604.84 

hist gp temp 3 0 -604.84 

hist gp temp 10 0 -604.84 

hist gp temp 0 0 -593 

hist gp temp 3 0 -596 

hist gp temp 0 0 -600 

hist gp temp 0 0 -596 

hist gp temp 0 0 -607.78 

hist gp temp 0 0 0 

hist gp temp 0 0 -1000 

hist gp temp 0 0 -504.84 

hist gp temp 0.61 0 -504.84 

hist gp temp 1.11 0 -504.84 

hist gp temp 3 0 -504.84 

hist gp temp 10 0 -504.84 

hist gp temp 0 0 -493 

hist gp temp 3 0 -496 

hist gp temp 0 0 -500 

hist gp temp 0 0 -496 

hist gp temp 0 0 -507.78 

hist gp temp 0 0 0 

def _check     

 bname_= 'multi2'    

 sname_ = bname_+string(endyear)+'.sav'   

 th-time=rtime/365/24/60/60     

 if th-time > endyear then 

 command     

 save sname_    
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 end_command     

 else     

 command    

 _runmore    

 end_command    

 end_if    

 end    

 def _runmore   

 temper1_=gp_temp(point_)    

 diff_=abs(temper1_-temper0_)    

 if diff_> 3 then 

 command    

 print diff_   

 _runmech        

 end_command        

 else        

 command        

 print diff_       

 _runtherm        

 end_command        

 end_if        

 end        

 def _runmech       

 point_=gp_near(  0.0   ,  0.0   , -604.8  ) 

 temper0_=gp_temp(point_)       

 command     

 set thermal off   

 set mech on ratio 1.00E-04 

 solve     

 end_command     

 psp=step     

 select_=1     

 command     

 _runtherm     

 end_command     

end      
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def _runtherm    

 nkk=2    

 command    

 print temper1_   

 print temper0_   

 

 set mech off  

 set thermal on  

 set thermal implicit on 

 set thermal dt 105120 

 end_command    

 if select_=1 then  

 thsp=thsp-1    

 else    

 thsp=thsp  

 end_if  

 command  

 cycle 2 

 end_command  

 psp=step  

 thsp=iii*2  

 iii=iii+1  

 command  

 print thsp 

 _check  

 end_command        

end         

 

model drucker ran gr back     

prop thexp 3.10E-04 bulk 3.80E+07 kshear=1472 qdil=0.24

 &  

 qvol=0.24 shear 2.90E+07 ten 0 ran gr

 back 

model drucker ran gr back-a     

prop thexp 3.10E-04 bulk 3.80E+07 kshear=1472 qdil=0.24

 &  

 qvol=0.24 shear 2.90E+07 ten 0 ran gr
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 back-a 

set endyear=1 iii=1 nkk=1 thsp=0     

_runmech  

set endyear=2 

_runmech  

set endyear=3 

_runmech  

set endyear=4 

_runmech  

set endyear=5 

_runmech  

set endyear=10 

_runmech  

set endyear=20 

_runmech  

set endyear=50 

_runmech  
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