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요 약 문

본 연구의 목적은 불연속 화강 암반내 한국형 고준위 방사성 폐기물 처분시

스템 개발을 위한 처분장 주변에서의  장기간에 걸친 열, 수리, 역학적 연성

거동 분석을 통하여 벤토나이트, 혼합재, 및 암반 물성의 대표 값들을 재평

가 하고,  지하 처분심도 및 터널간격 변화에 따른 stage별 (처분장 굴착 직

전, 굴착 직후, 처분용기 설치 직후, 및 처분완료 장시간 후) 열수리역학적 

연성거동을 분석한 후 최적의 처분심도 및 처분장배열 방안을 제안하고자 

하는 것이다.

화강암반, 절리, PWR 사용후 핵연료, 처분용기, 압축 및 혼합 벤토나이트 

및 지하수 관련 물성자료는 국내 현장실측자료 및 부득이한 경우 해외자료

를 사용하였다.

해석모델은 포화된 불연속 화강암반 내 처분터널, 처분공 내 압축 벤토나이

트로 둘러싸인 PWR 사용후 핵연료 및 처분용기, 처분터널 내에 채워진 혼

합 벤토나이트를 포함한다.  PWR 사용후 핵연료내의 방사성 물질로부터 나

오는 시간의존 방사성 붕괴열에 의한 영향을 분석하였다.
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Summary

The objective of the present study is to evaluate the material 

properties of the compacted bentonite, backfill material, canister cast 

iron insert, and the rock mass for the Korean HLW repository 

system. These material properties are either measured or taken from 

other countries, through the evaluation of the thermal, hydraulic, and 

mechanical interaction behavior of a repository.  After the evaluation 

of the material properties,  the most appropriate and economical  

depth as well as the layout of a single layer repository is to be  

recommended.  

Material properties used for the granitic rock mass, rock joints, PWR 

spent fuel, disposal canister, compacted bentonite, backfill material, 

and ground water are the data collected domestically, and foreign 

data are used for some of the data not available domestically. 

The repository model includes a saturated granitic rock mass with 

joints, PWR spent fuel in a disposal canister surrounded by 

compacted bentonite inside a deposition hole, and backfill material in 

the rest of the space within a repository cavern.
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1. Introduction

Deep geological disposal is to isolate high level radioactive wastes 

from biosphere by multiple barriers, especially rock mass being the 

most important isolation barrier.

The matrix of a granite rock mass is practically impermeable with a 

very low hydraulic conductivity.  Hence, groundwater flows almost 

exclusively through fractures.  Hydraulic conductivity of a granitic 

rock mass depends on the degree of fracturing and on the 

interconnections between fractures.  The degree of fracturing 

decreases with increased depth.

Depth optimization, which is important in planning and designing an 

underground opening in rock mass with discontinuities, is performed 

in this study through the assessment of coupling effects of rock mass 

stability, groundwater flow through a repository, external stresses, 

and thermal effects.

The state of the art studies on various coupled processes on rock 

mass and joints have been summarized by Tsang(1990).  For coupled 

hydraulic, thermal, and mechanical behavior, Hart(1981) presented a 

model which fully describes the coupled behavior in nonlinear porous 

geological systems by an explicit finite difference method.  Kim(2003) 

presented a model for a high level radioactive waste repository within 

a saturated and discontinuous granitic rock mass using a distinct 

element method.

The objective of this present study is to evaluate the material 

properties of the various multiple barriers through the analysis of a 

long term thermohydromechanical interaction in the vicinity of a high 

level radioactive waste repository within a saturated granitic rock 

mass with discontinuities, and then, to propose the most appropriate 

depth of a repository according to the variations of a repository 

depth and tunnel spacing.
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2. Repository model

The repository is located deep underground in a granitic rock mass 

and has the layout of multiple caverns in parallel with each cavern 

being equally spaced.  Each cavern is 250 m long, 5 m wide, and has 

a vertical wall height of 4.65 m and an arch shaped roof with the 

crown at 6.15 m above the cavern floor.  Vertical deposition holes of 

7.83 m depth are located underneath the cavern floor along the 

centerline of the cavern at a pitch of 6 m.  

Four assemblies of PWR spent fuels cooled for the period of 40 

years are emplaced in a hollow corrosion resistant cylindrical 

canister, and then, fixed with a cast iron insert between the fuel 

assemblies and the canister.  Each canister containing spent fuels is 

emplaced in each deposition hole, and compacted bentonite is filled 

inside the deposition hole.

There are two joint sets in the repository model.  Joint set 1 is 56o 

dip joints spaced at 20 m apart and joint set 2 is 34o dip joints 

spaced at 20 m apart which are in the perpendicular direction to joint 

set 1.

Temperature distribution is assumed to be 15oC at the ground 

surface, and to increase 0.6oC for every 20 m depth increase.  

Groundwater table is assumed at 10 m underneath the ground 

surface.

Spent fuels contained in a canister generate decay heat through the 

radioactive decay process.  The decay heat generated will influence 

the surroundings, such as the canister, bentonite, backfill materials, 

groundwater, adjacent rock mass, and the biosphere.  Therefore, the 

behavior of the repository system should be analyzed for the decay 

heat generated, H(T) in w/tHM.

H = 2201169e-5.205T + 1693.22e-0.018T + 124.7e-0.00058T

     + 19.134e-0.000042T + 1.429e-0.000001T                           (1)
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where, T is the time after discharging PWR spent fuels,  0≤T≤106   

years.

It is assumed that discrete waste location is distributed uniformly 

along the disposal cavern in order to do a two dimensional 

approximation.  This means that a heat generating trench is located 

below the cavern floor along the centerline of the disposal cavern.  

After considering the tributary heating area of 7500 m2∼10,000 m2 

which is equal to the area of a cavern length of 250 m multiplied by 

a cavern spacing of 30 m or 40 m, heat flux, F, is then obtained 

from the equation (1),

 F = (29.561)e-(5.708E-10)t + (4.370)e-(1.839E-11)t

    + (0.684)e-(1.332E12)t  + (0.052)e-(3.171E-14)t                       (2)

when cavern spacing is 30 m,

 F = (29.763)e-(5.708E-10)t + (4.402)e-(1.839E-11)t

    + (0.688)e-(1.332E12)t  + (0.052)e-(3.171E-14)t                       (3)

when cavern spacing is 40 m.

The top and bottom boundaries of the model are moved sufficiently 

far from the heat generating waste.  The excavation of the cavern, 

waste emplacement, and buffer filling are all assumed to be done 

instantaneously, and the initial horizontal stress is assumed to be 

equal to the initial vertical stress in the analysis.  Granitic rock mass 

is assumed as homogeneous and isotropic with elastoplastic behavior 

(Mohr-Coulomb failure criteria), and bentonite and buffer are 

regarded as elastoplastic material (Drucker-Prager failure criteria).  

The material for the canister is assumed to be homogeneous, 

isotropic, and linearly elastic.  The Barton-Bandis joint constitutive 

model, a non-linear joint model is used for the rock joints.

Boundary conditions are fixed horizontal displacements on both sides, 

fixed vertical displacement at the bottom, and free at the surface.  

Impermeable boundary conditions are assumed on both sides and at 

the bottom of the model.  Thermal boundary conditions are adiabatic 

on both sides and at the bottom of the model, and surface 
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temperature is fixed at 15oC.

Material properties for the granitic rock mass, joints, bentonite, 

buffer, and canister cast iron insert are in Tables 1 and 2.

Table 1. Mechanical and thermal properties of granite, compacted 

bentonite, backfill material, and canister cast iron insert

     material

 parameter
granite

compacted 

bentonite

backfill 

material

canister cast 

iron insert
density, 

kg/m3 2650.0 1970.0 2270 8000.0

bulk modulus, 

Gpa
35.45 0.042 0.083 167.0

shear 

modulus, Gpa
18.28 0.045 0.091 77.0

thermal 

conductivity, 

W/mC

3.2 1.7 2.0 52.0

thermal 

expansion 

coefficient, 

1/oC

8.3E-6 1.0E-6 8.3E-6 8.2E-6

specific heat, 

J/kg oC
815.0 1380.0 1190.0 504.0

friction 

angle, o 35.0 10.0 6.0

cohesion, 

Mpa
30.4 1.1 0.53

dilation 8.0 5.0 0.0
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Table 2. Mechanical properties of a joint set 1 (56o dip angle) and a 

joint set 2 (34o dip angle)

                          joint set

      parameter      
joint set 1 joint set 2

joint normal stiffness, Gpa/m 4.5E2 5.5E2

joint shear stiffness, Gpa/m 4.8E2 5.0E2

joint cohesion, Mpa 0.1 0.3

joint dilation, o 0.0 0.0

joint aperture, mm 2.5 1.0

joint permeability, 1/(pa*sec) 3.0 1.0

joint residual aperture, mm 0.05 0.05

joint roughness coefficient 5.0 7.0

joint compressive strength, Mpa 30.0 30.0

residual angle of friction, o 28.0 30.0

insitu compressive strength, Mpa 200 200
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3. Results of the analysis

The cases of single repository models with different cavern spacing 

and repository depth are analyzed for the thermal, hydraulic, and 

mechanical interaction behavior, and comparisons are made.  Then, 

the most appropriate repository layout is chosen, and analyzed for 

the behavior at each stage of initial state, after excavation, after 

waste emplacement, and long periods after waste emplacement. 

The repository models of 6 m pitch and 30 m cavern spacing are 

analyzed for the period of 500 years after waste emplacement.  Two 

different models with a repository depth of 400 m and 500 m are 

analyzed and compared as shown in Table 3.  Deformations at the 

cavern crown and at the bottom of canister are 8.3 cm and 11.7 cm 

in the model of 400 m depth, and 10.5 cm and 10.7 cm in the model 

of 500 m depth respectively.  Principal stresses above the crown are 

149.6 Mpa in the model of 400 m depth,  and 116.1 Mpa in the 

model of 500 m depth.  Maximum temperatures at the canister 

surface are reached after 40 years from waste emplacement, and are 

86.7o C and 92.2o C in the models of 400 m and 500 m depth, 

respectively.  The results shown in Table 3 are rather high, 

especially the deformations in the vicinity of a repository are high.  

Hence, it needs to increase either pitch, or cavern spacing.  Cavern 

spacing instead of pitch is chosen to increase from 30 m to 40 m, 

because of the optimum use of the given site for the repository.

Single layer repositories with 6 m pitch and 40 m cavern spacing are 

analyzed and compared as shown in Table 4 for three cases of 

different repository depth.  Deformations at the crown and at the 

bottom of a canister are 8.5 cm and 13.1 cm in the 300 m depth 

model, 6.6 cm and 8.1 cm in the 400 m depth model, and 8.7 cm and 

9.0 cm in the 500 m depth model, in that order.  Maximum 

temperatures reached are 73.3o C, 80.6o C, 83.6o C after 30 years 

from waste emplacement in the models of 300 m, 400 m, and 500 m 

depth, in that order.  After 500 years from waste emplacement, 
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maximum temperatures reached are 58.5o C, 63.9o C, and 66.5o C in 

the models of 300 m, 400 m, and 500 m depth models, in that order.  

Table 3.  Comparison of the behavior of single layer repository 

models with 6 m pitch, and 30 m cavern spacing, after 500 years 

from waste emplacement

From the results shown in Table 4,  the models with 400 m and 500 

m depth behave better than the model with 300 m depth for the 

repository site with the given joint set arrangements.  The model 

with 400 m depth is more economical than the model with 500 m 

depth.  Hence, it is suggested that the layout of the single layer 

repository for the given site is caverns spaced at 40 m apart, and 

the repository depth to be located at the depth of 400 m, and 

deposition holes to be located at a pitch of 6 m along the centerline 

of the cavern.

The behavior of the model with 6 m pitch, 40 m cavern spacing, and 

400 m repository depth shown in Figure 1 is summarized in Table 4 

and Table 5 and in Figures 2 to 7 for the initial, after excavation, 

after waste emplacement, and 500 years after waste emplacement 

stages.  The deformations at crown, bottom of canister, floor center, 

and roof-wall intersection are 6.6 m, 8.1 m, 7.9 m, and 9.7 m, in that 

                     models

    results                    

depth of a repository

400 m 500 m

displacement,

cm

 @

crown 8.3↑ 10.5↑
bottom of canister 11.7↑ 10.7↑

floor center 12.4↑ 10.6↑
roof-wall intersection 12.7↖ 12.8↖

max. principal 

stress, Mpa 

@

above crown 149.6 116.1
below deposition hole 60.8 55.0

above canister 3.3 4.0
center of tunnel 2.9 3.7

max. 

temperature,
oC

40 years after waste  

emplacement
86.7 92.2

500 years after waste 

emplacement
72.0 75.4
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order.  The maximum principal stress at the location slightly above 

the crown is 97.9 Mpa. Maximum temperature of 80.6o C is reached 

after 30 years from waste emplacement at the center of the cavern 

floor, and the maximum temperature at the surface of the canister 

center is 63.9o C during the period of 500 years from waste 

emplacement.   The minimum and maximum values of hydraulic 

aperture are 0.43 mm and 5.0 mm,  and of flow rate are 1.9E-6 

m3/sec and 1.2E-4 m3/sec, and of mean fluid velocity are 3.7E-4 

m/sec and 1.6E-1 m/sec, respectively, on the joint passing slightly 

above the roof of the cavern. 

      Figure 1.  Single layer repository model with 6 m 

      pitch, 40 m cavern spacing, and 400 m depth
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Table 4. Behavior comparison of repository models with 6 m pitch 

and 40 m cavern spacing, after 500 years from waste emplacement

                          models

   results

depth of a repository 

300 m 400 m 500 m

displacement, 

cm 

@

crown 8.5↑ 6.6↑ 8.7↑
bottom of canister 13.1↑ 8.1↑ 9.0↑

floor center 11.3↑ 7.9↑ 9.5↑
roof-wall 

intersection
12.4↖ 9.7↖ 10.7↖

max. 

principal 

stress, Mpa

@

above crown 110.3 97.9 119.3
below deposition 

hole
45.8 56.1 72.6

above canister 1.8 3.9 3.6
center of tunnel 2.5 3.8 2.9

max. 

temperature,
oC

30 years after 

waste emplacement
73.3 80.6 83.6

500 years after 

waste emplacement
58.5 63.9 66.5

joint behavior

joint coordinates
(0,1217.9) 

(20,1204.45)

(0,1117.8)

(20,1104.9)

(0,1017.9)

(20,1004.4)
min. and max. 

hydraulic aperture, 

mm

0.43

6.5

0.43

5.0

0.43

6.9

min. and max. 

normal stress, Mpa

0.0

16.5

0.0

4.0

0.0

99.4
min. and max. 

normal 

displacement, mm

0.3

5.3

0.43

3.7

0.2

5.6

min. and max. 

shear stress, Mpa

4.6

-3.3

1.6

-0.07

3.1

-2.9
min. and max. 

shear displacement, 

mm

11.3

32.3

4.5

24.3

11.6

34.9

min. and max. 

flow rate, m3/sec

0.0

7.0E-6

1.9E-6 

1.2E-4

0.0

1.7E-5
min. and max. 

mean fluid velocity, 

m/sec

0.0

1.6E-2

3.7E-4

1.6E-1

0.0

1.7E-2
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Table 5. Behavior of a single layer repository model with 6 m pitch, 

40 m cavern spacing, and 400 m depth, for initial, after excavation, 

after waste emplacement, and after 500 years from waste 

emplacement stages

                stages

  results
initial

after 

excavation

after waste 

emplacement

500years 

after waste 

emplacement

displacement

cm

@

crown - 0.95↓ 2.7↓ 6.6↑
bottom of 

canister
- - 0.1↑ 8.1↑

floor 

center
- - 1.0↓ 7.9↑

roof-wall 

intersection
- 1.2← 3.0↙ 9.7↖

max. 

principal 

stress,

Mpa

@

above 

crown
10.0 17.3 34.0 97.9

below 

deposition 

hole

10.4 23.4 23.5 56.1

above 

canister
- - 3.6 3.9

center of 

tunnel
- - 3.9 3.8

bottom of 

model
38.6 39.6 39.8 48.2

max. temperature, oC 60.0 60.0 60.0 63.9
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      Figure 2.  Principal stress distribution after 500 years 

     from waste emplacement in the vicinity of a repository

       Figure 3.  Displacement distribution after 500 years 

     from waste emplacement in the vicinity of a repository
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       Figure 4.  Temperature history along the horizontal 

      line connecting the canister center for the period 

      of 500 years from waste emplacement

        Figure 5.  Hydraulic aperture variations along the 

       34 degree dip joint passing above the crown 

       of a repository
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       Figure 6.  Flow rate variations along the 34 degree 

      dip joint passing above the crown of a repository

        Figure 7.  Velocity variations along the 34 degree 

       dip joint passing above the crown of a repository
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4. Conclusions

The present study is to evaluate the material properties of the 

compacted bentonite, backfill material, canister cast iron insert, and 

the rock mass for the Korean HLW repository system.  These 

material properties are either measured, or taken from other 

countries, through the evaluation of the thermal, hydraulic, and 

mechanical interaction behavior of a repository.  After the evaluation 

of the material properties,  the most appropriate and economical  

depth as well as the layout of a single layer repository is to be  

recommended. 

The repository models with different cavern spacing and depth are 

analyzed, and then,  results are compared.  It is concluded that the 

selected material properties seem to be proper showing acceptable 

range of interaction behavior for the single layer repository model.  

It is also concluded that the layout of the single layer repository is 

multiple caverns  parallel, and each cavern spaced at 40 m apart, and 

the repository depth to be located at the depth of 400 m, and 

deposition holes in each cavern to be located at a pitch of 6 m along 

the centerline of the cavern.  
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Abstract (15-20 Lines)

The present study is to evaluate the material properties of the 

compacted bentonite, backfill material, canister cast iron insert, and 

the rock mass for the Korean HLW repository system. These 

material properties are either measured, or taken from other 

countries, through the evaluation of the thermal, hydraulic, and 

mechanical interaction behavior of a repository.  After the evaluation 

of the material properties,  the most appropriate and economical 

depth as well as the layout of a single layer repository is to be 

recommended. 

Material properties used for the granitic rock mass, rock joints, 

PWR spent fuel, disposal canister, compacted bentonite, backfill 

material, and ground water are the data collected domestically, and 

foreign data are used for some of the data not available 

domestically. 

The repository model includes a saturated granitic rock mass with 

joints, PWR spent fuel in a disposal canister surrounded by 

compacted bentonite inside a deposition hole, and backfill material in 

the rest of the space within a repository cavern.
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초록( 300단어 내외 )

 본 연구의 목적은 불연속 화강암반내 한국형 고준위 방사성 폐기물 처분시

스템 개발을 위한 처분장 주변에서의  장기간에 걸친 열, 수리, 역학적 연성

거동 분석을 통하여 벤토나이트, 혼합재, 및 암반 물성의 대표 값들을 재평

가 하고,  지하 처분심도 및 터널간격 변화에 따른 stage별 (처분장 굴착 

직전, 굴착 직후, 처분용기 설치 직후, 및 처분완료 장시간 후) 열수리역학

적 연성거동을 분석한 후 최적의 처분심도 및 처분장배열 방안을 제안하고

자 하는 것이다.

화강암반, 절리, PWR 사용후 핵연료, 처분용기, 압축 및 혼합 벤토나이트 

및 지하수 관련 물성자료는 국내 현장실측자료 및 부득이한 경우 해외자료

를 사용하였다.

해석모델은 포화된 불연속 화강암반 내 처분터널, 처분공 내 압축 벤토나이

트로 둘러싸인 PWR 사용후 핵연료 및 처분용기, 처분터널 내에 채워진 혼

합 벤토나이트를 포함한다.  PWR 사용후 핵연료내의 방사성 물질로부터 나

오는 시간의존 방사성 붕괴열에 의한 영향을 분석하였다.

 

주제명키워드
 (10단어내외) 

 단층 처분장, PWR 사용후 핵연료, 화강암, 열수리역학적 연성거동,  벤토나

이트, 처분용기, 및 절리
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