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요  약  문 

 

수백미터 지하 암반에 고준위폐기물 처분장이 건설되는 경우 심부 암반의 

하중에 의한 응력과 폐기물에서 발생하는 열에 의한 열-역학적 거동은 처분

장의 안정성 측면에서 중요하다.  본 연구에서는 처분터널과 처분공 주변에

서의 열-역학적 상호작용을 고려한 해석을 통해 처분공에서의 적정한 처분

용기 위치를 결정하고자 하였다.  처분용기의 적정위치에 영향을 미칠 수 있

는 EDZ, 그라우팅을 비롯한 지보설계, 완충재의 팽윤압, 뒷채움,  완충재에

서의 creep 현상 등에 대한 문헌조사와 함께 해석에서 사용되는 처분용기, 

완충재, 암반, 콘크리트의 물성 결정을 위한 문헌조사가 실시되었다.  또한  

보다 효과적인 열-역학적 해석을 수행하기 위해 FISH 프로그램이 작성되었

으며 이를 이용 다양한 조건하에서의 해석이 수행되었다. 이를 통해 다음과 

같은 결론들을 얻을 수 있었다.   

- 처분용기는 거치후 아래쪽으로 움직이지만 시간이 지남에 따라 

완충재의 열팽창에 의해 위쪽으로 움직이게 된다.  이러한 하부 

완충재 두께의 시간에 따른 변화는 상부 완충재의 두께에도 영향

을 받는다.  

- 상부 완충재의 두께가 1.5m 이상이면 처분용기  거치후 100년이 

지나도 터널 바닥의 일부는 탄성 영역으로 남아있다.  

- 처분용기 거치후 뒷채움 작업이 즉시 실시되는 경우 완충재와 뒷

채움재의 두께가 증가하게 되면 처분용기에서의 최대온도는 감소

하는 것으로 나타난다.  

- 만약 완충재에서 팽윤압이 발생하지 않으면 거치후 100년이 지난 

시점에서의 처분용기에서의 최대 인장응력은 18 MPa 까지로 나

타난다.  완충재의 팽윤압이  처분용기의 열팽창을 막아주는 역할

을 하기 때문에 팽윤압의 발생은 처분용기의 역학적 안정성을 향

상시킬 것으로 예상된다.  

- 처분용기 거치 60일후 지표면 부근에서의 온도상승은 약 0.15oC 

이하로 나타나며 60일 이후의 온도 증가 속도는 미미하다. 

- 처분터널의 온도가 통기에 의해  27 oC 로 유지되는 경우 50년 

이후에 뒷채움작업이 시작되는 경우의 최대 온도는 75 oC 로 뒷

채움이 즉시 실시되는 경우의  90 oC 보다 낮게 나타난다. 컴퓨

터 시뮬레이션 결과와 문헌조사를 통해 처분용기 상부의 완충재

와 뒷채움재의 두께가 2m 이상 되는 것이 적합하다는 것을 알 

수 있었다.  
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SUMMARY 

 

For the safe design of deep underground high-level radioactive waste 

repository it is important to understand the thermo-mechanical behavior 

of the rock mass around the repository influenced by the high stress and 

the heat generated from the waste.   In this study,  the optimum vertical 

location of canister in a deposition hole was determined from the 

thermo-mechanical coupling analysis using the three-dimensional finite 

difference code, FLAC3D.   EDZ(Excavation Disturbed Zone),  rock 

support including grouting,  swelling pressure of bentonite buffer, 

backfilling, and creep in the buffer were considered as the parameters 

influencing on the optimum canister location.  Extensive literature 

review was carried out to define the factors and to determine the 

thermo-mechanical properties of the materials including canister, buffer, 

rock, and concrete.   For effective thermo-mechanical coupling,  a 

FISH program was made and used for the modelings for  different 

conditions.  The following conclusions could be drawn from the study:  

- The canister moves downward initially, but moves upward with 

time due to the thermal expansion of buffer.  The thickness 

change of the bottom buffer with time is dependent on the top 

buffer thickness.  

- The tunnel floor above the deposition hole remains elastic 

until 100 years after the emplacement of the canister when the 

top buffer thickness is more than 1.5 m.    

- It was found that the peak temperature decreases with the 

increase of the buffer and backfill thickness,  when  it is 

assumed that backfilling is done immediately after the 

emplacement of the canister.  

- If there is no swelling pressure from the surrounding bentonite 

buffer,  the maximum tensile stress is up to 18 MPa at 100 

days after the emplacement.  Since the swelling pressure 

from the buffer confines the thermal expansion of the canister, 

the mechanical stability of canister is expected to be improved 

with the development of swelling pressure.  

- The temperature increase near ground surface (~3m) is less 



 iii

than 0.15oC at 60 years and the temperature increase rate 

after 60 days is extremely small.  

- When it is assumed that the air temperature in the disposal 

tunnels can be maintained at 27 oC by ventilation,  the peak 

temperature with delayed backfilling for 50 years is about 75 
oC while it is over 90 oC with immediately backfilling.   

- The buffer and backfill thickness above the canister in a 

deposition hole should be at least  2 m based on the literature 

review as well as the various results from the computer 

simulations. 
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1 INTRODUCTION 

In Korea,  a reference spent fuel disposal system is under development.  

According to the previously determined disposal concept,  the PWR and 

CANDU spent fuel in corrosion resistant canister will be emplaced in a 

deep underground repository constructed in crystalline rock such as 

granite.  The waste packages are assumed to be emplaced in vertical 

deposition holes on the floor of the deposition tunnels.   

For safe containment of waste material for long time,  multibarrier 

system consisted of canister, buffer, and backfill is supposed to be 

applied.  It is well known that the performance of buffer is critical for 

the safety of repository.  Buffer act as a barrier to suppress the 

detrimental effects of the corrosive water in the host rock and enhance 

the life of the container and serve as a geochemical filter for the sorption 

of the radionuclides.  It also provides the mechanical strength to support 

the canisters and isolates the containers from detrimental rock mass 

movements (Selvadurai and Pang, 1990).   Because of the importance of 

buffer,  the material type as well as the buffer design should be selected 

carefully, 

 In many countries, bentonite is considered as a candidate buffer 

material because of its low hydraulic conductivity, high sorption capacity, 

self-sealing characteristics, and durability in nature (Smith et al., 1980).    

Many researches had been carried out to determine the optimum buffer 

thickness in many countries.   In Korea,  the buffer thickness of 0.5m is 

considered in the preliminary reference repository design based on the 

studies about the effect of buffer thickness on the regardation of 

radionuclide release (Jo et al., 2000) as well as mechanical stability 

analysis (Kwon et al., 2000).  From that, it is possible to consider the 

minimum thickness of buffer under and over the canister is 0.5m.    

In this study, extensive literature review and computer simulation had 

been carried out to choose the optimum location of canister in deposition 

hole.  The three-dimensional  commercial finite difference element 

code, FLAC3D,  was used for analyzing the influence of canister location 

on thermal-mechanical behavior of rock, buffer, backfill, and canister.  

For effective TM analysis, a  FISH program was developed. 
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2 CONSIDERING PARAMETERS 

In order to determine the optimum vertical location of canister in the 

deposition hole, SKB recommended to consider the following factors:  

 . Excavated disturbed zone 

 . Swelling of bentonite 

 . Impact from concrete on tunnel floor 

 . Impact from grouting 

 . Impact from bolting for installations 

 . Barrier against radionuclide migration 

 . Radiation protection 

In this study,  the vertical location of canister was tried to be 

determined with consideration of EDZ, buffer and backfill, grouting, 

ground support,  and thermal-mechanical behavior of rock, buffer, 

backfill, and canister. 

2.1 Excavated disturbed zone (EDZ) 

After the excavation of an underground tunnel, the excavation disturbed 

zone (EDZ), where the material properties of the rock surrounding the 

tunnel will be changed, will be developed due to the formation of new 

fractures or the opening of existing fractures.  The size of EDZ is 

depending on various parameters such as rock type, excavation method, 

in situ stress condition, and tunnel geometry.    

The  EDZ represents the zone of disturbed and damaged rock that 

forms adjacent  to an underground opening as a result of the 

redistribution of stresses and has the potential to provide a continuous 

pathway from the vault to the surface.  The extent and nature of this 

zone are important concerns for both the operational safety and the 

sealing of a vault (Martin et al., 1997). 

The creation of a hole in a stresses rock would cause a redistribution 

of the stresses, resulting in localized stress concentrations.  The 

geometry of the hole and the orientation of the acting in situ stress would 

affect the magnitude and location of the stress concentration.  When the 

concentrated stresses exceed the rock strength,  localized breakouts 
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could occur. Also the stress redistribution could cause a local change in 

the normal and shear stresses acting on  pre-existing fractures.  In 

either case, the hydraulic permeability could be increased in a zone 

around the perimeter of an excavation (Simmons and Baumgartner,  

1994). 

In the case of Kamaishi and Tona mines, tunnels of 3m diameter was 

excavated by blasting.   From the in situ investigation of the tunnels,  it 

was found that the mechanical influence of blasting extended up to 

approximately 1 m from the tunnel wall.   The rock within approximately 

1 m from the shaft of 6 m diameter in Tono mine experienced 

permeability increase by 2 to 3 orders of magnitude.  From the 

investigation,  JNC assumes that size of  EDZ will be maximum about 1 

m away from the tunnel excavated by blasting (JNC,1999). 

It is general to assume that  the disturbed zone extends at least one 

drift diameter out from the drift wall and that the hydraulic conductivity 

is 100 fold increased from virgin rock to a 1 m wide zone nearest the 

drift. Further out from this zone is formed a 3.5 m wide zone with a 10 

fold increase of the hydraulic conductivity (Toverud and Kautsky,  

1997 ). 

In general the measurements in the rock mass showed (>2m from the 

tunnel periphery) no evidence of damage to the rock for any of the 

excavation techniques.  The EDZ in the drill & blast drift was greater in 

degree and  extent than the damage in the TBM drift.  The extent of the 

damage zone was less than 0.2 m around the TBM drift and the maximum 

measurable damage zone around the drill and blast drift was 

approximately 0.8 m.  The damaged zone is characterized by induced 

fracturing, increased permeability and reduced seismic velocities 

(Toverud and Kautsky,  1997 ).  The EDZ in stiff rock, such as granite, 

usually extends only 0.3 to 1 m from the excavation wall (Thompson el 

al., , 1993). 

The URL in Canada was excavated by control blasting.  Geological 

assessments around excavations indicated excavation damage limited to 

several tens of centimeters. Hydraulic assessment in an EDA indicated 

that the zone of increased hydraulic permeability might extend 200 mm 

into the excavation wall (Simmons and Baumgartner,  1994). 

The data from Äspö test and ZEDEX suggest the width of EDZ for 
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different excavation methods  (Kang et al., 2000). 

a.  In the tunnel floor  

. Normal blasting : 1.5 – 2.1 m 

. Careful blasting : 1.0-1.7 m 

. Very careful blasting : 0.6 – 1.4 m 

. TBM : ~ 0.2 m  

b. In the tunnel  wall and roof 

. Blasting technique : 0.3 – 0.7 m 

. TBM : ~ 0.2 m  

 

2.2 Swelling of bentonite 

In the preliminary repository concept buffer material fills the annulus 

between the spent fuel canister and rock.  The functions of buffer are as 

followings (Selvadurai and Pang, 1990):  

(1) act as a barrier to suppress the detrimental effects of the 

corrosive water in the host rock and enhance the life of the 

container 

(2) serve as a geochemical filter for the sorption of the 

radionuclides 

(3) provide the mechanical strength to support the canisters 

(4) isolate the containers from detrimental rock mass movements 

(5) act as a medium for conducting the radiogenic heat 

(6) be capable of swelling under fluid influx to seal gaps 

 

Bentonite-based materials are widely recommended as the buffer and 

backfill material, because of its high swelling potential, high sorption 

capacity,  self-sealing characteristics,  and good durability under 

disposal environment.   When the bentonite is contacted with water,  

the water is absorbed in successive monolayers on the surface and 

exchangeable cations and pushes apart the particles or the layer of a 

montmorillonite which is a major constituent of bentonite (Lee et al., 

1999).   

High swelling capacity of buffer material is better as a barrier with 

increase of sealing effect.  If it is too high,  the canister and 

surrounding rock might be damaged due to the swelling pressure. 
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According to the, swelling pressure measurements done by Lee et al. 

(1999) using the bentonite taken from Jinmyeong mine, which is located 

in Yangnam Kyangsangbuk-do,  the swelling pressure was in the range 

of 0.7 kg/cm2 to 190.2 kg/cm2.   They found that the swelling pressure 

is strongly dependent on dry density (x1), bentonite content (x2), and 

initial water content (x3) and drove the following equation: 
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From the experiments,  it could be concluded that the swelling pressure 

increased with the increase of dry density and bentonite content.  The 

swelling pressure decreased with increase of initial water content.  

   Since compacted bentonite is considered as the buffer material in 

many countries including Sweden, Finland, Japan, and Canada,  

extensive studies on swelling pressure of bentonite had been already 

carried out in the countries.  

Following deposition, water will  penetrate into the deposition holes.  

Water absorption in the bentonite takes place relatively slowly;  in most 

holes,  it will take several years until full water saturation is reached,  

and in some holes, it may take several tens of years (SKB/KBS, 1983). 

It was found that the swelling pressure up to 10 MPa was recorded at 

a bulk density 2.0-2.1 t/m3 from tests at Stripa mine (SKB/KBS, 1983).   

The swelling pressure forces the bentonite into fractures in the walls of 

the deposition holes, sealing them.  The density of bentonite penetrated 

into a fracture decreases,  causing the swelling pressure to decrease 

rapidly with distance  from the hole wall.      

As a result of the swelling,  the highly-compacted bentonite in the 

deposition holes will bulge up into the backfill in the tunnel above.   If 

the original distribution of stresses and orientation of fractures in the 

rock are unfavorable,  the swelling pressure can widen some fractures.  

But it can be shown that this influence will not extend beyond a few 

meters in length (SKB/KBS, 1983).  
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2.3 Backfilling 

Backfilling of tunnels, shafts and other rooms is intended to provide 

support for the underground opening above that provided by the 

originally installed ground support by spreading the near field mechanical 

stresses (Kang et al., 2000).  Backfilling minimizes  groundwater access 

to the waste by preventing the excavated areas from becoming  

conductors.  It also retards solute transport and act as a conduction 

material of decay heat from the waste (Chapman and McKinley, 1987). 

   Different materials such as the mixture of sand and bentonite or the 

mixture of cruched rock and bentonite can be used as the backfill 

material.   The near field design including the selection of vertical 

location of canister in a borehole should be done with consideration of 

the backfill  material as well as  backfilling method.  Backfilling can be 

done immediately after the emplacement of canister or delayed for a 

certain period of time.   

2.4 Grouting  

Grouting is carried out before excavation work, i.e. pre-grouting, or after 

excavation work, i.e. post-grouting for various purposes as followings   

- repair blasting damage in rock 

- reduction of leakage of water 

- consolidating weak rock  

-  improve the cohesion and angle of friction of the rock mass  

 

   The most commonly used grouting material is cement mixed with 

water.   However,  bentonite and other cementaticious materials have 

been used in place of cement where circumstances permit.  Where the 

ground water is aggressive special sulphate-resistant cement may have 

to be used (Stagg and Zienkiewicz, 1979). 

Grouting is effective where the fractures are open and clean. Thus if 

grouting injection is carried out at great depth, where the fractures are 

normally closed tightly,  it  is  necessary to use high pressures to 

overcome the hydrostatic pressures in the fractures (Stagg and 

Zienkiewicz, 1979).  In the past, there has been much argument on the 

safe pressure which can be used in order to prevent internal fracture or 
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external uplift of the rock mass under injection.  It is generally accepted 

that the highest possible pressure should be used, particularly where a 

reservoir is later to be filled with consequent development of 

considerable hydrostatic pressures.  The safe injection pressure which 

can be applied must depend on the state of stress in the rock mass at the 

time of the injection.  It is possible to apply hydraulic fracture tests to 

the ground in order to ascertain the safe working pressure (Stagg and 

Zienkiewicz, 1979). 

2.5 Ground support 

The ground supports for the disposal tunnel and deposition hole are 

designed based on the rock mass quality rating,  the tunnel geometry, 

and the expected purpose of the facility.  The recommended ground 

support in different tunnels had been suggested from the international 

cooperation research between KAERI and SNL (Kang et al., 2000).  

Figure 2.1 shows the recommended ground support using rock bolts, 

wire mesh and shortcrete for different rock quality.   In the figure Q 

values are from the one of the most popular rock mass classification 

systems, Q system.  

2.6 Creep  in buffer 

Creep deformation represents the time-dependent deformation under 

constant stress condition.  In a deposition hole,  the buffer clay would 

be deformed time-dependently due to the compression of heavy canister.   

If the creep of the buffer brings the canister down to the bottom of the 

deposition hole and leaves no buffering clay between the canister and thr 

rock,  it will be a problem.   It is, therefore, necessary to confirm that 

the repository design will not allow significant downward movement 

under the disposal condition.    Pusch and Adey (1999) tried to estimate 

the downward displacement of a canister weighting 20 tons in water-

saturated buffer clay with a density of 2050 kg/m3 located in a vertical 

borehole in granitic rock by using computer modeling.   

From the study,  they found that the canister upheaval due to 

temperature-induced expansion of the clay and upward swelling is much 

larger than the creep settlement under constant volume conditions.   
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The creep settlement was believed to be on the order of 10 mm or less.   

   In Korea,  the weight of CANDU and PWR canisters to be disposed 

are about 31 - 34 tons.  Even though it is expected to have more creep 

settlement of canister,  it would be in the same order.  Because it is 

reasonable to consider that the creep deformation of buffer will be very 

small and no significance to the integrity of the buffer itself or the 

canister,  creep deformation of buffer clay is not considered in this 

study. For reference,  the disposal concept considered in the modeling 

by Pusch and Adey (1999) and the preliminary reference disposal 

concept in Korea are compared in Table 1. 
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Figure 2.1. Recommended ground support for different tunnels for 

different rock mass quality. 

 

 

Table 1. Comparison between the disposal concept in Sweden and Korea 

Items SKB Korea 

Canister diameter (m) 1.05 1.12 

Canister weight  (tons) 20 34 

Canister density (kg/m3) 4811.94 6500 

Buffer density (kg/m3) 2050 2100 

Buffer thickness (m) 0.35 0.5 

Borehole diameter  (m)  1.75 2.08 

Buffer saturation (%) 100 100 

Rock type Granite Granite 

Disposal depth  (m) 500 500 
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3  FLAC3D MODELLING 

3.1    INTRODUCTION TO FLAC3D 

FLAC3D is a three-dimensional explicit finite difference program for 

engineering mechanics computation.  It can simulate the behavior of 

three-dimensional structures built of rock or soil that undergo plastic 

flow when their yield limits are reached.   

FLAC3D has six built in models: the “null model, the isotropic elastic 

model, and 4 plasticity models (Drucker-Prager, Mohr-Coulomb, 

uniquitous joint, and strain-hardening/softening).   Since FLAC3D adapts 

explicit calculation scheme,  it can handle large deformation and non-

linear model effectively.    

   FLAC3D contains the powerful built-in programming language, FISH, 

that enables the user to define new variables and functions.  The models 

and FISH functions in FLAC3D were effectively used for the thermal 

analysis (Park et al., 1998) and mechanical analysis (Park et al.,2001) for 

Korean reference repository design.  Also the program was used for 

thermo-mechanical coupling of an underground repository (Song, 2000). 

 FLAC3D also has functions for coupling behaviors such as hydraulic-

mechanical, thermal-mechanical, and thermal-hydraulic couplings.  

3.2   Thermal-Mechanical coupling 

Thermal-Mechanical coupling results from the thermal stresses 

developed by the decay heat from the waste.  The effect is important for 

both the heating and the cooling phases of 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: 

 

 



 11

 

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. 

3.3     Assumptions for FLAC3D modelling 

Based on the current preliminary repository concept, the following 

assumptions were derived : 

 

(1) Buffer :  Compacted bentonite is used as the buffer. The 

thickness of the buffer is  50 cm.   

(2) Outshell : Outshell material is stainless-steel and the side 

wall thickness is 5cm and  lid thickness is 7.5 cm. 

(3) Backfilling : Backfilling material is consisted of 70% bentonite 

and 30% crushed rock.  Since it was not yet decided when 

backfilling will be done,  two cases with different time for 

backfilling were modeled.  For the first case,  backfilling 

was assumed to be done immediately after the emplacement 

of canister and buffer.  In the other case, backfilling was 

delayed for tens of years after the emplacement of canister 

and buffer.   If the disposal rooms are kept open, the 

swelling of the buffer would need to be constrained by 

borehole caps bolted into the stressed borehole rock webs or 

braced against the crown of the disposal room.  In this case, 

therefore,  concrete plug instead of backfill material is 

assumed to be installed on the top of buffer.  

(4) Spent fuel :   PWR spent fuel with 45 years cooling time 

after discharge from the reactor  is considered as the waste 

to be emplaced, since it generates more heat than CANDU 

spent fuel. 

(5) Host rock : Granite is considered as the host rock for 

geologic setting of the repository.   It is expected that EDZ 

is developed around the excavation as commented earlier.  

In the FLAC3D modeling, however, the influence of EDZ was 

ν
ασ

−
∆=∆

1
TE
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not included to simplify the model with the assumption that 

EDZ would not change the conclusion about the optimum 

vertical location of canister. 

(6) Deposition hole : The canister containing spent fuel is 

assumed to be emplaced in the vertical boreholes drilled 

along the center line on the floor.   

(7) To simplify the model,  the fuel and cast insert were 

considered as one mixed body.  Thus, heat generated from 

fuel was assumed to be generated from the whole body. 

(8) Rock support : To simply the calculation,  it is assumed that 

the rock itself is strong enough to maintain the underground 

excavation for certain period of time without any kind of rock 

reinforcement.  

(9) Groundwater : In the TM analysis using FLAC3D,  hydraulic 

effect will not be included.  Because water penetrated into 

the bentonite in the deposition holes will cause the thermal 

conductivity of buffer to increase and to effectively dissipate 

the decay heat from waste,  the results without 

consideration of groundwater flow would be more 

conservative.   

(10) The geothermal gradient of 3oC/100m and the average 

surface temperature of 20oC were assumed to calculate the 

initial temperature distribution. 

 

Figure 3.1 shows the reference repository design considered in the 

FLAC3D modeling.    

   Figure 3.2 and 3.3 show the two procedures for backfilling.   In 

this study, the two procedures were modeled independently to 

observe the influence of backfilling time on TM behavior in the 

nearfield.   

3.4     Material properties 

3.4.1    Properties of fuel part 
Four PWR assemblies are inserted in a canister as shown in Figure 3.4.    

The mechanical and thermal properties of fuel part, which represents the  
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Figure 3.1  Schematic repository design 
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Figure 3.2  Backfilling  immediate after emplacement of canister and 

buffer 

 

 

Figure 3.3  Backfilling after several tens of years after the 

emplacement of canister and buffer. 
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part inside of outershell,  was determined with the assumption of that 

the fuel and cast iron were uniformly mixed.   The actual weights of fuel 

and cast insert are   

 

. Fuel weight = 2660 kg 

. Cast insert weight = 27345kg  

 

Since the volume of the fuel part is 4.61 m3,  the average density of 

fuel part can be determined as   

 

. Density of fuel part =  30005/4.61 = 6500 kg/m3 

 

   The other average properties of the fuel part were calculated based 

on volume ratio.  For example,  the  thermal conductivity of fuel part 

can be determined with the thermal conductivity of fuel, 7 W/m oK  and 

that of cast iron, 52 W/m oK, as following:   

 

. Thermal conductivity of fuel part = (3.7x52 +0.91x7)/4.61  

= 43 W/m oK  

 

   Similarly the other properties could be determined and listed in Table 

2.  

 

3.4.2     Outshell properties 
Among the candidate material types for outshell,  stainless steel was 

considered in this study.  The therml-mechanical properties of stainless 

steel are listed in Table 2. 

 

3.4.3     Buffer and backfill properties 
In Korean repository design concept,  the migration of radionuclides 

from high-level waste will be delayed by natural barriers such as host 

rock and the engineered barriers including waste form, container, buffer 

and backfill,   The buffer dissipates the decay heat from the waste into 

the surrounding rock to avoid the possibility of thermal stress on the 

container.   It also protect form external mechanical stresses.  Since  
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Figure 3.4  PWR canister 

 

 

Table 2.  Material properties of fuel part and outshell 

 Unit Fuel part Outshell 

Material type  Fuel + Cast iron Stainless steel 

Model type  Elastic model Elastic model 

Young’s modulus GPa 190 200 

Poisson’s ratio  0.3 0.3 

Density Kg/m3 6500 8000 

Thermal conductivity W/m oK 43 15.2 
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the properties of buffer and backfill are extremely important for the 

reliable repository design,  many researches had been carried out in 

various conditions in many countries.   In Korea,  the thermal and 

mechanical properties of buffer and backfill material were determined 

from laboratory tests using Korean bentonite, Kyungju bentonite.  Since 

the material properties of Kyungju bentonite, which is considered as the 

buffer and backfill material for the Korean repository,  had not been 

extensively determined from actual tests, it is necessary to derive the 

missing properties from literature review.   Important buffer and backfill 

properties could be derived from the tests as well as literature review as 

followings  (Jo et al.,2001): 

 

a. Buffer properties  

The properties of buffer, which is made of compacted bentonite, 

were derived from the laboratory tests and literature review.   

 

i. Thermal conductivity  k 

 

K=0.0584w + 0.4738       (dry density = 1800 kg/m3) 

Where w is water content (%). 

 

ii. Specific heat  c 

C=(32.3+4.18 w) / (100+w)   

(dry density = 1800 kg/m3) 

 

iii. Thermal expansion coefficient  α  

α  = 3.1 x 10-4  (1/oK)        

(dry density = 1200-1600 kg/m3) 

 

 

iv. Uniaxial compression strength  UCS 

 

log10 UCS = -3.21x10-4 w2 +0.0294 w +0.4772    

(dry density = 1800 kg/m3) 

 

v. Young’s modulus 
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log10 E  = -0.0094 w2 + 0.1873 w + 1.6935        

(dry density = 1800 kg/m3) 

 

vi. Poission’s ratio 

 

Fully saturation  :  0.5  

Undersatureation : 0.22 

 

vii. Cohesion = 1100 KPa       (dry density = 1800 kg/m3) 

 

viii. Internal friction angle = 50o       

 

ix. (dry density = 1800 kg/m3) 

 

x. Drucker-Prager parameters  : Bentonite buffer shows 

plastic deformation.  In this manner,  the canisters are 

protected against damages caused by displacements 

from the rock mass.  In this study,  the buffer and 

backfill material were modelled with Drucker-Prager 

plastic model.  The parameters for the material could 

be determined as following from triaxial compression 

tests. 

 

Qvol =1.23 

Kshear = 944 

 

b. Backfill properties (70% bentonite + 30 % sand) 

i. Thermal conductivity  k 

K= 2.04    (water content 17%) 

 

ii. Specific heat  c 

C=(34.1+4.18 w) / (100+w)           

(dry density = 1600 kg/m3) 

 

iii. Thermal expansion coefficient  α  
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α  =  3.1 x 10-4 (1/oK)     

 

iv. Uniaxial compression strength  UCS 

 

log10 UCS = -0.027 w2 + 0.0107 w +0.5702     

(dry density = 1800 kg/m3) 

 

v. Young’s modulus 

 

log10 E  = -0.0109 w2 + 0.2036 w + 1.5275        

(dry density = 1800 kg/m3) 

 

vi. Poission’s ratio 

 

Fully saturation  :  0.5 

Undersatureation :   0.22  

 

vii. Cohesion = 1100  KPa    

 

viii. Internal friction angle = 17o   

 

ix. Drucker-Prager parameters   

 

Qvol =0.24 

Kshear = 1472 

 

The thermal and mechanical properties of buffer and backfill were 

calculated for the water content 17 % from the above equations and 

listed in Table 3.    

 

3.4.4      Rock properties 
From the literature review and the suggestions for the representative 

properties of crystalline rocks by Sweden Nuclear Fuel and Waste 

Management Co., ,  the thermal and mechanical properties of rock could 
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be determined and listed in Table 4.  It is well known that the 

mechanical properties of rock generally decrease with increasing 

temperature.  For example, Price et al. (1987) reported that Young’s 

modulus of tuff from Yucca mountain decreases about 16 % as the 

temperature is raised from 22oC to 150oC.   In this study, however, the 

properties of granite, which might be also dependent on temperature,  

are assumed to be constant, since the temperature increase due to the 

decay heat is not high enough to change the rock properties according to 

Korean repository concept.   

3.4.5       Concrete plug  properties 
 

In the case of that backfilling is delayed for certain time period,  it would 

be required to install concrete plug as temporary device before 

backfilling to protect the canister and buffer from water invading as well 

as to protect air contamination.  From literature review (Fookes, 1995),  

the properties of concrete in Table 5 were chosen and used in the 

modelings.   Since there are wide variation of concrete, because  the 

properties of concrete can be manipulated easily by changing the 

composition of cement, sand, and gravel,  further study for the selection 

of adequate concrete properties is recommended.  In this study, 

however,  the concrete properties in the table were simply used, 

because the purpose of the modeling is for investigating the influence of 

canister location in a borehole and the variation of concrete properties in 

certain range would not influence significantly on the conclusion about 

canister location.  The concrete plug was assumed to be elastic.   

   When backfilling is done lately after several tens of years after the 

emplacement of canister,  it is necessary to consider the heat 

conduction from the rock surface to air.   In order to maintain the tunnel 

wall temperature as constant,  the ventilation system should provide 

certain amount of air with required flow rate,  which can be calculated 

by the thermodynamic equations.  To simply the calculation,  the wall 

temperature was assumed to be constant as 27oC. 

3.5    Modelling method 

In FLAC3D,  the thermal-mechanical coupling occurs only in one  
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Table 3.   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 

 Qvol=1.23 

Kshear=944 

Qvol=0.24 

Kshear=1472 

 

 

Table 4.  Rock properties 

 Properties Values 

Density 2700 kg/m3 

Young’s modulus 60 GPa 

Poisson’s ratio 0.25 

UCS 200 MPa 

Cohesion 15 MPa 

Mechanical 

Properties 

Friction angle 30o 

Thermal conductivity 3.2 W/m oK 

Specific heat 815 J/Kg oK 

Thermal 

Properties 

Thermal expansion 8.3e-6 /oK 

 

Table 5.  Concrete properties 

 Properties Values 

Density 2300 kg/m3 

Young’s modulus 35 GPa 

Mechanical 

Properties 

Poisson’s ratio 0.2 

Thermal conductivity 1.5 W/m oK Thermal 

Properties Specific heat 960 J/Kg oK 
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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 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.   

The first approach is acceptable for thermal-mechanical analysis of  

elastic model.  For non-linear models such as plastic model,  the 

thermal change must be communicated to the mechanical module at 

closer time intervals to respect the path dependency of the system. In 

this case,  a certain number of mechanical steps are taken for each 

thermal stem to allow the system to adjust.   In this approach,  the 

transition from thermal to mechanical calculation is based on time instead 

of temperature variation.  Since the heat generation is varying with time ,   

the transition from thermal to mechanical calculation based on 

temperature variation is more reasonable in the early stage of the 

repository.  Also it is more effective to calculate long-term behavior.   

The second and third approaches may be more accurate,  but the 

problem is that  the calculation time will be very long to model the long-

term behavior of repository.    

In order to overcome the disadvantages of the three approaches,  

another technique for thermal-mechanical coupling was developed.  In 

the  new approach,  the transition from thermal calculation to 

mechanical calculation is determined from the temperature change.  A 
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Figure 3.5  Flow chart of the Thermal-Mechanical coupling 
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FISH program for the new approach was developed for PWR spent fuel.  

The FISH program is listed in Appendix B.  The following calculation 

procedure was used for 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 3oC/100 m 

e. Excavation of the deposition tunnel and deposition hole 

f. Mechanical analysis   

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 3.5 shows the flow chart of the thermal-mechanical coupling 

adapted in this study. 

 

 

3.6    Model mesh and boundary conditions 

3.6.1     Model mesh 
 

Figure 3.6 shows the model mesh around the deposition tunnel and 

deposition hole.  In the model,  5 different materials,  rock, buffer, 

backfill, cask, and fuel part,  are included.  Fuel part and cask are 

considered as elastic material and rock is assumed to be Mohr-Coulomb 

material.  Drucker-Prager model is used for backfill and buffer.    In 

the FLAC3D modeling,  L1, L2, and L3 were adjusted to investigate the 

influence of canister location. 

3.6.2      Initial and boundary conditions 
 

Initial conditions : The in situ stress was assumed to be hydrostatic in 

this study. The temperature distribution in the model was calculated with 

the geothermal gradient, 3oC/100m and  
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Figure 3.6  Model mesh around the tunnel and deposition hole 
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a. the average surface temperature of 20oC.  Therefore the ambient 

rock temperature in this study is 35 oC at a depth of 500 m. 

 

b.  Boudary conditions : The normal displacements and flow along 

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

densities for heat and fluid flow are imposed on the boundaries.  

 

   The rate of increase in rock temperature with depth is dependent 

upon the geothermal gradient which averages an increase of 30C for each 

1000m of depth  (Roxburgh, 1987). 

3.7     Decay heat 

Decay heat is the thermal energy resulting from the radioactive decay of 

the radioactive materials in the spent fuel discharged from reactors.  In 

Korea,  the PWR spent fuel with burn up 45,000 MWd/tHM is now 

considered as the reference PWR spent fuel,  because that type of spent 

fuel occupy 64 % of all spent fuel from Korean reactors.  The other type 

of spent fuel with burn up 55,000 MWd/tHM will be generated after 2007.  

Figure 3.7 shows the decay heat from the PWR spent fuel with burn up 

45,000 and 55,000 MWd/tHM and CANDU spent fuel.  Even though 

significant amount of CANDU spent fuel with burnup 7500 MWd/tHM is 

generated from CANDU reactors,  CANDU spent fuel is not considered 

in this study, because of  its much lower burnup compared to PWR spent 

fuel. 

   For the spent fuel with burn up 45,000 MWd/tHM,  the heat decays 

exponentially with time as following:  

 

)/( x 14548)( 0.76204 tWttP −=              t > 30 years 

 

   There are 4 assemblies in a canister and the weight of each assembly 

is 0.44 T and thus the total weight of spent fuel is 1.76 T.  Total heat 

flux from one canister is  

 

)( x 1.76 x 14548)( 0.76204 WttQ −=  

 

   With 40 years cooling of the spent fuel,  
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Figure 3.7  Decay heat of spent fuel 

 

 

Table 6.  Thickness of buffer and backfill for different cases 

 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Backfill 

Thickness 

1 m 1 m 1 m 0.5 m 0.5 m 0.5 m 1 m 

Top buffer 

Thickness 

1.5 m 1 m 0.5 m 1.5 m 2 m 0.5 m 1 m 

Bottom 

buffer 

Thickness 

0.5 m 0.5 m 0.5 m 0.5 m 0.5 m 0.5 m 1 m 

Deposition 

Hole depth 

7.96 m 7.46 m 6.96 m 7.46 m 7.96 m 6.46 m 7.96 m
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)(40)( x 25605)( 0.76204 WttQ −+=   

 

where,  t is the time after emplacement.  At time t=0, immediately after 

the emplacement of the canister,  the initial heat flux from each node 

Q(o) is calculated as  154 W. 

 

3.8       Design criteria 

The following design requirements (Kang et al., 2000) would 

accommodate any restrictions on the design of the repository system: 

 

a. The maximum temperature at the canister outer surface and 

throughout the buffer material must not exceed 100oC.    

b. The average strength-to-stress ratio is two or greater for the 

interroom pillars and the rock webs around the deposition hole.   

c. Strength to stress ratio for room integrity is more than 1.5 within 

1.5 m of room opening. 

d. Temperature increase near ground surface (~ 3m) is limited to 

4oC. 

3.9      Modelling cases  

In order to investigate the influence of canister location in the deposition 

hole,  different cases were modeled using FLAC3D.   The thickness of 

buffer and backfill was changed as shown in Table 6. 

   Figure 3.8 shows the model mesh for the 7 cases before the 

emplacement of backfill.  

 

3.10     Modelling results 

3.10.1 Temperature  
The maximum temperature at the canister outer surface and throughout 

the buffer material must not exceed 100oC in order not to lose the 

swelling properties of bentonite buffer. It is also required that the  
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Figure 3.8 Model meshes for different cases before backfilling. 
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temperature increase near ground surface (~ 3m) is lower than 4oC.  

From the calculation results,  the peak temperature in near field and the 

surface temperature variation with time of each case were checked and 

plotted.  Basically it is assumed that backfilling of the disposal tunnel is 

done immediately after the emplacement of the canister. 

    

(a) Peak temperature 

The temperature will be changed with time due to the decay heat, which 

is almost exponentially decreasing with time as shown in Figure 3.7.  

Figure 3.9 shows the temperature variation at the center of canister, 

where the temperature is expected to be the highest.   Depending on 

the thickness of buffer and backfill thickness in the deposition hole,  

there is about 1oC difference on the peak temperature.  In the cases, the 

temperature at the canister are expected to be peak about 25-28 years 

after the emplacement.    From Figure 3.9,  the peak temperature and 

the time for getting the peak temperature could be determined and 

plotted in Figure 3.10.   When the upper buffer thickness is 2 m (Case 5),  

the peak temperature is the lowest among the 7 cases.   In contrast, the 

Case 6,  in which the buffer thickness and backfill thickness are all 0.5m, 

shows the highest temperature.   From the figure, it is possible to 

conclude that the increase of the buffer and backfill thickness would 

decrease the peak temperature,  when backfilling is carrying after the 

emplacement of the canister.   There is almost linear inverse 

proportional relationship between the peak temperature and time for 

being the peak temperature. 

 

(b) Surface temperature 

According to the design criteria,  the temperature increase near ground 

surface (~ 3m) is limited to 4oC.  The variations of surface temperature 

for the seven cases are plotted in Figure 3.11.   The increase of surface 

temperature is less than 0.15 oC at 60 years after emplacement for the 

cases.  The rate of temperature increase after 60 years is extremely 

small and it can be concluded that the design criteria about surface 

temperature is satisfied independent on the location of canister in the 

deposition hole.  
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Figure 3.9  Temperature variation with time for the 7 cases with 

immediate backfilling 
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with immediate backfilling. 
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3.10.2    Displacement  
 

(a) Displacement of canister 

Figure 3.12 shows the variation of displacement distribution in the 

canister with time.  Because of thermal load from the fuel part,  the 

canister expands vertically.  Since the swelling pressure from the 

bentonite buffer did not included in this case,  the vertical thermal 

expansion of the canister is much more than actual one.  In 100 years 

after emplacement,  the maximum displacement in canister is 2.24mm.  

The zero displacement zone is quite below the canister center.  From 

the fact,  it would be possible to guess the lower part of the canister 

would be in dangerous condition with the development of tensile stress 

on the outer shell.   

 

(b)  Buffer thickness 

The weight of canister loaded with spent fuel and cast iron insert is more 

than 30 tons.  The heavy canister would deform the bentonite buffer 

underneath it.   If there is significant deformation in the bottom buffer 

due to the compressive stress generated by the canister weight,  it 

would be a problem.  Figure 3.13 shows the variation of bottom buffer 

thickness with time.  In the cases, swelling pressure was not included.  

The buffer thickness decreases initially about 1 mm mainly due to the 

canister weight.  With time increase, the buffer thickness continuously 

increases and it increases up to 1 mm with thermal expansion  about 100 

years after the emplacement.   From figure 3.13,  it is possible to 

concluded that the amount of thickness increase is strongly dependent on 

the top buffer thickness.   Compared to the Case 5,  in which the  top 

buffer thickness is 2m,  the Case 3 and Case 6,  show more thickness 

change.    

3.10.3     Plastic zone development  
 

The investigation of plastic zone development is extremely important for 

the stability analysis of a structure.  In order to compare the influence of 

buffer and backfill thickness on the stability of tunnel and borehole,  the 

plastic zone development at 100 years after the emplacement of each  
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Figure 3.12 Displacement distribution change in the canister with time 

after emplacement for case1 with immediate backfilling without swelling 

pressure.   
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case was plotted together as shown in Figure 3.14.   In the figure,  

Backfilling material in the deposition tunnel was not plotted to observe 

the plastic zone on the floor. It is possible to find the plastic zones 

developed in the roof, floor, buffer and backfill.  For safety concern, it is 

highly recommended that the plastic zone is limited and each canister is 

isolated in a separate zone.   The Cases 2,3,6, and 7 show that the 

plastic zone developed extensively on the floor and the plastic zone was 

connected to that of neighbor holes.   In contrast, the Cases 1, 4, and 5 

show that the rock between the deposition holes remains elastic until 100 

years after the emplacement of the canister.  From the fact that the top 

buffer thickness of the Cases 1, 4, and 5 are more than 1.5 m,  while the 

that of the other cases are less than 1.5 m,  it could be concluded that 

the top buffer thickness at least 1.5m is required.   

 

3.10.4    Stress distribution 
In order to check the mechanical stability of canister in the repository 

concept,  the maximum and minimum principal stresses of Case 1 were 

plotted in Figure 3.15.  Because of the thermal expansion of the canister 

as shown in Figure 3.12,  high tensile stresses up to 18 MPa are 

observing at the lower part of the canister outshell.  In the figure, 

positive value represents tensile stress while negative means 

compressive.  Such a tensile stress might be a reason for a catastrophic 

failure of the outshell and need to be carefully analyzed.  Fortunately,  

the swelling pressure developed in the buffer, when it absorbs ground 

water,  would compress the canister and relieve the tensile stress.  

Detail discussion on the influence of swelling pressure will be done in 

section 3.10.6.   

 

 

In the case minimum principal stress, the compressive stress in the 

canister is up to 23 MPa,  which is much less than the compressive 

strength of strainless steel,  100 MPa – 700 MPa.   

 

3.10.5      Influence of swelling pressure 
For comparison,  the maximum principal stress values at 12 checking  
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Figure 3.14  Development of plastic zone at 100 years after 

emplacement for each case. 
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Figure 3.15  Maximum and minimum principal stress distribution in the 

canister at 100 years after emplacement (case1) 
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points as shown in Figure 3.16 were plotted in Figure 3.17.  Figure 3.18 

shows the Mises stress at the checking points.  When the swelling 

pressure of 10 MPa is included in the model,  the minimum principal 

stresses,  which is compressive stresses,  at the checking points are 

mostly 10 MPa higher than the case without consideration of the swelling 

pressure.  Even though the compressive stress increases with swelling 

pressure,  the Mises stresses at the points are less than those without 

swelling pressure.  That means the stability of the repository design can 

be improved with the development of the swelling pressure.   This was  

somewhat expected from Figure 3.15,  which shows the development of 

high tensile stresses on the canister outshell due to the thermal 

expansion.  The swelling pressure from the surrounding buffer could 

restrict the thermal expansion of the canister and reduce the Mises 

stresses.  From this it could be concluded that the mechanical stability 

of canister would be improved the development of swelling pressure. 

 

1.1.1 Influence of backfilling time 
When backfilling is delayed for a certain time period after the 

emplacement of waste canister and the temperature of the disposal 

tunnels are controlled with ventilation,  the temperature distribution 

might be changed.  Figure 3.19 shows the influence of backfilling time 

on the peak temperature.   When the backfilling is done immediately 

after the emplacement of canister,  the peak temperature is over 90 oC, 

while the peak temperature with delayed backfilling for 50 years is about 

75 oC .  It was assumed that the air temperature in the disposal tunnels 

is maintained at 27 oC.   It should be kept in mind that the cost related to 

the ventilation and its technical feasibility were not considered in this 

study. It is, therefore, recommended to carry further study for the 

technical feasibility and cost analysis before choosing the backfilling time.  
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Figure 3.16  Checking points 
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Figure 3.17  Minimum principal stresses at the checking points at 200 

years after emplacement. 
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 Figure 3.18  Mises stresses at the checking points at 100 years after 

emplacement. 
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Figure 3.19  Influence of backfilling time on the temperature at the 

center of the canister. 
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4   DETERMINATION OF CANISTER LOCATION 

 

In this study, EDZ, bentonite swelling pressure, grouting, ground support,   

backfilling time, creep in the buffer, development of plastic zone,  

temperature distribution, stress, and strain around the disposal tunnel 

were considered to determine the optimum vertical location of canister in 

the deposition hole.  From the following reasons,  it could be concluded 

that the buffer and backfill thickness above the canister in a deposition 

hole should be at least  2 m:   

 

- Since it is recommended to emplace the canister in a solid 

rock mass and to avoid  EDZ,  the buffer and backfill 

thickness need to be  more than  1.0-1.7m, which is the 

expected  range of EDZ in the floor when the excavation is 

done with careful blasting.      

 

- The creep deformation of the buffer due to the weight of 

canister was known to be insignificant.  From the modeling, it 

was also found that the canister is moving downward initially 

due to the weight of canister,  but it moves upward with the 

thermal expansion of buffer with time. The thickness change 

of the bottom buffer with time is dependent on the top buffer 

thickness.  Figure 3.13 shows that the initially compressed 

buffer by the canister recovers to the original thickness and 

the recovering rate is delayed with the increase of top buffer 

thickness. When the bottom buffer thickness is 0.5 m and the 

top buffer thickness is 1.5m,  it took about 100 days to 

recover the original thickness.  The deformation of bottom 

buffer thickness for 100 days is less than 2mm and it may not 

significantly change the stability of safety of the repository.      

 

-  From the plastic zone developments of 7 different cases at 

100 years after the emplacement in Figure 3.14,  it was found 

that the rock between the deposition holes remains elastic 
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until 100 years after the emplacement of the canister when the 

top buffer thickness is more than 1.5 m.  When it is less than 

1.5 m,  the plastic zone of a deposition hole connects to those 

of the neighbor holes.    

 

- Depending on the thickness of buffer and backfill thickness in 

the deposition hole,  there is about 1oC difference on the peak 

temperature.  It was found that the peak temperature 

decreases with the increase of the buffer and backfill 

thickness,  when  it is assumed that backfilling is done 

immediately after the emplacement of the canister.  For 

example, when the upper buffer thickness is 2 m (Case 5),  

the peak temperature is the lowest while the Case 6,  in which 

the buffer thickness and backfill thickness are all 0.5m, shows 

the highest temperature.    

 

- The swelling pressure from the surrounding buffer could 

confine the thermal expansion of the canister and reduce the 

Mises stresses.  Thus the mechanical stability of canister 

would be improved with the development of swelling pressure 

and thick buffer blocks.  
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5  CONCLUSIONS 

In this study, extensive literature review and computer simulation for the 

preliminary Korean repository for disposing the PWR spent fuel had been 

carried out to choose the optimum location of canister in deposition hole.  

 In order to determine the vertical location of canister,  the 

influence of EDZ, bentonite swelling, backfilling, grouting, and ground 

support had been reviewed and three-dimensional thermal-mechanical 

analysis had been carried out using FLAC3D.  In order to overcome the 

disadvantages of the previous approaches suggested by Itasca,  another 

technique for thermal-mechanical coupling was developed.  In the  new 

approach,  the transition from thermal calculation to mechanical 

calculation is determined from the temperature change.  A FISH program 

for the new approach was developed for PWR spent fuel. 

    From the TM modelings under different conditions, the influence of 

the buffer and backfill thickness change on temperature, displacement, 

plastic zone development, and stress had been investigated.   Also the 

influence of swelling pressure and backfilling time could be evaluated 

from the modelings.   

From the studies,  the following conclusions could be drawn: 

 

- From the computer simulation, it was also found that the 

canister is moving downward initially due to the weight of 

canister,  but it moves upward with the thermal expansion of 

buffer with time.  The thickness change of the bottom buffer 

with time is dependent on the top buffer thickness.  As shown 

in Figure 3.13  the recovering rate is delayed with the 

increase of top buffer thickness.   

 

- When the top buffer thickness is less than 1.5 m,  the plastic 

zone above the deposition hole developed extensively.  In 

contrast, it remains elastic until 100 years after the 

emplacement of the canister when the top buffer thickness is 

more than 1.5 m.    
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- It was found that the peak temperature decreases with the 

increase of the buffer and backfill thickness,  when  it is 

assumed that backfilling is done immediately after the 

emplacement of the canister. The peak temperature variation 

with different buffer and backfill thickness was about 1oC.    

 

- The swelling pressure from the surrounding buffer could 

confine the thermal expansion of the canister and reduce the 

Mises stresses.  Thus the mechanical stability of canister 

would be improved with the development of swelling pressure.  

 

- The temperature increase near ground surface (~3m) is less 

than 0.15oC at 60 years and the temperature increase rate 

after 60 days is extremely small.   From this, it is expected 

that the repository design satisfies the design criteria of 4oC 

increase of temperature near ground surface. 

 

- The stress distribution on the canister surface shows that the 

tensile stress is highest at lower part of the canister.  If there 

is no swelling pressure from the surrounding bentonite buffer,  

the maximum tensile stress is up to 18 MPa at 100 days after 

the emplacement.  Such a tensile stress may induce  

catastrophic failure of the outshell and need to be carefully 

analyzed.   

 

- The compressive stress in the canister up to 23 Mpa, which is 

much less than the compressive strength of strainless steel,  

100 MPa – 700 Mpa,  was expected to be developed at about 

100 years after the emplacement.  

 

- When it is assumed that the air temperature in the disposal 

tunnels is maintained at 27 oC,  the peak temperature with 

delayed backfilling for 50 years is about 75 oC while it is over 

90 oC with immediately backfilling.  Since the cost for 

ventilation and its technical feasibility  were not considered in 

this study, it is recommended to carry further studies before 
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choosing the backfilling time.  

 

- From the TM analysis using FLAC3D,  it was found that the 7 

different deposition hole designs satisfy the design criteria,  

which requires that the maximum temperature in the buffer  is 

maintained below 100 oC.  It is, however,  recommended that 

the buffer and backfill thickness above the canister in a 

deposition hole should be at least  2 m based on the literature 

review on EDZ and the various results from computer 

simulations.  
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APPENDIX 

 

A. Main program for TM analysis using FLAC3D 

 
 
;  MAIN PROGRAM FOR THERMAL-MECHANICAL COUPLING 
new 
set log on 
title 
'z 500m tu sp 40m and pitch 6m, w 6m and h 7m, thermomechanical 
behaviour  ' 
config thermal 
;call geometry data 
call geometry.dat 
; 
;make group rock 
group rock ran any  group rock1 any group ract any group ract1 & 
               any group ract2  any group rinc   
;make group name for plot                 
 range name core any gr fuel any gr cask any gr buff any gr back & 
                 any gr back1 any  group rock    
; 
;********* define thermal model ************ 
model th_iso 
model elastic 
set grav 9.8 
;**********define material properties********** 
 macro uo2    'conduc 43.0  spec_heat 424 ' 
 macro steel  'conduc 15.2 spec_heat 504' 
 macro bent   'conduc 1.47  spec_heat 888' 
 macro granit 'conduc 3.2  spec_heat 815' 
 macro bfill  'conduc 2.04  spec_heat 900' 
 ; thermal properties  
 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 
; mechanical properties 
 prop thexp 8.3e-6 bulk 4.0e10  shear 2.4e10  range group rock 
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 prop thexp 8.3e-6 bulk 4.0e10  shear 2.4e10  range group rock2 
 prop thexp 8.3e-6 bulk 4.0e10  shear 2.4e10  range any group fuel &  
            any group cask any group back any group back1 any gr buff 
;********* material density *************** 
 ini density  2700 range group rock 
 ini density  2700 range group rock2 
 ini density  2700 range any group fuel any group cask & 
                any group back any group back1 any gr buff 
;******** thermal and initial stress state ************** 
 ini temp 20.0 grad 0 0 -0.03 
 ini szz  0  grad 0 0 26460.  range any group rock any group rock2 
 ini sxx  0  grad 0 0 26460.  range any group rock any group rock2 
 ini syy  0  grad 0 0 26460.  range any group rock any group rock2 
 ini szz  0  grad 0 0 26460   range any group fuel any group cask &  
                              any group back any group back1 any gr 
buff 
 ini sxx  0  grad 0 0 26460   range any group fuel any group cask &  
                              any group back any group back1 any gr 
buff 
 ini syy  0  grad 0 0 26460   range any group fuel any group cask &  
                              any group back any group back1 any gr 
buff 
;******** define boundary plane ************** 
range name lefb  x=-0.01, 0.01  y=0.0,3.0    z=-1000.0,0.0 
range name rigb  x=19.99, 20.01 y=0.0,3.0    z=-1000.0,0.0 
range name fronb x=0.0, 20.0    y=-0.01,0.01 z=-1000.0, 0.0 
range name backb x=0.0, 20.0    y=2.99,3.01  z=-1000.0, 0.0 
range name topb  x=0.0, 20.0    y=0.0,3.0    z=-0.01,0.01 
range name botb  x=0.0, 20.0    y=0.0,3.0    z=-1000.01,-999.91 
;***** mechanical boundary conditions********************** 
fix x range lefb 
fix x range rigb 
fix y range fronb 
fix y range backb 
fix z range botb 
;***** thermal boundary conditions********************** 
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 0.7 ran topb 
fix t range botb 
;*********** setting *********** 
history unbal 
; displacement  
hist gp disp  0.01 0.01 -493 
hist gp disp  3.01 0.01 -497 
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hist gp disp  0.01 0.01 -500 
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 -493 
hist gp zdisp 3.01 0.01 -497 
hist gp zdisp 0.01 0.01 -500 
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 -492.9 
hist zon szz  3.3 0.05 -496.7 
hist zon szz  0.05 0.05 -500.1 
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 -492.9 
hist zon sxx 3.3 0.05 -496.7 
hist zon sxx 0.05 0.05 -500.1 
hist zon sxx 20 0 -490 
hist zon sxx 20 0 -510 
hist zon sxx  0.05 0.05 -0.01  
; 
;******** define model  *********************** 
set thermal off 
; ********** geological setting  ***************** 
tit 
'z 500m tu sp 40m and pitch 6m, w 6m and h 7m, geological eqli' 
solve 
save tmeq.sav 
;************************* 
tit 
'z 500m tu sp 40m and pitch 6m, w 6m and h 7m, excava ' 
;*********** define rock model ***********************              
model mohr range any group rock any group rock2  
prop thexp 8.3e-6 bulk 4.0e10 shear 2.4e10 fric 30 coh 1.5e7 & 
     ten 1.5e7 range any group rock any group rock2 
;excavation of tunnel and bore-hole 
model null range gr back 
model null ran any gr fuel any gr cask any gr buff any gr back1 
solve  
save tmexc.sav 
tit 
'z 500m tu sp 40m and pitch 6m, w 6m and h 7m, canister emp.' 
model elastic range any group fuel any group cask  
prop thexp 1.2e-5 bulk 1.58e11 shear 7.3e10 range group fuel 
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prop thexp 8.2e-6 bulk 1.67e11  shear 7.69e10  range group cask 
model drucker ran  gr back1  
prop thexp 3.1e-4 bulk 38e6 kshear=1472  qdil=0.24 & 
   qvol=0.24  shear 29e6   ten 0 ran gr back1 
model drucker ran gr buff 
prop thexp 3.1e-4 bulk 345e6 kshear 944 qdil 1.23 & 
  qvol 1.23 shear 258e6 ten 0 ran gr buff  
;********************************************************* 
 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 
;******************************************************* 
solve  
save tmcsp0.sav      
;******** define number of step at end of mech ********* 
def ps1 
ps=step 
end 
ps1 
 
 
;********** decay heat source ************** 
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=0.93*0.93*3.14159/4*4.81 
  if t > 0.0 then 
    tt=14548.0 *(t+40)^ (-0.76204) 
    decay=0.44*4*tt/vol 
  else 
    decay=0.44*4*893.5/vol 
  end_if 
 
 
end 
 
set thini=0.0 
apply vs=1 hist=decay range group fuel 
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history rtime 
hist decay 
hist thtime 
hist gp temp 0.0 0.0  -504.98 
hist gp temp 0.54 0.0 -504.98 
hist gp temp 1.08 0.0 -504.98 
hist gp temp 10.0 0.0  -504.98 
hist gp temp 20.0 0.0  -504.98 
hist gp temp 0 0 -493 
hist gp temp 3 0 -497 
hist gp temp 0 0 -500 
hist gp temp 20 0 -490 
hist gp temp 20 0 -510  
hist gp temp 0 0 0 
hist gp temp 0 0 –1000 
 

; Backfilling the deposition tunnel 
model drucker ran  gr back  
prop thexp 3.1e-4 bulk 38e6 kshear=1472  qdil=0.24 & 
   qvol=0.24  shear 29e6   ten 0 ran gr back 
   
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 
 
set endyear=100 
_runmech 
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set endyear=200 
_runmech 
ret 
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