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1.   Introduction  

1.1.  Spent Nuclear Fuel Final Disposal Program 

Nuclear energy technology has been widely applied in agriculture, 

industry, medical science and nuclear power for years, and is closely 

integrated with peopleôs life in Taiwan. However, it produces 

radioactive waste inevitably. Safety management of radioactive waste 

has become a topic of public concern in recent years. Above all ,  

radioactive waste final disposal is the focus of attention from society.  

Radioactive waste management has been not only a technical issue but 

also a polit ical, economic and social issue. 

Nuclear power has been used in Taiwan since 1978, with three 

nuclear power plants and each comprising two reactors. The four nuclear 

reactors in Chinshan and Kuosheng are boil ing water reactors (BWRs), 

and the two nuclear reactors in Maanshan are pressurized water reactors 

(PWRs). Under the condition of permanent shutdown  for Chinshan, 

Kuosheng and Maanshan nuclear plants, it  is expected to generate about 

4,913 MTU spent nuclear fuel (SNF) in total, including 17,890 BWR 

SNF assemblies and 4,320 PWR SNF assemblies respectively (as shown 

in Table 1-1) (ү еҨ , 2019c).  

According to the "Radioactive Waste Management Policy" revised 

and issued on September 2nd, 1997, the plan for storage and final 

disposal of SNF was required to be strengthened. The requirements 

included active implementation of SNF on-site interim storage program, 

searching for the possibi l i ty of SNF reprocessing abroad under the 

compliance of international safeguards, continuously implementing the 

SNF final disposal program, and proposing early feasible plans and 

implementation plans as soon as possible. 

The SNF strategy of Taiwan is direct final disposal in Taiwan 

territory and isolation from human life to decrease the risk of human and 

environmental hazards. 

Sea floor disposal, deep hole disposal, ice layer disposal, space 

disposal and deep geological repository have been studied in the 

previous researches in the world. Among them, deep geological 
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repository has been widely deemed as the most feasible method for SNF. 

In Taiwan, the "Regulations on the Final Disposal of High-Level 

Radioactive Waste and Safety Management of the Facil i t ies" has also 

prescribed a deep geological repository as the most feasible disposal  

method. (Note: according to the definit ion of ñThe Nuclear Materials 

and Radioactive Waste Management Act,ò the high-level radioactive 

waste is SNF for f inal disposal or the extraction residue produced by 

reprocessing. Since there is no SNF reprocessing operation in Taiwan, 

high-level radioactive waste refers to SNF.) 

Taiwan Power Company (TPC) has performed researches on SNF 

final disposal since 1986. According to the ñNuclear Materials and 

Radioactive Waste Management Act,ò TPC submitted the ñSpent Nuclear 

Fuel Final Disposal Programò in 2004. The program has been 

implemented after approval from the Atomic Energy Council (AEC), and 

wil l  be reviewed and revised every 4 years in accordance with relevant 

regulations. Currently, the ñSpent Nuclear Fuel Final Disposal Program 

(2018)ò is the latest version approved by AEC in 2020.  

According to the ñSpent Nuclear Fuel Final Disposal Program 

(2018),ò the final disposal of SNF is divided into five phases from 2005 

to 2055 unti l the complet ion of the repository. They are ñsurvey and 

evaluation of the potential host rock,ò ñcandidate site selection and 

approval,ò ñdetailed site investigation and test,ò ñrepository design and 

safety analysis,ò and ñrepository constructionò (Figure 1-1). The target 

of each phase is presented in Table 1-2. 
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Figure 1-1: Work plan for the SNF final disposal program in Taiwan. 

 

Table 1-1: Estimated amount of SNF in Taiwan. 

Reactor type Power Plant 
Unit 1 fuel 

assemblies 

Unit 2 fuel 

assemblies 

Total of fuel 

assemblies 

BWR 
Chinshan 3,482 3,484 

17,890 
Kuosheng 5,462 5,462 

PWR Maanshan 2,160 2,160 4,320 

Note: the amount of SNF is estimated by Kuosheng and Maanshan power plant operating for 40 years 

based on the statistical data of May 2018.  

Reference: ү еҨ (2019c). 
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Table 1-2: Name, schedule and target of each phase of the Spent Nuclear Fuel Final Disposal Program. 

Phase Characterization and 

Evaluation of the Potential 

Host Rock 

Candidate Site Selection 

and Approval 

Detailed Site Investigation 

and Test 

Repository Design and 

Safety Analysis 

Repository Construction 

Schedule 2005 to 2017 2018 to 2028 2029 to 2038 2039 to 2044 2045 to 2055 

Target Complete the characteristic 

investigation and assessment 

of potential host rock. 

Establish potential host rock 

performance/safety 

assessment technology. 

Complete the investigation 

and assessment of the 

candidate site and site 

recommended for detailed 

investigation. 

Establish candidate site 

performance/safety 

assessment technology. 

Completion of site feasibility 

study report (FR).  

Complete the site 

environmental impact report 

(EIS).  

Complete the safety 

assessment report (SAR) 

required to apply for the 

construction permit. 

Complete the building 

license application process 

and obtain the building 

license. 

Complete the construction 

and operation test for the 

repository. 

Complete application and 

acquisition of the operating 

license. 

Milestone* Preliminary Technical 

Feasibility Study for Final 

Disposal of Spent Nuclear 

Fuel was released in 2009.  

Potential host rock 

performance/safety 

assessment technology was 

established in 2016. 

The Technical Feasibility 

Assessment Report on Spent 

Nuclear Fuel Final Disposal 

was released in 2017.  

Candidate site 

recommendation for detailed 

investigation was proposed 

in 2017.  

Complete the conceptual 

design of the repository in 

2025. 

Complete the characteristic 

investigation and assessment 

of the candidate site in 2026. 

Establish the 

performance/safety 

assessment technology of the 

candidate site in 2027. 

Propose prior detailed 

investigation site in 2028. 

Complete the ground 

geological survey of the 

disposal site in 2033.  

Start the planning and 

construction of vertical well 

test and underground test 

facility in 2033. 

Complete preliminary 

repository design in 2036. 

Complete site feasibility 

report (FR) in 2037. 

Complete site environmental 

impact report (EIS) in 2038. 

Complete the safety 

assessment report (SAR) in 

2043. 

Complete underground 

technology verification in 

2043. 

Complete the detail design 

of the repository and 

receiving staging facility and 

transportation planning 

design in 2043. 

Complete the building 

license application process 

and obtain the building 

license in 2044. 

Complete the construction 

and obtain the operation 

license of receiving staging 

facility in 2052. 

Complete the construction of 

the repository and 

transportation facility in 

2054. 

Complete the application and 

obtain the operation license 

of the repository in 2055. 

Note: the schedule may be delayed due to factors such as public opinions and land acquisition. The schedule will be revised every 4 years in accordance with ñThe Nuclear 

Materials and Radioactive Waste Management Act.ò 

Reference: ү еҨ (2019c). 
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1.2.  Purpose of the Preliminary Safety Case Report 

In order to prove that the design and operation of the repository 

conform to safety requirements, International Atomic Energy Agency 

(IAEA) published safety standards ñSSG-23ò (IAEA,  2012) which 

provides guidance and advice for repository development and i ndicates 

that it is the repository operatorôs responsibility to develop safety case 

and safety assessment. The safety case, which integrates arguments and 

evidences of science, technology, management and operation proving the 

safety of the repository, is established by i teration and collection of the 

latest information. The safety case includes site and repository design, 

suitabil i ty of construction and operation, radiat ion safety assessment, 

and suitabi l i ty and quality assurance of all safety-related works for the 

repository. It  can act as the basis for demonstrating safety and applying 

l icense. Safety cases can provide comprehensive information for 

stakeholders (such as government authorit ies, regulatory agencies, 

general public and local people) to obtain understanding, recognition, 

fai th and consensus of the disposal program. 

In accordance with the requirements of the competent authori ty, the 

disposal technologies need to be continuously reviewed. According to 

the safety case guidance proposed by IAEA, and with the international 

peer review and AEC review of ñThe Technical Feasibility Assessment 

Report on Spent Nuclear Fuel Final Disposalò (SNFD2017 Report), and 

considering the disposal program phase and host rock geological 

properties in Taiwan, the ñPreliminary Safety Case Reportò (hereinafter 

referred to as SNFD2021 reportò) would be proposed at the end of 2021. 

Because candidate sites of Taiwan have not been chosen yet, experience 

from countries that do not complete site select ion process such as the 

United States, the United Kingdom, Canada, and Japan have been 

referred to, for the development of a generic safety case. Also, a 

ñreference caseò has been established based on international experience 

and geological data from previous surveys. The reference case in 

SNFD2021 report was established based on all  the data TPC has from 

the investigation data and research data of the program. Detailed 
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investigation reports can be found in the database of TPC. Applying 

relevant analysis technologies, quanti tative evidences have been 

proposed. These evidences wil l  be reviewed by the authority and 

domestic and international peers, to make sure that disposal technology 

in Taiwan is in l ine with international standards, and to make sure that 

the safety of the repository is ensured. 

The main purposes of the SNFD2021 Report are as follows: 

(1) Advanced international disposal technologies have been referred to, 

and the reference case has been assessed to ensure the safety of the 

repository. 

(2) Results and findings from the report wil l  be fed back to future R&D 

program, site survey work, development of engineering design and 

related safety assessment activit ies. 

(3) The aim of this report is to strengthen communication with the 

stakeholders and build a social consensus on implementing the 

disposal program. 

 

1.3.  Feedback from SNFD2017 Report 

Taiwan Spent Nuclear Fuel Final Disposal Program published the 

SNFD2017 Report in 2017, which integrated the researches of ñsite 

survey and description,ò ñrepository design and engineering 

technology,ò and ñsafety assessment technology.ò The SNFD2017 

Report studied three potential  host rock in Taiwan (granites, mudstones, 

Mesozoic basement) and achieved three requirements of the competent 

authority: (1) whether a suitable granit ic rock mass for final geological 

disposal could be identified in Taiwan; (2) whether adequate engineering 

capabil it ies for constructing a geological repository have been 

established in Taiwan; and (3) whether adequate capabil it ies for 

assessing the long-term safety for a repository site have been established 

in Taiwan. The SNFD2017 Report confirmed that Taiwan has the 

feasibil i ty to develop disposal technology, and completed the important 

target of Phase I ï ñCharacterization and Evaluation of the Potential 

Host Rock.ò The advanced international experience and disposal concept 
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were referred in the SNFD2017 Report, which can prove the feasibil i ty 

and the safety of deep geological repository to the program manager,  

competent authority and stakeholders. In 2018, the SNFD2017 Report 

passed international peer review and competent authority review in 

Taiwan. 

The competent authority considered that each disposal technology 

in final disposal program in Taiwan should be continuously improved to 

ensure relevant disposal technology reaches to the best and international  

level. The safety of the repository should be enhanced to protect peopleôs 

safety and environment quality. The main feedbacks from the competent 

authority are presented as below: 

(1) ñTo confirm whether a suitable granitic rock mass for geological 

final disposal could be identified in Taiwan.ò 

The results have shown that there are sufficient volume of granitic 

rock mass in western Taiwan offshore island and eastern Taiwan, 

which is worth further characteristic investigation for the deep 

geological repository. The geological information should be 

continuously collected, and conceptual model should be applied to 

repository design and assessment technology for the following site 

selection. 

(2) ñTo confirm whether adequate engineering capabilities for 

constructing a geological repository have been establ ished in 

Taiwan.ò 

The SNFD2017 Report has preliminari ly introduced the KBS-3 

disposal concept and establ ished the engineering arrangement, 

design and veri fication of the repository in Taiwan. The 

optimization and feasibil i ty should be continuously refined for the 

following applicat ion to every candidate disposal site. 

(3) ñTo confirm whether adequate capabilities for assessing the long-

term safety for a repository site have been established in Taiwan.ò 

The SNFD2017 Report has fully understood the methodology and 

technology of the safety case. The latest international technology 

development should sti l l  be focused and advanced. In addition, 

geological survey has been difficult in Taiwan, leading to the lack 
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of parameters, which is necessary for ensuring safety of the 

repository. 

 

1.4.  Laws and Regulations 

The safety management of radioactive waste is not only an 

environmental and technological issue, but also a subject matter that 

involves polit ical, economic and social considerations. Regarding the 

final disposal of SNF, there are laws and regulations for candidate site 

selection, repository construction, operation and closure. Above all, the 

Nuclear Materials and Radioactive Waste Management Act (announced 

in December 2002), Regulations on the Final Disposal of High-Level 

Radioactive Waste and Safety Management of the Facil i t ies (amended in 

January 2013) and Regulat ions on Siting of High-level Radioactive 

Waste Final Disposal (amended in March 2017), are elaborated as 

Section 1.4.1 to Section 1.4.3. 

 

1.4.1. Nuclear Materials and Radioactive Waste Management Act 

The act is enacted to administer radioactive material, preventing 

radioactive hazard and secure publ ic safety. The main provisions are as 

follows: 

(1) Article 17: For the construction of treatment, storage and final 

disposal facili t ies of radioactive waste, an application for a 

construction l icense shal l be fi l led with the competent authorit ies. 

After the application has been reviewed and approved (by the 

competent authorit ies) to satisfy the fol lowing prescript ion and the 

competent authorit ies have issued a construction l icense, the 

construction would be permitted: 

(a) The construction is consistent with the prescription of relevant 

international conventions. 

(b) The equipment and the facil i t ies are sufficient to secure publ ic 

health and safety. 

(c) The impact on  the environment complies with the prescription 

of relevant regulations. 
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(d) The technology, the management capacity and the financial 

basis of the applicant are competent to operate the facil i t ies. 

(2) Article 29: The treatment, transportation, storage and final disposal 

of radioactive waste shall be done by the producer of radioactive 

waste itself solely or be entrusted to the domestic or foreign operator 

who is of technical capacity or holds the facil it ies for disposal. The 

producer shall  be responsible for minimizing the generation amount 

and the volume reduction of radioactive waste. The f inal disposal 

program shall  be actually proceeded in accordance with the planned 

schedule. 

(3) Article 37: One who fails to implement the final disposal plan in 

accordance with the planned schedule referred to in Paragraph 1 of 

Article 29 shall be punished with an (administrative) fine of more 

than New Taiwan Dollars Ten Mill ion (NT$10,000,000) but not more 

than NT Fifty Mil l ion (NT$50,000,000), and the punishment may be 

respectively imposed annually.  

(4) Article 46: The operator of nuclear power shall raise from the 

nuclear back end operation funds, by way of sett ing aside at least 

two percent (2%) thereof, and transfer funds to carry on the research 

and(/or) the development of operating technology of radioactive 

materials and(/or) final disposal. 

(5) Article 49: After this law comes into effect, the competent 

authorit ies shall  supervise and urge the producer of radioactive 

waste to plan the construction of the domestic final disposal 

facil i t ies, and ask the producer to resolve the issues as to the final 

disposal of radioactive waste. 

 

1.4.2. Regulations on the Final Disposal of High-Level Radioactive Waste and 

Safety Management of the Facilities 

The main provisions are as follows: 

(1) Article 1: These Regulations are enacted pursuant to Article 21 of 

the Radioactive Materials Management Act (following abbreviated 

as ñthe Actò). 
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(2) Article 2: The terms used in these Regulat ions are defined as 

follows: 

(a) High-level radioactive waste repositories (hereinafter referred 

to as ñrepositoriesò): repositories located in a proper geological 

environment at a proper depth under the ground surface, which 

can safely separate the radioactive nuclides from the biosphere 

for a long time, including the buildings, structures and 

equipment on the related ground surface and in the disposal area 

of underground tunnels as well as the underground disposal area 

used to isolate high-level radioactive wastes. 

(b) Host rock for disposal: the geological rock mass used to place 

high-level radioactive wastes 

(c) Multiple barriers: the multiple combination of natural and 

engineered barriers used to isolate or retard the fi l tering, 

leakage and transplantation of radioactive nuclides, including 

the waste itself, container, buffering and backfi l l ,  and stratum. 

(d) Personal annual risk: the product of the annual probabil ity of 

accidents incurring to the disposal facil i t ies multiplied by the 

probabil ity of death due to exposure to the radiation caused by 

the accident. 

(e) Controlled area for disposal:  the area of the ground surface and 

the underlayer of the ground surface within the scope of the 

repositories, marked with proper signs indicating the boundary 

of the repositories. 

(3) Article 3: The final disposal of high-level radioactive wastes shal l 

be conducted in the deep stratums. 

(4) Article 4: The disposal facil i t ies must not be located in the following 

areas: 

(a) Active faults or areas in which the geological conditions would 

affect the safety of the disposal faci l i t ies. 

(b) Areas with geochemical conditions not favorable for effectively 

controll ing the spreading of pollut ion caused by radionuclides 

and l ikely to affect the safety of the disposal facil i t ies. 
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(c) Areas with surf icial  or underground hydrographical conditions 

l ikely to affect the safety of the disposal facil i t ies. 

(d) Areas with high population density. 

(e) Other areas in which development is prohibited according to any 

law. 

(5) Artic le 5: It  shall  be avoided that the disposal facil i t ies be located 

in the fol lowing areas: 

(a) Where landslide, subsidence, and volcanic activi t ies are l ikely 

to occur. 

(b) Where the geological structure is l ikely to change obviously. 

(c) Where the hydrological conditions are prone to change. 

(d) Where the host rock for disposal is being deteriorated obviously. 

(e) Where the bedrock is upli ft ing or eroding obviously. 

 

If  the disposal facil i t ies are located in any of the above areas, the 

operators shall  bring forward solutions to ensure the facil i t ies meet 

the safety requirements. 

(6) Article 6: The operators of repositories shall submit a plan for 

detailed site investigation and then start the detailed investigation 

after the plan is approved by the competent authori ty. 

The plan of detailed site investigation referred to in the preceding 

paragraph shall include the following contents: 

(a) Descript ion of the site. 

(b) Conceptual design of the operating area of the repositories. 

(c) Necessity of dri l l ing or excavation and operation planning. 

(d) Research and test plan. 

(e) Plan for investigating and controll ing the factors l ikely to 

influence the capabil ity of the site to isolate high-level 

radioactive wastes. 

(f)  Quality assurance plan. 

(g) Restoration plan. 

(h) Financial description. 

(i)  Other contents specified by the competent authority. 
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(7) Article 7: The operators of the repositories shall, during the period 

of detailed site investigation, report the investigation progress and 

results to the competent authority before the end of February every 

year. 

During the period of detailed site investigation, the competent 

authority may dispatch personnel to conduct an inspection at any 

time. 

(8) Article 8: Multiple barriers approach shal l be designed for the 

disposal facil i t ies. 

(9) Article 9: The disposal facil i t ies shall be designed to ensure that the 

annual effective dose to any individual in the cri t ical group outside 

the facil i t ies is not more than 0.25 mSv. 

(10)Article 10: The disposal facil i t ies shall  be designed to ensure that 

the risk constraint to any individual in the crit ical group outside the 

facil i t ies is not more than 1x10-6 per year. 

(11)Article 11: The disposal facil i t ies shall  be designed to ensure that 

the high-level radioactive wastes can be safely retrieved within 50 

years after disposal. 

(12)Article 12: The design of the important structures, systems and 

components of the repositories shall meet the following 

requirements: 

(a) Support inspection, maintenance and test, and meet the 

requirements for nuclear protection operations. 

(b) Prevent expected natural disasters. 

(c) Provided with emergency response functions. 

(d) Ensure the operations of high-level radioactive wastes can be 

kept at subcrit ical status under normal operating and expected 

accidents. 

(e) Provided with protective functions against f ire and gas 

explosion. 

(f)  Other requirements specified by the competent authority. 

(13)Article 13: The closure of the repositories shal l be designed to 

ensure that the underground passages and dri l led holes, after being 
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sealed, would not become the key routes for the transportat ion of 

radioactive nuclides. 

(14)Article 14: The operators shal l acquire the right to use the lands 

within the controlled area for disposal prior to the construct ion of 

the repositories. 

(15)Article 15: During the operation of the repositories, the operators 

shal l renew the safety analysis report and submit it  to the competent 

authority for examination every f ive years. 

(16)Article 16: For the closure of the repositories, the operators shall  

bring forward a closure plan and a supervision plan according to the 

provisions of Article 32 and Article 33 of the Enforcement Rules of 

the Act, and submit them to the competent authority for approval 

prior to implementation. 

(17)Article 17: To apply for exemption from supervision, the operators 

of the repositories shall  follow the provisions of Article 34 of the 

Enforcement Rules of the Act. 

(18)Article 18: Where the repositories are exempted from supervision, 

the operator shall store the fol lowing data permanently and submit 

them to the competent authori ty for examination: 

(a) Data about surficial characteristics, boundary monuments, 

tunnels, and dri l l ing holes. 

(b) Construction methods, materials, structures and important 

construction data. 

(c) Geological map and geological profi le. 

(d) Hydrological data. 

(e) Position and characteristics of high-level radioactive wastes. 

(f)  Data about abnormit ies or accidents. 

(g) Radiation monitoring data. 

(h) Other data specified by the competent authori ty. 

(19)Article 19: These Regulations shal l become effective as of the date 

of promulgation. 
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1.4.3. Regulations on Siting of High-level Radioactive Waste Final Disposal 

The regulations provide the following requirements for potential  

sites to ensure the safety of the f inal repository of high-level radioactive 

waste. 

Main provisions are as fol lows: 

(1) Article 1: "Regulations on Sit ing of High-level Radioactive Waste 

Final Disposal" are enacted to ensure the safety of the final 

repository site (fol lowing abbreviated as "si te") of high-level 

radioactive waste, and be a reference for site select ion and 

management.  

(2) Article 2: The site shal l provide natural barriers to retard the 

transportation of radionuclides, and prevent the repository from 

natural hazard, so as to ensure the repository meet safety 

requirements.  

(3) Article 3: The site shall not be located in areas near active faults or 

where geological conditions may affect the safety of the repository. 

(a) Areas within 1 km on both sides and belt- l ike area extending for 

3 km at both ends of the main fault zone of an active fault . 

(b) Areas within a radius of 15 km from the center of Quaternary 

active volcanic. 

(c) Areas within a radius of 1 km from the eruption of hervideroes. 

(d) Areas of a single landslide area are greater than 0.1 km2 and 

cannot be overcome by engineering. 

(4) Article 4: Geochemical conditions cannot inhibit  the transport of 

radionuclides and thereby adversely affect the safety of the 

repository.  

(a) Areas where the pH of groundwater lower than 4. 

(b) Areas where the distribution coefficient of stratum to key 

cationic nuclide less than 3 ml/g. 

(5) Article 5: Hydrologic conditions of surface water and groundwater 

cannot adversely affect the safety of the repository. 

(a) Water course, including river, lake, reservoir storage area, 

drainage faci l i t ies, canals, f lood channels and flood detention 

ponds. 
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(b) Catchment area of existing, under construction reservoir. 

(c) Groundwater control area. 

(6) Article 6: The site shall  not be located in areas of high population 

density, where the population density is higher than 600 people/km2 

in a town, district or city.  

(7) Article 7: The site shal l not be located in areas of potential for 

landslides, subsidence or volcanic activity. 

(8) Article 8: The site shal l not be located in areas of potential for 

structural deformation, such as upli ft,  subsidence, folding, or 

faulting. 

(9) Article 9: The site shal l not be located in areas of potential for 

foreseeable human action and natural phenomena.  

(10)Article 10: The site shall  not be located in areas of potential for 

regional upl ift  and erosion. 

(11)Article 11: The host rock characteristics l isted below shall be under 

consideration for site selection. 

(a) The depth of the host rock shall  be greater than 300 m from the 

ground surface. 

(b) The host rock has the appropriate depth and horizontal 

distr ibut ion to contain the underground facil i t ies of the 

repository.  

(c) The thermal properties of the host rock are conducive to 

removing the decay heat generated by the high-level radioactive 

waste. 

(d) The hydrological properties of the host rock are low hydraul ic 

conductivi ty and low permeabil ity.  

(e) The mechanical propert ies of the host rock are conducive to safe 

construction, operation and closure of the repository.  

(f)  The chemical propert ies of the host rock are able to precipitate, 

absorb, or retard the transportation of nuclides. 

(12)Article 12: The site hydrological characteristics l isted below shall  

be under considerat ion. 

(a) Hydrogeological structures are conducive to the l imitation of 

groundwater flow and retardation of nucl ide transportation.  
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(b) The groundwater flow field is stable and has a low hydraul ic 

gradient so as not to accelerate the f low of groundwater. 

(c) Hydrogeological environment may not adversely affect the 

repository of high-level radioactive waste. 

(13)Article 13: The site geochemical characteristics l isted below shall  

be under considerat ion. 

(a) The long-term geochemical evolution of sites shall not adversely 

affect barriers of the repository. 

(b) The redox characteristics of the sites and the chemical 

composition of the groundwater shall  not accelerate the 

corrosion and damage of the canister. 

(14)Article 14: The site shall not be located in areas that cannot be 

developed according to other laws. The scope and recognition 

cri teria are in accordance with the provisions of the other laws. 

(15)Article 14-1: The selection of the site shall comply with Article 31 

of "The Indigenous Peoples Basic Law", and high-level radioactive 

waste shall not be disposed of in the areas of indigenous peoples 

against their wishes. 

 

1.5.  Executive Teams (Organizations) 

In this report, program management and technology integration are 

implemented by TPC. Analyses and report writ ing are conducted by the 

Insti tute of Nuclear Energy Research (INER). This report includes the 

research results through years contributed by all executive teams 

cooperating with TPC, which include Industrial Technology Research 

Insti tute (ITRI), the domestic academic units, and the domestic 

engineering consulting agency. The research results consist of multiple 

professional f ields such as geology, hydrogeology, civi l engineering, 

mechanical engineering, materials engineering, chemical analysis, 

nuclear engineering, radiation protection and information management. 

The executive teams of the SNF final disposal program also cooperate 

with international institutions, for example, Finnish Posiva Oy company, 

Southwest Research Institute (SwRI), Sandia National Laboratories 
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(SNL), Canadian Nuclear Waste Management Organization (NWMO) and 

Nuclear Waste Management Organization of Japan (NUMO). In addit ion, 

TPC contracted with Swedish SKB as a technical consultant to ensure 

this report meet the basic framework of international safety case (Figure 

1-2).  

 

 

Figure 1-2: Organization of the Spent Nuclear Fuel Final Disposal Program. 

  



   

 1-14 

1.6.  Previous Researches 

TPC completed the ñResearch Program of Spent Nuclear Fuel from 

Nuclear Reactorsò in 1983, and del ivered it  to Executive Yuan for 

approval and implementation. Soon after, relevant industrial,  

governmental, academic and research agencies invested in the planning, 

management and research of SNFôs final disposal. In accordance with 

ñThe Nuclear Materials and Radioactive Waste Management Actò and 

ñEnforcement Rules for the Nuclear Materials and Radioactive Waste 

Management Act,ò TPC delivered the ñSpent Nuclear Fuel Final Disposal  

Programò in 2004, and the program was approved by the competent 

authority in July 2006. The history and results of the disposal program 

are divided into two parts by the ñSpent Nuclear Fuel Final Disposal 

Programò in 2004, which are ñFinal Disposal Pilot Programò from 1986 

to 2004, and the ñFinal Disposal Programò from 2004.  

The ñFinal Disposal Pilot Programò had gone through 4 stages, 

which were Preliminary Research of Disposal Concept, Ini t ial Planning, 

Preparation of Regional Survey, and Investigation and Technology 

Development. The results of each stage are as fol low: 

(1) Prel iminary Research of Disposal Concept (1986/05~1988/06): 

The basic concepts of site guidelines, site investigation and design 

were determined. The possible methodology and technology of 

international SNF final disposal were systematically studied and 

understood.  

(2) Init ial  Planning (1988/11~1991/06): 

The full  work plan (1991 version) was completed and proposed that  

crystall ine rocks, Mesozoic basements, and mudstones are potential  

host rock in Taiwan, which became the basis of the following work 

plan.  

(3) Preparation of Regional Survey (1993/08~1998/10): 

The investigation technology dri l l  of the crystall ine rock test site 

was completed, and became the basis for the host rock characteristic 

survey. Meanwhile, the technology could support the site 

investigation and assessment requirements of low-level radioactive 

waste f inal disposal plan. In this stage, the conceptual system of 
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safety assessment for uncertainty and sensitivity analysis was 

developed as well.   

(4) Investigation and Technology Development (1999/05~2003/09): 

The integrated investigation of the deep geological cross-hole test 

was implemented in this stage in Taiwan. The research of repository 

design concept, preliminary planning of repository layout, and 

establishment of a database of granite properties, references, 

parameters and scenario analysis were implemented as well.  Those 

works became references for the following field survey, nuclide 

transportation and safety function assessment. The ñSpent Nuclear 

Fuel Final Disposal Programò was also delivered to the competent 

authority for  review in this stage, reaching the requirements of 

ñEnforcement Rules for the Nuclear Materials and Radioactive 

Waste Management Actò Article 37. 

 

ñFinal Disposal Programò: According to ñSpent Nuclear Fuel Final 

Disposal Program,ò each planning of the program has been implemented 

since 2005. Two milestones of the ñCharacterization and Evaluation of 

Potential Host Rockò phase have been completed, which are the 

SNFD2009 Report and the SNFD2017 Report. The SNFD2009 and 

SNFD2017 Reports demonstrated the development and capabil ity of  

disposal technology, and established the basis of the ñCandidate Site 

Selection and Approvalò phase. Above all, the result of the 

ñCharacterization and Evaluation of Potential Host Rockò phase can 

refer to ñSpent Nuclear Fuel Final Disposal Program (2018)ò (ү е

Ҩ , 2019c). The research results since 2018 are presented in Table 1-3 

in this report. Addit ionally, according to ñEnforcement Rules for the 

Nuclear Materials and Radioactive Waste Management Actò Article 37, 

TPC has to del iver the implementation result  report of the former year, 

and the working plan report for the next year to the competent authority, 

which wil l  be published on the AEC website. 

For the ñCharacterization and Evaluation of Potential Host Rockò 

phase, the main results included integrating the definit ion and 
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investigation technology (including geology, groundwater, rock and 

water chemistry and engineering characteristic) of potential host rock 

characteristics. The geological structure of the investigation area was 

constructed, and a safety assessment of the repository in the potential  

host rock was established, which proposed the characteristic 

investigation of the potential  host rock and the evaluated condition 

suitable for a deep geological repository in Taiwan. 

 For the ñCandidate Site Selection and Approvalò phase, the 

development of disposal technology wil l  continue to be reviewed and 

improved. On condit ion that no candidate site has been selected, the 

SNFD2017 Report wil l  be the basis to make good use of domestic and 

foreign experiences and R&D resources to improve ñgeological survey 

technology assessment,ò ñgeological disposal engineering technology,ò 

ñlong-term safety assessment of geological disposal facilitiesò and other 

related technologies, and complete this report before the end of 2021 

according to the requests of competent authori ty. 
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Table 1-3: Summary of researches of the program in recent years. 

Year  Subject  Summary of important achievements 

2018 (1) 

Improvement of 

regional 

characteristics 

survey 

technology 

Based on the study of the anomalous zone of magnet susceptibility 

and resistivity, and geological linear structure distribution, the 

regional and structural geological survey technology of the offshore 

island crystalline rock area (K-area) is improved. 

Based on the study of granite mineral composition and the age 

comparison of igneous rocks, the geochemistry of the offshore island 

crystalline rock has been completed. 

With tidal station observation data, satellite altimetry data, 

microseismic observation data in the main island crystalline rock test 

area of the island, and hypocenter rupture scale analysis, long-term 

monitoring information is obtained. 

(2) 

Improvement of 

the suitability of 

the repository 

and evaluation 

of  the design 

project 

The technical establishment of the SNF database implementation and 

the integration of the web interface database are completed. 

The analysis of the Ŭ, ɓ, and ɔ radiation source in the SNF, the 

preliminary study on the related reaction mechanism of the radiation 

source and the underground radiation hydrolysis mechanism, and the 

exploration of the corrosion effects of the radiation hydrolysate on the 

canister are completed. 

The establishment of 4 sets of hypocenter models, obtainment of the 

simulated waveforms of the target station by the simulate method of 

strong ground motion seismic wave, and comparison of the relevant 

data to understand the possible hypocenter parameters of the 1920 

Hualien offshore earthquake are completed. 

The life prediction analysis and construction of the copper shell of the 

canister, the study of the corrosion resistance of the copper shell in the 

detection rate environment, the development of the friction stir 

welding and testing technology of copper materials, and the 

development of the manufacture and testing technology of cast iron 

lining of the canister are completed. 

The preliminary establishment of design concepts and design 

requirements of the backfill are completed, as a reference for backfill 

design. 

The comparison and correction of the results of the stylised 

compaction experiment and the settlement of the Swedish SKB 

canister are completed, as well as the simulation of the settlement of 

the canister in the fluid mechanics cycle.  

The numerical model that simulates strain and stress of the large-size 

triaxial test equipment, and manufacture of the large-size triaxial 

equipment, and the process of assembly, leakage test and axial force 

application are completed. 

Long-term safety analysis and verification study of tunnel support 

materials are completed. 

(3) 

Improvement of 

safety 

assessment 

The practices of IAEA SSG-23 and other countries were referred to, 

the process of post-closure safety assessment methods was proposed, 

and a safety assessment database was initially established. 

Based on the simulation analysis of the SNFD2017 report, the reason 

for choosing the numerical model was proposed,  the benchmark 

verification process was explained, and the uncertainty handling 

process and the application interface relevance were discussed. 

The GoldSim model for the evaluation of colloids was established to 

promote the migration of radionuclides. 

The gas permeability test process and experiments were established 

and discovered that buffer and backfill are affected by hydraulic 

effects and chemical effects. 

The long-term safety analysis and verification of low-alkali concrete 

or low-alkali mortar as the tunnel support material were completed. 
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(4) Integrated 

technology 

technical research on the crystalline rock area of  the main island and 

offshore islands are preliminaril y integrated as below: 

The long-term safety assessment of the geosphere was completed. 

Groundwater flow analysis model verification and technical 

improvement was completed. 

The numerical model of groundwater flow for the sea-level drop was 

completed. 

The migration behavior of the radionuclides in buffer, backfill, and 

disposal host rock was completed. 

2019 (1) 

Improvement of 

regional 

characteristics 

survey 

technology 

Regional geological survey technology and data analysis were 

developed and the spatial distribution of granite rock mass in Taiwan 

was studied. 

Aerial magnetic survey technology and data analysis were improved. 

The reference case was updated. 3D geological unit modelling and 

display technology were built, and the evaluation technology for the 

impact of deep fluids was established. 

The granitic gneiss tunnel was taken as the technical construction site, 

which was a preliminary research on the detection and evaluation 

technology of the domestic tunnel excavation damage zone.  

Improvement of the statistical study on the fracture parameter 

distribution characteristics and the analysis technology of fractured 

rock mass groundwater flow of the granite in Taiwan were completed.  

Long-term monitoring, GPS continuous observation and time series 

analysis, microseismic monitoring and data analysis were 

continuously carried out. 

The construction process and survey technology requirements of the 

rock mechanics description model, and the parameter characteristics 

required for the rock mechanics description model at different stages 

were studied. 

(2) 

Improvement of 

engineering 

design and 

safety 

assessment 

technology of  

the repository 

The updated statistics of the use history data of the SNF in the 

Chinshan, Kuosheng and Maanshan nuclear power plant were 

complete, and the decay heat sensitivity analysis and the decay heat 

relationship curve under different conditions were completed. 

MCNP nuclear criticality safety analysis model was established, 

including SNF, canisters and deposition holes. The parameter 

sensitivity analysis and proposed conservative parameter 

combinations were completed. 

The specification adjustment of the canister and buffer preliminary 

design was complete based on the length of domestic SNF. 

The analysis of uniform isostatic load generated by the hydrostatic 

pressure and the swelling pressure after disposal according to 

domestic canister specification was completed. The von Mises stress 

value of the cast iron lining was within the allowable stress value. 

The performance analysis of the shear displacement based on the 

domestic canister specifications was completed to confirm that the 

canister can meet the performance requirements. 

The mechanical behavior simulation analysis of the unsaturated 

bentonite under stress was complete, including the analysis of the 

instantaneous deformation and fracture cutoff caused by the weight of 

the canister and backfill. The evaluation of saturation time and the 

calculation of swelling pressure distribution were completed. 

Calculation of the backfill's capability to resist uplift of the buffer was 

completed, and the distribution of the swelling pressure and the 

amount of swelling in the buffer were analyzed. 

Based on the decay heat information of the SNF of power plants in 

Taiwan and relevant local geological conditions, the thermal distance 

analysis of the repository was completed.  

The analysis of the layout design of the underground facility was 

completed, including the amount of fracture shear displacement 
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caused by earthquake, and the quantitative evaluation of the 

deposition holes and fracture cutoff. 

The objects of 3 simulation areas were completely generated. 

DarcyTools was adopted to perform 4 cases of steady-state 

groundwater flow field simulation. 

The shear force and corrosion effects of canisters analysis were 

completed in order to explore the reference evolution assessment on a 

long-term scale. 

According to the engineered barrier design, underground repository 

layout design and localized geological parameters, the nuclide release 

path and near-field, far-field and biosphere transport analysis were 

carried out. 

The research and analysis of the safety function indicators of the 

engineered barrier were  completed. The classification and 

development of the scenarios, analysis of the post-closure safety 

assessment dose and risk based on the design of the domestic 

repository were completed. 

2020 (1) Investigation 

and survey 

technology of 

site suitability 

The investigation of the characteristics of the Mesozoic basement in 

Taiwan waters had been preliminarily completed. 

The rock mechanical analysis was carried out with the existing 

crystalline rock samples of Taiwan, so as to obtain the related rock 

mechanical parameters and study the uncertainties. 

Temporary broadband seismic stations and GPS continuous 

observation stations for surface deformation were deployed in the 

Taiwan plate boundary area to conduct long-term continuous 

monitoring of seismic activity and surface deformation in the plate 

boundary area. 

(2) 

Safety 

assessment 

technology 

The research on nuclides inventory and decay heat analysis of SNF in 

PWR was preliminarily studied, as well as nuclear criticality analysis 

technology. 

Based on the laboratory test results of Taiwan crystalline rock and the 

measurement data of the geothermal gradient, a three-dimensional 

thermal characteristic evaluation simulation was carried out, and the 

release path (Q3 path) analysis technology of the fracture cutoff and 

disposal tunnel was established. 

(3) Database The database was designed according to the type, property, format, 

and existing form of the data. The reports, data, parameters and 

related quality files generated by the projects during the execution 

were digitally preserved, which can be searched and retrieved through 

the web interface to facilitate the retrospective process of the 

experimental data generation and quality assurance records to ensure 

visibility and traceability. 
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2.   Methodology 

2.1.  Current Status of Disposal Program in Other Countries 

There has been an international reference for developing safety 

cases since the SSG-23 Guideline was published by IAEA in 2012 

(IAEA, 2012). The integration group for the safety case (IGSC) of 

Organisation for Economic Co-operation and Development (OECD) /  

Nuclear Energy Agency (NEA) raised a number of relevant international  

seminars to promote international technical exchange. The overall  

international trend has gradually formed a consensus on the practice of 

developing safety cases. The development of SNF disposal safety case 

and safety assessments all over the world in recent decade provides 

references for Taiwanôs technology development, including important 

cases in Table 2-1.   

According to the document published by OECD/NEA in December,  

2020 (NEA, 2020), the key features and act ivit ies for developing a safety 

case include: (1) integration of science and technology information, (2) 

clari fying the safety case of the repository system, (3) excluding and 

decreasing the uncertainty, (4) systematically deducing the scenario 

development, (5) tracing and storage of knowledge management record. 

In addition, the safety case should promote communication and 

interact ion with stakeholders, and promote the disposal program 

implemented safely. 

Nuclear safety regulatory agencies of various countries have also 

continued to improve the regulatory requirements for safety cases. For 

example, the Radiat ion and Nuclear Safety Authority (STUK) of Finland 

published Nuclear Waste Disposal Guidelines (YVL D.5) in February 

2018, which describes the regulatory requirements for the safety case of 

the repository in Chapter 9 (STUK, 2018). In addition, the Canadian 

Nuclear Safety Commission (CNSC) also revised and published a 

radioactive waste disposal safety case regulatory document (CNSC, 

2021) in January 2021, reflecting the latest international viewpoints on 

safety cases. 
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Table 2-1: Safety case/safety assessment of disposal program in other countries. 

Year Country  
Instituti

on 
Program Site Report No. 

Assessment 

purpose 

2011 Sweden SKB SR-Site Forsmark SKB TR-11-01 Construction 

license 

application 

2012 Finland Posiva 

Oy 

TURVA-

2012 

Olkiluoto Posiva 12-12 Construction 

license 

application 

2014 Netherlands COVRA OPERA Site has not 

been decided. 

(Focusing on 

the of clay 

rock and 

halite) 

OPERA-PU-

TUD311 

General  

safety case, 

technological 

development 

2016 France Andra Cigeo Meuse/Haute-

Marne 

DOS-AF Stakeholder 

communication 

2016 UK RWM DSSC Site has not 

been decided. 

(Focusing on 

the crystalline 

rock) 

DSSC-101-01 General  

safety case, 

technological 

development 

2017 Canada NWMO APM Crystalline 

rock 

NWMO-

TR_2017_02 

General  

safety case, 

technological 

development 

2018 Japan NUMO - Site has not 

been decided. 

(Focusing on 

the plutonite, 

Neogene 

sedimentary 

rock, Pre-

Neogene 

sedimentary 

rock, volcanic 

rocks and 

metamorphic 

rocks) 

NUMO TR-

18-02 and 

NUMO TR-

18-03 

General  

safety case, 

technological 

development 
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2.2.  Methodology of Safety Case 

Compared to SNFD 2017, this report is a generic safety case report. 

This report refers to general safety case process of the NEA MeSA report 

(NEA, 2012a) and establishes the Taiwan safety case method, which can 

be widely applied to different disposal concepts and geological 

environments. This safety case method not only focuses on the safety 

analysis and its result, but also integrates more evidences, discussion 

and analysis. Furthermore, the safety case flowchart (Figure 2-1), which 

includes safety case elements, can i l lustrate the relationship and 

feedback between the safety assessment component and the safety case. 

The methodology of safety case adopted in this report can be 

divided into (1) background, (2) assessment basis, (3) safety assessment, 

(4) integration of evidence, arguments and analyses, (5) feedback to 

project management and (6) others.  

(1) Background 

(a) Repository development strategy:  

Define a timeline for the design and construction of the 

repository, including milestones and decision points in the 

disposal plan in accordance with the ñSpent Nuclear Fuel Final 

Disposal Programò approved by the competent authority in 

stages. 

(b) Disposal and assessment principles: 

Disposal and assessment principles describe the ñdisposal 

principlesò of repository development in the safety strategy  

and ñassessment principlesò of safety assessment guidelines in 

the assessment strategy. This report refers to the Swedish KBS-

3 disposal concept that uses crystall ine rock as the disposal 

host rock to construct a deep repository system, and complies 

with the safety principles of the repository to achieve safe 

disposal. 

(c) Assessment regulatory basis: 

The relevant laws and regulations on high-level radioactive 

disposal in Taiwan can be found in Section 1.4. Assessment 

regulatory basis provides the safety indicators. 
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(2) Assessment basis 

(a) Site descript ion and design specification: 

Site description and design specification describe the 

repository design and geological environment in detail , and 

provide boundary conditions for the safety assessment. In this 

report, the init ial state of the repository is described in Chapter 

4 (including engineered barriers and natural barriers). The 

external factors that may affect the safety of the repository 

(including climate evolution, geological evolution and future 

human actions) are described in Chapter 5, which provides a 

reference for the scenario evolution hypothesis of the safety 

assessment. 

(b) The synthesis of process understanding and influences between 

processes: 

First of all ,  the features/events/processes (FEPs) that may 

affect the repository must be identi fied and collected, and 

interact ion between FEPs should be studied. In FEPs, f eatures 

are the objects, structures or environmental conditions which 

might affect the repository. Events are transient weather 

phenomena or human actions which might affect the repository. 

Processes are the long-term and gradual phenomena which 

might affect the repository. By studying coupled processes of 

thermal (T), hydraulic (H), mechanics (M), and chemistry (C), 

the safety impact on the repository can be evaluated. The 

establishment, processing, and analysis of Taiwan's FEPs 

database are presented in Chapter 3. The complex interaction 

among FEPs and the coupling of T-H-M -C processes, as well  

as current analysis and research of internal processes in Taiwan 

are shown in Chapter 6. 

(c) Methodology, model, computer codes and database: 

The repository, geological environment, interaction and impact 

between features, events and processes should be described. 

The assessment model and parameter introduction in this report 

are shown in Section 6.5. In addition, in order to improve the 
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quality of the quanti tative calculation of safety assessment, it  

is necessary to freeze the key parameters used before the safety 

assessment so that the key parameters used in the subsequent 

safety assessment can be traced and ensure the consistency of 

the used parameters. The l ist of key parameters of the safety 

assessment of this report is presented in Section 8.3. 

(3) Safety assessment 

The assessment basis, including site description, design 

specificat ion and coupling research of internal processes, can 

describe the expected init ial state of the repository system, the 

evolution of the repository, uncertainty, and the correlat ion between 

the FEPs and the safety functions of the repository.  

Safety assessment covers the uncertainty assessment of safety 

functions and the evolution of the repository, and constructs 

different scenarios. Quantitative analysis of the scenario can be 

carried out through a conceptual model, mathematical model, and 

assessment model. 

Safety functions of the disposal concept currently established in 

Taiwan wil l be presented in Chapter 7 of this report. The init ial 

state, external factor, internal process and interact ive process of the 

repository system are compiled in the assessment basis provided in 

Chapters 4 to Chapter 6. With the assessment model and key data in 

Chapter 8, the evolution impact of the repository system in the 

safety case timescale is quanti fied and discussed. The possible 

impact of each action on the safety functions at different t imes is 

evaluated as well . Then the evaluation of the repository system, the 

result of uncertainty assessment, and the safety functions are 

integrated in Chapter 9. The factors of FEPs related to safety 

functions are also connected in this chapter. In Chapter 10, the main 

scenario is constructed, and the evaluation extreme value of the 

FEPs scenario is screened. The containment safety function analysis 

and retardation safety function analysis of the main scenario are 

presented in Chapters 11 and Chapter 12. The interference scenario 

is analyzed in Chapter 13, which supplements other relevant 
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arguments supporting the safety of the repository (such as natural 

analogue).  

(4) Integration of evidence, arguments and analyses 

Various arguments related to the safety of the repository are 

compiled in Chapter 14. It i l lustrates confidence and completeness 

of the analyses of the program, review current results, and feed 

uncertainties that can be improved back to future R&D projects. 

Finally, whether the program has reached the goals at this phase 

would be discussed through peer review domestically and 

internationally. 

(5) Feedback to project management 

The relationship between safety assessment and repository 

development is i teration. Safety assessment provides key 

information for si te characterization and engineering design. 

Relatively, the data generated by the development and research of 

site characterization and engineering design can support high-

quality safety assessment. The uncertainty in the safety assessment 

can provide research instruction for the following site investigation 

and engineering design. The results of the investigation, design and 

assessment in this report wil l  provide feedback for the arrangement 

of the following development. 

(6) Others 

During safety assessment and construction of the safety case, it is 

also necessary to strengthen the implementation of quality 

assurance (NEA, 2012a), such as the use of the same and consistent 

data, application of ñstandardò protocol of assessment, and using 

FEPs to check the comprehensiveness in the safety assessment. Such 

inspections can be regarded as part of a "bias audit". The purpose 

of the bias audit is a comprehensive check, which should be 

separated from the main l ine of the safety assessment and maintain 

a certain degree of independence, such as invit ing external experts 

to conduct a peer review. If bias audit can be recognized by the 

competent authority,  and relevant domestic and foreign technical 

review groups, it wil l  further promote the realization of subsequent 
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phases of the disposal program and become an important basis for 

decision-making.  

 

According to the geological characterist ic of the reference case 

(Section 4.3.2), this report constructs the preliminary concept of the 

repository system and completes a post-closure safety assessment based 

on the methodology of the safety case and disposal concepts of advanced 

countries in the world are referred to. 

 

 

Figure 2-1: Flowchart of the safety case. 
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2.3.  Definition of System Boundary 

The disposal concept approved by the competent authority used in 

this report refers to the KBS-3 disposal concept proposed by Swedish 

SKB (Figure 2-2). The KBS-3 disposal system includes: (1) near-field: 

areas affected by the decay heat and radiation of spent nuclear fuel. 

Near-field contains the engineered barrier system covering canister, 

which contains spent nuclear fuel, buffer, backfi l l ,  deposition hole and 

disposal tunnel; (2) far-field: natural barriers such as geosphere and host 

rock outside the repository area unaffected by decay heat and radiation; 

(3) biosphere: the area of the environment inhabited by humans and other 

organisms. 

The boundaries of the disposal system shall be defined prior to the 

safety assessment. The assumptions of boundary conditions of the 

repository system are l isted below.  

(1) Generally, it  is hard to specif ically define boundary conditions of 

the deep geological repository, which should be flexible. While 

implementing safety assessment, different factors correspond to 

different boundary conditions.  

(2) In this report, the adjacent catchment area of the radionuclide 

release point, including the repository, is defined as the assessment 

range of the biosphere. Outside of this range is considered as 

external factors. The depth of the biosphere ranges to the surface of 

the host rock. The range can be adjusted according to the 

requirements during the assessment.  

(3) Geosphere ranges to 1,000 m depth, which can be adjusted according 

to the requirements of assessment. For instance, the boundary 

condition of the local groundwater model and regional groundwater 

model is different. 

(4) Future human actions near the repository are considered as a part of 

the repository system, but future human actions and behaviors 

outside the regional area are not directly related to the repository 

system. 
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Figure 2-2: KBS-3 disposal concept 
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2.4.  Timescales 

2.4.1.  Regulatory Requirements 

In terms of the timescales of safety assessment, Taiwan's current 

regulations do not specify the timescale of safety assessment for the 

spent nuclear fuel repository. 

 

2.4.2. Timescale of Safety Assessment 

The radiation of 1 tonne SNF can attenuate to the level of 8 tonnes 

of natural uranium ore after 250,000 years of decay (SKB, 2011). For 

the safety assessment, the timescale should be set with a reasonable 

margin. 

The international safety standard and timescale can be referred to 

Table 2-2. The international dose l imitat ion of high-level waste final  

disposal repository is between 0.1 mSv/yr and 0.3 mSv/yr. The dose 

l imitat ion in Taiwan is 0.25 mSv/yr which is within the international  

standards. The international requirement for the risk is between 10-5  

/year and 10-6  /year. The requirement for the risk in Taiwan is 10-6  /year, 

which is a high standard all over the world. 

Considering the relevant international experience and the radiation 

effects caused by the SNF, the timescale of the safety assessment i n this 

report is set to 1,000,000 years post-closure. 

 

2.4.3.  Timescale of Repository Evolution 

The timescale of repository evolution is an important issue. For 

example, the internal processes description in Chapter 6 and the 

evolution analysis in Chapter 9 are related to the timescale issue. The 

repository evolution is related to the following timescales, which are 

described as follows: 

(1) Changes of radionucl ide species over 1 mil l ion years: 

(a) As described in Section 2.4.2, the basic safety assessment 

t imescale is related to the radiotoxicity of spent nuclear fuel. 

The radiation of 1 tonne SNF can attenuate to the level of 8 

tonnes of natural uranium ore after 250,000 years of decay. The 
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t imescale of the safety assessment of this report is set to 

1,000,000 years post-closure. 

(b) The doses from spent nuclear fuel are dominated by radionuclide 

species and their daughter nuclei with long half -l i fe and should 

be isolated for long periods to reduce the risk of radiation 

exposure. For long-term safety, direct radiation to humans is 

only a concern in scenarios addressing unintentional intrusion 

into the repository. 

(2) Timescales of long-term geological processes occurring over 

mil l ions of years, including tectonic movements caused by plate 

movement. 

(3) Timescale of cl imate change: the timescale range from decades to 

mil l ions of years. On the mill ion-year t imescale, the timescale of 

cl imate change is related to the glacial cycle, so the glacial cycle is 

used as the timescale basis in this report. 

(4) Timescale of human social change: The record of human history 

covers thousands of years. Over the past 100 years, many aspects of 

society have changed dramatically, either suddenly or within a few 

years. 

(5) Timescale of bentonite saturation: under the conditions of 

crystall ine rock environment, saturation of buffer, backfi l l  and host 

rock usually takes more than several decades.  

(6) Timescale of chemical conditions in host rock returning to natural 

conditions after the repository operation: it  is expected that 

chemical conditions in the host rock can return to close to natural 

conditions approximately several hundred years after the repository 

operation. 
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Table 2-2: Summary of dose/risk limits and assessment timescale of post-closure 

repositories in other countries. 

Nations 
Dose/Risk limit post-

closure of repository 

Timescale of safety 

assessment 
Reference 

Belgium 

Practical evaluation 

experience:  

Dose 0.1 - 0.3 mSv/yr. 

Risk 10-5/yr. 

Practical evaluation 

experience:  

over 1,000,000 years. 

[1][2]  

Bulgaria 
Regulation: 

Dose 0.3 mSv/yr. 
No specific regulation. 

[3] 

Canada 

Regulation: 

Dose 0.3 mSv/yr. 

Risk 10-5/yr. 

Regulation:  

include the time when 

the greatest impact 

occurs. 

[1][2][4]  

China No specific regulation. No specific regulation. [2] 

Czech 

Republic 

Regulation: 

Dose 0.25 mSv/yr. 
No specific regulation. 

[1][5]  

Finland 
Regulation: 

Dose 0.1 mSv/yr. 

Regulation: 

At least thousands of 

years. 

[1][2][6]  

France 

Regulation: 

Dose 0.25 mSv/yr 

(constrain value within 

10,000 years, reference 

value for 10,000 to 

1,000,000 years). 

Regulation: 

At least 1,000,000 years.  

[1][2]  

Germany 

Regulation: 

Dose 0.1 mSv/yr. 

Risk 10-5/yr. 

Regulation: 

Should have covered 

1,000,000 years. 

[1][2][7]  

Hungary 

Regulation: 

Dose 0.1 mSv/yr. 

Risk 10-5/yr. 

No specific regulation. 

[1][8]  

Japan 

Practical evaluation 

experience: 

0.1 - 0.3 mSv/yr 

Practical evaluation 

experience:  

at least 1,000,000 years. 

[1][2]  

South Korea 

practical evaluation 

experience: 

Dose 0.1 mSv/yr (normal 

evolution), 

1 mSv/yr (human 

intrusion). 

Risk 10-6/yr (Probability 

analysis). 

No specific regulation. 

[1] 

Netherlands 
Regulation: 

Dose 0.1 mSv/yr. 
No specific regulation. 

[1] 

Slovakia Regulation: No specific regulation. [1] 
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Nations 
Dose/Risk limit post-

closure of repository 

Timescale of safety 

assessment 
Reference 

Dose 0.1 mSv/yr. 

Spain 

Regulation: 

Dose 0.1 mSv/yr. 

Risk 10-6/yr. 

No specific regulation. 

[1][2]  

Sweden 
Regulation: 

Risk 10-6/yr. 
1,000,000 years. 

[9][10] 

Switzerland 

Regulation: 

Dose 0.1 mSv/yr. 

Risk 10-6/yr. 

Regulation: 

Over 1,000,000 years. 

[1][2][11]  

United 

Kingdom 

Regulation: 

Dose 0.15 mSv/yr. 

Risk 10-6/yr. 

No specific regulation. 

[1][2][12]  

United States 

Regulation: 

Dose 0.15 mSv/yr within 

10,000 years.  

1 mSv/yr between 10,000 

to 1,000,000 years.  

Regulation: 

1,000,000 years. 

[1][13] 

Taiwan 

Regulation: 

Dose 0.25 mSv/yr. 

Risk 10-6/yr. 

No specific regulation. 

[14] 

Reference:  

[1] OECD/NEA (2007) 

[2] Journal of University of South China (2020) 

[3] Bulgaria Government (2004) 

[4] CNSC (2006) 

[5] Czech Republic (2002) 

[6] STUK (2013) 

[7] BMUB (2010) 

[8] Hungary Government (2003)  

[9] SSI (1998) 

[10] SSM (2008) 

[11] ENSI (2009)  

[12] SEPA and NIEA (2009) 

[13] EPRI (2010b) 

[14] AEC (2013) 
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Figure 2-3: Radiotoxicity of SNF over time. 

Reference: SKB (2011) 
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2.5.  Safety of the Repository 

2.5.1.  Safety considerations for the Repository 

This report refers to the Swedish KBS-3 disposal concept, and 

establishes the following safety principles for the repository:  

(1) The repository is in a long-term stable deep geological environment. 

The SNF is isolated from human and ground environments to prevent 

the impact of human society changes and long-term climate changes. 

(2) The repository should be located in a place where there is no 

economic benefit to future generations in order to reduce the risk of 

human intrusion. 

(3) Several engineered barriers and the natural barrier are used to 

contain SNF (multiple barriers). 

(4) The primary safety function of the barriers is to contain the SNF in 

the canister. 

(5) If  the safety function of containment fails, the secondary safety 

function of the barriers is to retard the release of radionuclides from 

the repository.  

(6) The design and manufacture of the engineered barrier should use 

natural materials in order to maintain long-term safety in the 

environment of the repository system. 

(7) The design and construction of the repository should avoid serious 

harm to the long-term performance of the barrier caused by high 

temperature.  

(8) The design and construction of the repository should prevent 

radiation-induced reactions from serious harm on the long-term 

behavior of the engineered barrier and the host rock.  

(9) The design of the barrier should be passive, that is, it can perform 

its safety functions without any intervention by human. 

 

2.5.2.  Safety Functions and Safety Measurements 

The safety functions of the KBS-3 repository system can be divided 

into containment safety function and retardation safety function, as 

described below. 
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(1) Containment safety function: adopt multiple barrier concept to 

prevent radionuclidesô release from the spent nuclear fuels. In 

addition to the containment safety function of the zirconium alloy 

sheath of the spent nuclear fuel itself,  the multiple barrier also 

includes a canister, buffer and backfi l l , which are often referred to 

as engineered barrier systems. 

(2) Retardation safety function: when disposed for a long t ime, the 

containment safety function fails to allow the radionucl ides to be 

released. There are sti l l  multiple barrier systems that can delay or 

block the radionucl idesô transport after radionuclides are released 

into the engineered barrier system. 

 

The safety measurements based on the above safety function are the 

placement of spent nuclear fuel in the corrosion-resistant canister with 

mechanical strength cast iron l ining. The canister is surrounded by 

bentonite and placed in a deposition hole at a depth of more than 300 m 

above the surface as required by regulations in section 1.4.3. Under the 

safety measurement mentioned above, bentonite can reduce the effect of 

shear force caused by fractures on deposition holes and the effect of the 

isostatic load caused by the surrounding environment. Bentonite can also 

prevent corrosive agents from contacting the surface of the canister and 

reduce the canister corrosion. The host rock provides a long-term 

chemical, mechanical, thermal and hydrological stable environment. As 

a result,  the buffer and host rock provide the canister with a long-term 

containment barrier. 

As i f the canister fai ls, the retardation safety function provided by 

the KBS-3 disposal system becomes functional. The safety measurements 

considered for the retardation safety function are that fuel, canister, 

buffer and host rock can retard the radionuclides release. The cast iron 

l ining and copper shell  of canisters can prevent an inflow of 

groundwater. The buffer can l imit the groundwater fr om flow ing into 

canisters and l imit the release of radionuclides by sorption of bentonite.  

Groundwater would slowly f low in the rock fracture near the canister, 
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so numerous kinds of radionuclides would tend to transport by diffusion 

and are l ikely to be adsorbed by host rock.  

This report refers to the Swedish KBS-3 disposal concept, and the 

disposal system provides an effective containment safety function and 

retardation safety function. The safety functions provided by each 

system component in the disposal system are detailed in Chapter 7 of 

this report. The safety functions provided by each component of the 

disposal system are established based on the research results of Swedish 

SKB and the possible evolution of engineering design and geological 

environment, and the safety function indicators and criteria of individual 

components of the disposal system are set. Demonstrating that the barrier 

meets these safety function indicators and criteria in safety assessment 

provides arguments for the safety case that the barrier wil l  function as 

expected as the repository evolution. If  the barrier violates the safety 

function criteria, further assessment of the impact of the safety function 

on the overall  disposal system performance is required, but this does not 

mean that the disposal system cannot maintain long-term safety. 

If  the safety function indicators criteria cannot be met, the 

condition can be developed into scenarios to assess the safety of the 

repository, and the results are compared with the safety indicators of 

Taiwan to confirm that the repository st i l l  meets the requirements of 

regulations of Taiwan even if the safety function indicators criteria are 

not ful fi l led. 

 

2.6.  Expert Judgments 

As the disposal site has not been decided, this report collects 

historical researches to establish the reference case for study. The use 

of some analysis methods and data is based on the recommendations of 

IAEA SSG-14, referring to common international practices and using 

expert judgment mechanisms to simpli fy and make assumptions so as to 

accelerate the promotion of research and development work and to 

establish the safety confidence of the disposal concept. 
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There are various forms of expert judgment. For instance, directly 

interpret experimental results or judge the impact of anthropogenic 

greenhouse effects on future climate evolution to assess possible impacts 

on the repository. The process of expert judgment includes expert 

qualification identi f ication, expert invitation, convening discussion 

meetings and meeting records, which are all made into paper records to 

facil i tate inquiries and traceabi l ity. The documents of expert judgment 

include review reports, data l ists and meeting records, etc. 

 

2.7.  Information/Uncertainty Management 

2.7.1.  Definition of the Uncertainty 

This report refers to international practice methods (NEA, 1997a; 

NEA, 2005; POSIVA, 2018-02; NDA/RWM/153, 2017) and considers the 

classification and property of the uncertainties. In general, the 

uncertainties can be divided into three categories: (1) system/scenario 

uncertainty, (2) concept/model uncertainty, and (3) data uncertainty 

(Figure 2-4). The source of uncertainty can be divided into epistemic 

uncertainty caused by lack of background knowledge and aleatory 

uncertainty caused by natural variations. 

(1) System/scenario uncertainty 

It  is a comprehensive uncertainty. The main sources include (a) 

system evolution, (b) recognition of FEPs and their functions, and 

(c) the degree of understanding of the system. The uncertainty of 

the system is affected by the factors of FEPs related to the system 

and the capacity to describe the system. The uncertainty of the 

scenario is mainly caused by the setting of the scenario, which is 

not able to fully represent the future evolution. Therefore, whether 

the system description and scenario sett ing include the identified 

factors and processes of FEPs plays an important rolein reducing 

the uncertainty of the scenario. In practice, different evaluation 

cases can be set, and the possible future evolution of the repository 

can be fully considered to reduce the impact of the uncertainty of 

the scenario. 

(2) Concept/model uncertainty 
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The main sources of uncertainty in this part are (a) the degree of 

understanding of the system and (b) the assumptions, 

simpli ficat ions, and l imitations of the model. The degree of 

understanding of the evolution of the repository system wil l  affect 

the uncertainty of the assessment. In addition, the model describing 

the evolution of the repository system and related effects also plays 

a very important role. The classification of models can be divided 

into the following three types according to the description of the 

repository system: 

(a) Conceptual model:  

The model is composed of a qualitative description of the 

repository system. The uncertainty may come from whether the 

understanding of the conceptual model is correct and whether 

all related FEPs are included in the model. 

(b) Mathematical model:  

Mathematical model describes the repository system by 

presenting parts of conceptual models with mathematical 

equations. The uncertainty mainly comes from the process of 

model simpli fication.  

(c) Computational model:  

Computational model describes the repository system al l by 

mathematical model calculation. The uncertainty may come 

from potential errors in the model calculation process or 

t ime/space and numerical errors.  

In the process of modell ing, it is inevitable that a certain of 

uncertainty may be involved in each step. The uncertainty of 

the model can be reduced through model identif ication, which 

is verified by comparing the same types of models with each 

other or through independent review by experts. Veri fying and 

comparing the calculation results of the models with 

experimental results, natural analogue is also a common 

method for model identi fication. 

Since it is impossible to veri fy the interact ion of the future, the 

uncertainty of the model may increase or decrease with the 
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coverage of the assessment t imescale, which needs to be 

supplemented by natural analogue or other evidence (STUK, 

2014a).  

(3) Data uncertainty 

This part of the uncertainty involves all the input parameters used 

in the assessment, and the main sources are (a) the applicabil i ty of 

the data itself,  (b) different types of data, (c) lack of data, and (d) 

the variabil i ty in space or t ime. Since the input parameters of the 

model are established according to the model requirements, the 

uncertainty of the concept/model and the uncertainty of the data are 

closely related to some extent. The use of different types of data 

also creates uncertainty when calculating probabil it ies for different 

scenarios and cases. Model identi fication and data identi fication 

procedures help maintain the quality of the data used in the 

evaluation model and can effectively reduce data uncertainty. In 

addition, the data uncertainty can be quantitatively evaluated by 

deterministic or probabil istic analysis or by combining the above 

two to deepen the confidence of the evaluation results (NEA, 

2012b). 
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Figure 2-4: Classification of uncertainty. 
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2.7.2.  Stylised Requirements of the Evolution Case 

In the process of safety assessment, FEPs wil l be screened through 

FEPs, and a database of FEPs wil l  be built to explore the impact of 

interact ions. Analysis parameters wil l be set, and quantitative 

assessment models wil l  be established to completely deal with the 

various uncertainties that affect the safety functions of the repository 

system. Biosphere and other external factors wil l  be simpli fied in a 

ñstyl isedò way of conservative assumptions. When evaluating the 

biosphere or external factors with high uncertainty, representat ive cases 

with a high probabil i ty or possibil i ty of occurrence are used to describe 

the related evolutionary situation.  

The biosphere surrounding the repository is located in the boundary 

of the repository system, which belongs to a part of the repository 

system. As a result,  the uncertainty of the biosphere shall  be discussed 

by the same method as the repository system. However, there are many 

processes that determine the evolution of the biosphere, which occur 

extremely unevenly ( including multiple biospheres composed of mult iple 

biosphere objects). In addition, the biosphere may changes dramatically 

compared to the evolution of the repository system. Some uncertainties 

of the biosphere cannot be reduced either. Therefore, it is generally 

recommended to describe the biosphere in a styl ised way when 

evaluating the biosphere.  

On the other hand, a detailed analysis of the climate evolution 

processes is not within the scope of the safety assessment of the 

repository. In addition, climate evolution analysis is st i l l  a developing 

discipline, and some uncertainties cannot be reduced. Therefore, in the 

assessment of cl imate evolution, a reasonable description of possible 

future evolution wil l be done in a styl ised way along with the 

development of this discipline, including the uncertainty. The extreme 

climatic conditions that may affect the safety of the repository (such as 

the greenhouse effect caused by global warming) wil l  also be described 
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in a stylised way in order to make the uncertainty considerations in the 

safety assessment of the repository more complete. 

 

2.7.3.  Management of the Uncertainty 

Identi fying uncertainty, avoiding or reducing uncertainty, and 

uncertainty assessment are the basic strategies for uncertainty 

management (Posiva, 2012, 2017). During the management of 

uncertainty in this report, parameter sensitivity analysis wi l l  be carried 

out to understand the importance and relevance of the uncertainty of each 

input parameter to the evaluation results. In addition, the repository 

system wil l  maintain a suff icient safety redundancy during the design, 

and use conservative assumptions to deal with most of the uncertainties, 

and confirm that i t  can meet the requirements of relevant laws and 

regulations. Finally, for the uncertainty of identif ication, feedback is 

provided to the engineering design and site investigation by evaluating 

the effects qualitatively and quantitatively. Currently, data uncertaint ies 

(including random/systematic errors, sample variabil i ty, measurement 

method defects and other experimental errors, as well as uncertainties 

related to the interpretation of experimental data, and deviat ions caused 

by data selection) are init ial ly fed back to the model and scenario 

uncertainty, in order to carry out preliminary uncertainty management. 

 

2.8.  Quality Assurance 

Quality assurance of this program is based on 10 CFR 60 Subpart G 

quality assurance criteria of the United States Code of Federal 

Regulat ions, and refers to Nuclear Quality Assurance (NQA-1) "Quality 

Assurance Requirements for Nuclear Energy Facil i t ies" published by the 

American Society of Mechanical Engineers (ASME). The content is 

based on the requirements of 10 CFR 60.151, 152, and the quality 

assurance criteria of 10 CFR 50 appendix B, which l ists the main points 

of quality assurance, the division of powers and responsibil i t ies, and the 

operating requirements in order. Quality assurance of this program also 

strengthens the safety requirements of IAEA SSR-5 and safety guidelines 
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of SSG-23, and fully reflects the responsibil i ty of the relevant personnel 

for quality assurance of the ñSpent Nuclear Fuel Final Disposal 

Program.ò 

 

2.8.1.  Overview 

Generally, the quali ty assurance project for the long-term safety 

assessment of the SNF repository helps to ensure that all factors related 

to long-term safety have been appropriately included in the safety 

assessment. The main purpose of the safety assessment is to confirm the 

long-term safety of the repository over t ime. In principle, it is 

determined by comparing the assessment results and the related radiation 

dose with the standards.  

During the safety assessment, the scienti fic evaluation of the 

repository evolution wil l be carried out with models. The coupled 

process and mathematical model wil l  be simulated with the 

understanding of the phenomenon. The mathematical model wil l  be 

converted into code and input data to perform calculations. These 

processes need to be recorded to ensure its quality. In addition, the safety 

assessment needs to deal with many FEPs that affect long-term safety.  

The database that collects FEPs should also be used as a tool to check 

quality. The database could elaborate on how the specific FEPs are 

included in safety assessment and why others are excluded. Therefore, 

the quali ty assurance project is closely related to the quantitative 

processing of the evolution of the FEPs database and the repository. A 

complete quality assurance project and quality assurance system can help 

plan executives conduct safety assessments in a structured and 

comprehensive manner and help reviewers judge the quality and 

comprehensiveness of the assessment results. 

 

2.8.2.  Objectives of Quality Assurance 

The objective of quality assurance is to do the right thing and 

review the results in the right way, which ensures that the factors related 

to long-term safety are included in the safety assessment. 
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The design of the quality assurance project can specifical ly assist 

in achieving the fol lowing goals: 

(1) The program has fol lowed proper project management procedures, 

such as document control procedures. 

(2) Previous version of the FEPs database of the program is considered 

in the safety assessment, and all factors related to long-term safety 

are in the international NEA FEPs database as well.   

(3) The excluded factors have been approved by authoritative experts. 

(4) The methodology used for exclusion factors has been approved by 

authoritative experts. 

(5) The processing method of the mathematical model in quanti tative 

evaluation and the method of quality assurance in this model are 

confirmed.  

(6) The quantitative evaluations are properly evaluated by parameters 

that have passed quality assurance procedures.  

(7) The content of the safety assessment report and the response to the 

review are completed. 

 

2.8.3.  Quality Assurance Project 

The quality management system has been established, promoted, 

evaluated, and continuously improved in this program. According to the 

task requirements of the disposal program, each level of qual ity 

management documents shal l be formulated respectively.  

Regularly internal and external audits are also implemented to 

ensure the effectiveness and efficiency of the procedures in compliance 

with the quality management system. 

 

2.9.  Risk Assessment 

2.9.1.  Regulatory requirements 

According to the requirements of the SNF repository in Taiwan, 

such as "Regulations on the Final Disposal of High-Level Radioactive 

Waste and Safety Management of the Facil i t ies" Article 10 in Section 

1.4.2, i t is necessary to ensure that the repository shall be designed to 
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l imit the personal annual risk caused by the radiation to a person in the 

key groups outside the repository to less than 1/1,000,000. According to 

the dose to risk conversion factor of 0.057ùSv reported in ICRP103, the 

annual risk l imit of one part per mil l ion is equivalent to the effective 

dose l imit of 18 ɛSvùyear. However, according to regulatory 

requirements in Taiwan, the dose l imit used in this report is 13.7 

ɛSvùyear and is more conservative than 18 ɛSvùyear. 

 

2.9.2.  Application 

In addit ion to setting the safety assessment dose and risk targets by 

complying with the requirements of the aforementioned domestic laws 

and regulations, safety assessment operations are implemented by 

referring to international regulations. For example, IAEA SSG-14 

indicated that, "Safety assessment is the process of using appropriate 

methods to systematically analyze the facil i ty risk, the capacity of the 

site and the design of the faci l i ty to meet safety requirements. A safety 

assessment for a geological repository should include quantitative 

analysis of the overal l performance, uncertainty analysis and comparison 

with the design requirements and safety standards. Any signif icant 

deficiencies in scientific understanding, data or analysis that might 

affect the results presented also have to be identi fied in the safety 

assessment." The safety assessment should also determine any 

significant deficiencies in scienti fic knowledge, data, or analysis that 

may affect the results.  

In general, several issues involved in the post-closure safety 

assessment of the repository are defined as below: 

(1) Timescale of safety assessment: 

As mentioned in Section 2.4, although laws and regulat ions in 

Taiwan do not specify the timescale of post-closure safety 

assessment of high-level radioactive waste repository, this report 

defines 1,000,000 years post-closure as the timescale for the safety 

assessment based on domestic consensus and international 

experience. 
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(2) Definit ion of the crit ical groups: 

By the requirements of post-closure safety assessment, the 

definit ion of key groups (such as dose recipients) is based on the 

analysis of l iving habits and environmental characteristics, which 

considers the release and transport of various nuclides and their 

migration and exposure paths in the biosphere. The release and 

transport path with the highest risk are temporarily selected to be a 

safety impact on the key groups. 

(3) The definit ion of t ime evolution period: 

For the long-term evolution of the repository post-closure, this 

report uses the glacial cycle as the basis for dividing the time 

evolution period. 

 

2.9.3.  Alternative Safety Indicators 

Even though safety indicators of dose and risk can be used to assess 

the possible future radiation effects of the repository on humans, the 

biosphere evolution remains highly uncertain even on shorter t imescales. 

In safety assessment, it is necessary to make many assumptions against 

these uncertaint ies. As such, alternative safety indicators that do not 

require detailed assumptions about the biosphere or future human actions 

wil l often help to supplement dose and risk safety indicators and possible 

impacts on the non-human biosphere. 

According to the Swedish Radiation Safety Authorityôs regulations 

concerning safety in connection with the disposal of nuclear material 

and nuclear waste (SSMFS, 2008:21), radionuclide concentrat ions in 

groundwater or near surface water, radionuclide fluxes in the biosphere, 

etc., can be used as alternative safety indicators for supplementary 

instructions. These alternative safety indicators usually have no clear 

quantitative benchmark to follow. Although a comparison of the 

assessment results with the concentrations/fluxes of nuclides in nature 

may be considered, there may be a problem that arti f icial radionuclides 

have no benchmarks to refer to. At this t ime, it  can be considered to 

compare the assessment results with the total concentrations/fluxes of 
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the corresponding Ŭ/ɓ radionuclides in nature or compare the dose 

caused by each unit  intake to compare their overall radiotoxici ty. 

In addition to the aforementioned alternative safety indicators such 

as the concentrations/fluxes of radionuclides, the hydraulic, chemical or 

mechanical states of the repository barriers (for example, stress state or 

ionic strength, etc.), or natural analogies can be used as alternative 

safety indicators to supplement the radiation effects of the repository.  

The safety function indicators mentioned in Chapter 7 are also an 

alternative safety indicators related to the status of the barriers. The 

safety function indicators are quanti fied and compared with the safety 

function indicator criteria to confirm their possible impact and can be 

used to assess the performance of the overal l system. 

 

The important international l i terature on safety indicators and 

reference values is as follows: 

(1) The SPIN project (Becker et al.,  2002) 

As recommended by the SPIN project, the following two alternative 

safety indicators can be used to supplement the dose impact of the 

repository: 

(a) Radiotoxicity concentration in biosphere water: preference for 

medium time frames, i.e. several thousand to several tens of 

thousands of years. 

(b) Radiotoxicity flux from the geosphere: preference for late time 

frames. 

 

The project also reports on reference values that could tentat ively 

be used for comparisons to calculated concentrations/fluxes of 

radionuclides from the repository. 

(2) Finnish activity release constraints (STUK, 2001) 

According to the regulations of the Finnish Radiation and Nuclear 

Safety Authority (STUK) on the release activi ty, the release rate of 

radionuclides should comply with the following l imits: 

(a) 0.03 GBq/y for the long-lived Ŭ-emitting isotopes of Ra, Th, 

Pa, Pu, Am and Cm, 
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(b) 0.1 GBq/y for Se-79, I-129, and Np-237, 

(c) 0.3 GBq/y for C-14, Cl-36, Cs-135, and the long-lived isotopes 

of U, 

(d) 1 GBq/y for Nb-94 and Sn-126, 

(e) 3 GBq/y for Tc-99, 

(f)  10 GBq/y for Zr-93, 

(g) 30 GBq/y for Ni-59, 

(h) 100 GBq/y for Pd-107 and Sm-151. 

 

The above l imits only l ist  long half-l i fe radionuclides. The potential  

impact of their short half-l i fe daughter nuclei has been taken into 

account when sett ing the l imits. These radionuclide l imits can be 

used to assess the possible radionuclides release t o the biosphere 

due to the repository evolut ion after repository closure for 

thousands of years. 

It  should be noted that, when deriving the l imits, the Finnish 

regulatory authority took into account the possible future evolution 

of the biosphere at its candidate site (Olki luoto). Therefore, further 

evaluation may be required before the l imits can be used as a 

benchmark for comparison in this report. 

(3) SR-site safety analysis reports (SKB, 2011) 

In SR-site safety analysis reports, the following four indicators are 

used as alternative safety indicators for the safety assessment: 

(a) The release activity l imit in Finnish activi ty release constraints, 

(b) Radiotoxicity f lux from the geosphere in the SPIN project, 

(c) Measured concentrat ions of naturally occurring radionuclides 

in ecosystems at the Forsmark site or other comparable sites, 

(d) Naturally occurring f luxes of radionucl ides at the Forsmark 

site. 

(4) The report of the Nuclear Energy Agency of the Organization for 

Economic Cooperation and Development (NEA, 2012b). 

 

According to relevant laws and regulations in Taiwan, dose and risk 

are currently used as indicators to evaluate the repositoryôs safety. The 
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alternative safety indicators and their reference values currently adopted 

internationally can be used as a reference in the future to assist in 

explaining the doses and risks that may be caused by the repository. 
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3.   Features/Events/Processes (FEPs) 

3.1.  Introduction  

Inspecting and screening the Feature, Event, Process (FEPs) that  

may affect the function and safety of the disposal repository is an 

important preparatory work before the implementation of the safety 

assessment. Through extensive research on the interaction between 

various influencing factors and disposal repository, the safety function 

indicators of disposal repository components were determined under the 

engineering design premises and geological init ial  conditions. At the 

same time, the reference evolution of the disposal repository within the 

timescale of 1 mil l ion years safety assessment was constructed, and 

various possible scenarios and cases were developed to quantify the 

possible radiation dose impact of the disposal repository under 

individual scenarios and cases by means of assessment model f lowchart. 

Finally, the conclusion of the safety assessment, including the degree of 

risk compliance hazard and uncertainty analysis, is obtained by 

analyzing the influence of various scenarios. 

 

3.2.  FEPs Database of the Reference Case 

There are three ways to establish the FEPs list. The first is to gather 

people who have an overall concept of the repository system. These 

people would cooperate with experts in various f ields to form a working 

group and l ist and display the factors after comparison, discussion and 

integration. The second option is to select a FEPs list of other plans as 

the basis and modify i t according to the repository design and site 

characteristics of the program. The third option is to col lect known FEPs 

lists of other countries, and re-integrate the FEPs lists suitable for the 

Taiwan disposal program. 

The SNF Final Disposal Program in Taiwan is based on the Swedish 

KBS-3 disposal concept, with crystall ine rock as the priority for 

disposal. The concept of safety function from the Swedish SR-Site has 

been introduced into the safety assessment methodology. Therefore, this 

report fi rst refers to the FEPs inventory of the Sweden SR-Site program 
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and then conducts a prel iminary screening based on the disposal planning 

process, background, and reference case characteristics to select the 

appropriate FEPs. The FEPs of the external factors and the biosphere are 

closely related to the local environment. Therefore, the external factors 

were adjusted according to the geological environment of Taiwan. In 

addition to the local environment of Taiwan considered in the biosphere, 

the biosphere-related FEPs in the Japan H12 report were also referred 

to. With the above steps, the reference case FEPs list was established. 

Furthermore, this FEPs list would be compared to the International FEPs 

List ( IFEP) in the NEA FEPs database to ensure that al l relevant factors 

have been taken into account. 

After the above steps and incorporating the recommendations of 

recent expert meetings, a total of 439 FEPs were included in the FEPs 

database of the reference case. Based on the treatment of the FEPs in the 

safety assessment report, the FEPs in the FEPs database of the reference 

case are divided into five categories: (1) ini t ial state, (2) internal 

processes, (3) variables, (4) biosphere and (5) external factors (ү е

Ҩ , 2019a). The classification implications are as follows: 

(1) Init ial  state (18 FEPs in total) 

This section describes the requirements of the design, manufacture 

and construction of the system components for containment and 

retardation safety functions, as well as possible deviations. It  also 

describes the init ial  state of the canister, buffer, backfi l l ,  and 

underground facil i t ies. 

(2) Internal Processes (198 FEPs in total) 

The safety of the disposal repository is discussed from a long-term 

perspective in view of the individual or coupling effects of thermal-

hydro-mechanical-chemical (THMC) processes in the disposal 

repository system component. The content includes SNF, canisters,  

buffer, backfi l l ,  underground facil i t ies and geosphere. 

(3) Variables (99 FEPs in total) 

The variables are mainly based on scientific demonstration of the 

internal processes or interact ion model analysis and experimental  
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design. In the integration analysis of variables, i t is necessary to 

consider the change of all  internal processes on barrier 

characteristics over a long time evolution as far as possible. 

(4) Biosphere (90 FEPs in total) 

Based on local cl imatic condit ions, geographical condit ions, 

hydrological characteristics, cultural and ecosystem in Taiwan, the 

biosphere is divided into seven categories, which are thermal, 

hydrology, physical-chemical, radiology, migration, evolut ion and 

disturbance. 

(5) External factors (34 FEPs in total) 

The external FEPs classification mainly includes climate issues, 

regional geological processes, future human actions and others. 

 

3.3.  FEPs List of the Reference Case 

The FEPs data l ist of this report is based on the FEPs list of the 

SNFD2017, whose design concept is also based on crystall ine rock and 

a deep geological repository (ү еҨ , 2019a). Furthermore, from the 

FEPs database establ ished in section 3.2, FEPs suitable for the reference 

cases in this report were selected. The principle of factor selection for 

the FEPs list is as follows: 

(1) Evaluate the long-term safety of the disposal system, including FEPs 

related to the internal processes and variables of SNF, canister,  

buffer, backfi l l  and geosphere. 

(2) Select FEPs list associated with external condit ions and biosphere 

based on geological and environmental characteristics of reference 

cases. For example, the FEPs about estimating the ancient climate 

of reference case, sea level variation caused by global ice age, and 

coastl ine migration could be studied. The FEPs about extreme 

regional climate, regional crust movement, and future human actions 

post-closure can also be included and discussed. The related factors 

of regional influence directly caused by the ice age are excluded. 
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(3) According to the current level of research and technology 

development, the related FEPs list is screened to explore its impact 

on the safety of the repository. 

 

According to the above screening principles, this report establishes 

the FEPs data l ist of reference cases, with a total of 152 factors, as shown 

in Table 3-1. 
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Table 3-1: FEPs List of the Reference Case 

Initial state (10 FEPs in total) 

Number FEP name Definition  

TWISGen01 Major mishaps/ 

accidents/ 

intentional destruction 

This FEPs are major mishaps/accidents that 

occur in the operation and transportation of 

packaging plants and repositories, such as 

fires, explosions, earthquakes and floods. 

Intentional destruction (chemically and 

physically) and improper management are 

included in this FEPs, accompanied by 

decontamination processes after the accidents 

occur. 

TWISGen02 Effects of repository operation Repository operation will mainly affect the 

following development of the lithosphere and 

overall repository. The hydrogeological 

condition of the bedrock will be disturbed 

while the repository is excavated. Different 

parts of the repository may complete at 

different times, which may encounter 

different hydrogeological conditions and 

affect the saturation of the buffer and the 

backfill. All these issues are parts of the 

expected evolution of the repository, but they 

are not available in the automatic process of 

repository evolution through time. Therefore, 

it needs to be properly discussed in the 

evolution of the repository. 

TWISGen03 Incomplete closure The impact of the unclosed and abandoned 

repository is considered 

TWISGen04 Monitoring activities The purpose of monitoring activities is to 

maintain long-term safety, including 

underground borehole monitoring. 

TWISC01 Defective canister The improper management and damage of 

the canister during manufacture, sealing and 

transportation. Although there is quality 

control in manufacturing and sealing, random 

defects are still considered for some common 

factors. 

TWISC02 Design deviations - canister Welding or material defects (caused by 

geometry or material composition), such as 

loss of ductility due to impurities in copper 

materials or poor manufacturing methods, or 

"cold cracking" due to poor manufacturing 

methods. Although the manufacturing and 

sealing are under quality control, some 

random defects are still under consideration. 

TWISBu01 Mishaps ï buffer The installation failure or deviation of the 

buffer caused by the inflow of groundwater 

and the remote control of the suspension 

caused the unevenness of the buffer and/or 

reduced the density. 

TWISBu02 Design deviations ï buffer Although there is quality control, there are 

still deviations in the properties of the buffer. 

TWISBfT01 Mishaps - backfill in tunnels The inflow of water or errors or deviations in 

the backfill placement caused uneven 

backfill. 

TWISBfT02 Design deviations - backfill in 

tunnels 

Although there is quality control, there are 

still deviations in the properties of backfill. 

Internal Processes (58 FEPs in total) 
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Number FEP name Definition  

TWF01 Radioactive decay Metamorphosis of the radioactive species in 

the fuel caused by radioactive decay. 

TWF02 Radiation attenuation/heat 

generation 

Energy is transferred to the fuel or cavity of 

the canister through radiation. 

TWF03 Induced fission (criticality) The possibility of nuclear fission and 

criticality induced in the canister. 

TWF04 Heat transport Heat is transferred from the fuel and cavity 

of the canisters to the canisters through 

conduction and radiation. 

TWF05 Water and gas transport in 

cavity of the canisters 

The transport of water, steam and other gases 

in the failed canister. 

TWF08 Advection and diffusion Solute flows in and out of the canister 

through advection and diffusion. 

TWF09 Residual gas radiolysis/ acid 

formation 

The air and water in the intact canister may 

be decomposed by radiation exposure, and 

then the product may be converted into 

corrosive gas, such as nitric acid or nitrous 

acid. 

TWF11 Metal corrosion The activated substances are released from 

the metal caused by corrosion of the fuel 

jacket and other system components in the 

fuel. 

TWF12 Fuel dissolution If water flows into the cavity of the canisters, 

the fuel may dissolve/transform, causing the 

release of uranium and other radionuclides in 

the fuel matrix. 

TWF13 Dissolution of gap inventory If water enters the canister, the material that 

has been isolated in the gap between the fuel 

and the sheath will release radionuclides. 

TWF17 Radionuclide transport The radionuclides dissolved in the canister 

are transported by advection and diffusion, 

while the gaseous nuclides (C-14, Rn-222, 

and Kr-85) may be transported in the gas 

phase. 

TWC02 Heat transport The heat transport of metal in the cast iron 

lining and the copper canister is transferred 

by conduction. If the gap between the cast 

iron lining and the copper shell is vacuum, 

heat will be transferred by radiation. 

TWC03 Deformation of cast iron lining When the canister is mechanically loaded, 

such as buffer expansion, the initial stress 

will make the canister material elastically 

deform. However, if the stress is large 

enough, plastic deformation will occur. 

TWC04 Deformation of copper canister 

from external pressure 

Copper canisters are mainly used to prevent 

corrosion. The mechanical strength of the 

copper canister is of secondary importance, 

but the canister must withstand the loads of 

manipulating, transportation and disposal. 

Copper must have sufficient ductility to 

allow the cast iron lining to deform caused 

by external loads, regardless of plastic or 

creep strain. In addition, the copper canister 

must withstand the load caused by the 

deformation of the cast iron lining caused by 

external pressure. 

TWC09 Galvanic corrosion If the copper shell is broken and groundwater 

flows in and contacts the cast iron lining, the 



   

 3-7 

electrochemical reaction on the copper 

surface will affect the corrosion of the cast 

iron lining. 

TWC11 Corrosion of copper canister Corrosion of copper canisters under the 

conditions of the repository. 

TWC12 Stress corrosion cracking of the 

copper canister 

Under the conditions of the repository, the 

possibility of stress corrosion cracking of 

copper canisters. 

TWC15 Radionuclide transport See TWF17 radionuclide transport. 

TWBu02 Heat transport After the canister is set up, the heat enters the 

buffer from the surface of the canister by 

conduction or radiation. 

TWBu04 Water uptake and transport for 

unsaturated conditions 

Under unsaturated conditions, the negative 

capillary pressure in the buffer absorbs and 

transmits water in the rock around the 

deposition hole. 

TWBu05 Water transport for saturated 

conditions 

The flow of water in the buffer under 

saturated conditions. 

TWBu06 Gas transport/dissolution The process of gas transport from the buffer. 

This gas includes the air existing between the 

pores in the unsaturated stage and the 

hydrogen produced by the anaerobic 

corrosion of the cast iron lining in the failed 

canister in the saturated stage. Depending on 

the state of the buffer and the rate of gas 

generation, the gas will be transported by 

means of dissolution and diffusion, capillary 

two-phase flow, and expansion channels. 

TWBu07 Piping/erosion The pipe flow forms channels and continuous 

water flow in the bentonite and erodes the 

hydrated bentonite colloid. 

TWBu08 Swelling/mass redistribution The expansion of the buffer and other stress-

strain related effects that will cause the 

redistribution of the buffer quality, such as 

thermal expansion, creep, and the interaction 

of many buffers with canisters, near-field 

host rock and backfill. 

TWBu10 Advective transport of species The flow caused by pressure in the buffer 

causes the solute and colloid to be 

transported in the pore water. 

TWBu11 Diffusive transport of species The solute in the buffer is transported by 

diffusion, including enhanced cation 

diffusion and anion repulsion. 

TWBu12 Sorption (including exchange of 

major ions) 

The solute in the buffer is absorbed by ion 

exchange and surface complexation. 

TWBu13 Alterations of impurities Except for montmorillonite, the dissolution 

and secondary precipitation of accessory 

minerals and impurities in the buffer. 

TWBu14 Aqueous speciation and 

reactions 

The chemical reaction of the liquid phase 

includes thermodynamics and kinetics. 

TWBu15 Osmosis The impact on the properties of the bentonite 

buffer (swelling pressure and hydraulic 

conductivity) due to the difference in the 

mobility of ions flowing through the 

bentonite-rock interface. 

TWBu16 Montmorillonite transformation The deterioration of montmorillonite that 

occurs in the buffer. 

TWBu18 Montmorillonite colloid release The buffer is squeezed into the cracks of the 

rock mass around the deposition hole due to 
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the expansion effect, which may cause the 

separation of individual montmorillonite 

layers or small groups of mineral layers. 

TWBu22 Cementation Cementation mainly refers to the change of 

the rheological behavior and swelling 

properties of the buffer due to different 

chemical or mechanical effects. 

TWBu23 Colloid transport The formation, concentration, stability and 

transport of colloids in the buffer, including 

the aggregation of radionuclides and the 

radionuclides adsorbed by colloidal particles. 

In particular, it refers to the transfer of the 

colloid in the buffer from the inside of the 

canister to the host rock of the deposition 

hole. 

TWBu25 Transport of radionuclides in the 

water phase 

The radionuclides in the buffer are 

transported by advection, diffusion, seeding, 

adsorption, colloidal transport, and 

radioactive decay. 

TWBfT03 Water uptake and transport for 

unsaturated conditions 

Under unsaturated conditions, because the 

internal pores of the backfill are under 

negative capillary pressure, water is drawn 

from the surrounding rock mass and forms 

water transport. 

TWBfT04 Water transport for saturated 

conditions 

Under saturated conditions, the transport of 

water in the tunnel backfill is mainly caused 

by hydraulic gradients. 

TWBfT06 Piping/erosion Due to the water pressure generated at the 

junction of the rock mass cracks around the 

tunnel and the backfill, the backfill in this 

area produces pipe flow and erosion. 

TWBfT07 Swelling/mass redistribution The mass redistribution and expansion of the 

backfill in the tunnel, including thermal 

expansion, creep, and the interaction of the 

backfill with buffer, rocks, and tunnel 

plugging. 

TWBfT09 Substances advective transport Advection of solutes (dissolved substances) 

and colloids in water caused by pressure. 

TWBfT10 Substances diffusive transport The diffusion and transport of the solute in 

the tunnel backfill, including enhanced 

significant cation diffusion and anion mutual 

repulsion. 

TWBfT11 Sorption (including exchange of 

major ions) 

The solute of the backfill in the tunnel is 

adsorbed by ion exchange and surface 

complexation. 

TWBfT12 Alterations of backfill impurities Dissolution and secondary precipitation of 

accessory minerals and impurities other than 

montmorillonite in the backfill. 

TWBfT13 Aqueous speciation and 

reactions 

See TWBu14: Seeding and reaction of 

aqueous solutions. 

TWBfT14 Osmosis The effect of osmosis on the properties of the 

backfill (swelling pressure and hydraulic 

conductivity). 

TWBfT15 Montmorillonite transformation The metamorphism of montmorillonite in the 

tunnel backfill and the corresponding 

metamorphic effect. 

TWBfT16 Backfill colloid release The mechanism of the colloid release of the 

tunnel backfill. 
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TWBfT21 Transport of radionuclides in the 

water phase 

The process of movement of radionuclides in 

the backfill by advection, diffusion, 

speciation, adsorption, colloidal migration, 

and radioactive decay. 

TWGe03 Groundwater flow The groundwater flow in the surrounding 

host rock during the excavation, operation 

and closure of the repository. 

TWGe05 Displacements in intact rock The phenomenon of rock displacement 

around the repository due to mechanical or 

thermodynamic loads. 

TWGe06 Reactivation - Displacement 

along existing discontinuities 

The normal and shear displacements of the 

discontinuous surface of the rock mass under 

different loading conditions. 

TWGe07 Fracturing Bedrock rupture caused by high tension or 

stress concentration. 

TWGe11 Advective transport/mixing of 

dissolved species 

The solute is transported by the groundwater 

flow in the connecting fractures of the rock. 

These flow paths will intersect in some 

places, leading mixing of water from 

different conduction cracks. Advection 

results in the substitution and/or mixing of 

different types of water. 

TWGe12 Diffusive transport of dissolved 

substances in fractures and rock 

matrix 

The diffusion and transport of groundwater 

flow in fractures, at this time, the advection 

of groundwater is small. Diffusion in the 

pores of the rock matrix includes anion 

repulsion and surface diffusion. 

TWGe13 Formation and sorption of 

substances 

The water in the water-bearing fractures in 

the rock mass and the micro-cracks in the 

rock matrix are stagnant in some places, and 

there will be solute seeding and adsorption 

on the surface. 

TWGe14 Reactions of groundwater/rock 

matrix 

The chemical interaction between immobile 

groundwater and minerals in the rock matrix. 

TWGe15 Dissolution/precipitation of 

fracture-filling minerals 

The dissolution of minerals on the surface of 

the fracture and the precipitation of 

groundwater dissolved substances on the 

surface of the fracture, including co-

precipitation of radionuclides. 

TWGe24 Transport of radionuclides in the 

water phase 

The integrated appearance of the transport-

related effects of radionuclides in the water 

phase, that is, advection and dispersion 

(mixing), diffusion and rock matrix diffusion, 

adsorption and species formation, colloidal 

transport, and radioactive decay. 

External Factors (30 FEPs in total) 

Number FEP name Definition  

TWCli01 Climate system - Components of 

the climate system 

The Earth's climate system is composed of 

five major parts, including the atmosphere, 

hydrosphere, cryosphere, surface and 

biosphere. 

TWCli02 Climate system - Climate 

forcing 

There are three types of natural climate 

drivers: (1) Changes in the radiation emitted 

by the sun. (2) The earth's orbit changes. (3) 

Geological structure. In addition, human 

drive can be added, although strictly 

speaking, human influence is not a part or 

component of the climate system. 
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TWCli03 Climate system - Physical 

process and interaction 

The description of climate system processes 

and interactions is non-linear, covering 

energy budget, radiation balance, 

hydrological cycle, carbon cycle, and 

feedback mechanism. The feedback 

mechanism-related process is the 

enhancement (positive feedback) or 

weakening (negative feedback) of  the 

initial change of external processes. 

TWCli09 Climate- related issues - 

Shoreline migration 

The relative sea-level changes associated 

with the adjustment of the glacial equilibrium 

have caused coastline migration. 

TWCli11 Climate- related issues - 

Denudation 

Describing the effects of combining all 

weathering and erosion processes, that is, 

denudation is the sum of the processes of 

abrasion or the gradual reduction of 

topographic unevenness. 

TWCli12 Climate- related issues - Sea-

level change 

FEPs related to sea-level changes may 

undergo global (sea-level rise and fall) 

changes and regional geological changes, 

such as balanced movement of the crust. 

TWCli13 Climate change The effects of global warming, extreme 

climates, glacial cycles and monsoon 

changes. 

TWCli14 Climate- related issues-

Hydrological/hydrogeological 

response to climate changes 

FEPs related to hydrology and hydrogeology, 

such as the response of climate change to 

groundwater replenishment in a certain area, 

sediment load and seasonality. 

TWCli15 Climate system - Climate in 

Taiwan 

Taiwan's current climate and future climate 

evolution. 

TWLSGe02 Earthquakes The distribution of earthquakes in Taiwan 

today, and the catalogue of earthquakes in 

Taiwan and the genesis mechanism of 

earthquakes. 

TWLSGe03 Earthquake/ active faulting The impact of earthquakes caused by fault 

activity on the repository, including current 

distribution and activity analysis of faults in 

Taiwan. 

TWLSGe04 Volcanism/ Magmatic activity "Magma" refers to the high-temperature 

molten fluid generated inside the earth. And 

the so-called volcanic activity refers to the 

activity of magma erupting to the surface and 

various geological phenomena caused by this 

activity. The safety-related factors are the 

range distribution, activity frequency and 

characteristics of volcanic/magma activities. 

TWLSGe05 Uplift/ Subsidence Terrain uplift and subsidence caused by 

orogenic movement and plate movement, 

rock-making bodies or terrain uplift and 

subsidence influence. 

TWLSGe06 Diapirism/(mud diapir) This refers to the argillaceous rock deep 

underground. Because of its low density and 

high plasticity, it arches upwards when 

squeezed by the stratum, causing it to 

penetrate into the overlying rock. 

TWLSGe07 Hydrothermal activity FEPs related to high-temperature 

groundwater include hydrothermal alteration 

of rocks and minerals, such as density-driven 

groundwater flow and high-temperature 

groundwater flow. The safety-related factor 
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is the influence of hydrothermal activities on 

ground hydrology, underground chemistry 

and microbial activities. 

TWLSGe08 Mechanical evolution plate The evolution of past and present mechanics 

has an impact on the current mechanical 

conditions of the plate. 

TWOth01 Meteorite impact The consequences of meteorite impact on the 

safety of the repository. 

TWOth02 special event - landslide The phenomenon in which a large piece of 

rock or soil suddenly falls and moves down a 

long mountain slope is called a landslide. 

The falling soil, rock and cuttings are 

extremely unstable, and they often continue 

to collapse until the slope becomes slower, 

and then they will gradually stabilize. 

Landslides may include impacts such as 

falling rocks and landslides. 

TWOth03 special event- mudflows Earth-rock flow refers to the natural 

phenomenon of a mixture of materials such 

as mud, sand, gravel, boulders, and water, 

which is produced by gravity and flows from 

high to low along slopes or ditches. 

TWOth04 special event-tsunami A tsunami is triggered by a submarine 

earthquake and causes the sea to undulate 

violently, forming powerful waves. 

TWOth05 Special events - extreme 

weather 

Extreme weather includes the effects of 

floods, extreme precipitation, hailstorms and 

lightning. Its impact timescale is short, but it 

may have an important impact on the 

excavation operation period. 

TWOth06 special event-erosion of 

seacoasts and rivers 

Coast and river erosion refers to the 

interaction between sea water and the coast. 

As a result of long-term effects, in some 

places, the coastline will continue to recede 

and the beach width will be significantly 

reduced, or when the front edge of the beach 

and the slope of the sea bed become steep, 

coastal erosion might occur. Taiwan Island is 

surrounded by the sea with a coastline of 

more than 1,000 km. Coastal erosion has not 

only caused land loss but also the 

foundations of buildings in coastal areas may 

be hollowed out and collapsed. Coastal anti-

wave facilities cannot even withstand violent 

tides and huge waves. 

TWOth07 Disaster event-typhoon A typhoon is a type of tropical cyclone, that 

is, a strong low pressure that occurs in the 

tropical ocean. When the maximum wind 

speed near the center of the tropical cyclone 

reaches or exceeds 17.2 m/s (about 62 

km/hr), it is called a typhoon. According to 

statistics, on average, about 3 to 4 typhoons 

invade Taiwan per year. During the invasion, 

they often cause disasters such as strong 

winds, heavy rains, flooding, landslides, 

mudflows, storm surges, and seawater 

intrusion. 

TWFHA01 General considerations Overall consideration of future human 

actions involves waste management 

principles and generational responsibilities. 
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TWFHA02 Societal analysis, considered 

societal aspects 

The occurrence of human actions in the 

future may affect important social issues of 

the repository. 

TWFHA03 Technical analysis in general 

aspects 

Human actions that need to be considered in 

the site selection and design of repository, 

economic aspects and technological 

development. 

TWFHA04 Thermal impact and purpose of 

human action 

The construction and technology that will 

affect the repository and functions, including 

the construction of heat storage, heat pump 

systems, extraction of geothermal heat, and 

construction of heating/cooling machines in 

the repository. 

TWFHA05 Hydraulic impact and purpose of 

human action 

The construction and technology that will 

affect the repository and its functions, 

including: sinking wells, constructing 

reservoirs, changing the direction of surface 

water (river, lake, sea), or connecting with 

other surface water. 

TWFHA06 Mechanical impact and purpose 

of human action 

The construction and technology that will 

affect the repository and its functions, 

including: drilling holes in rock formations, 

building caves, tunnels, building mines, and 

building garbage landfills. 

TWFHA07 Chemical impact and purpose of 

human action 

The construction and technology that will 

affect the repository and its functions, 

including: storing hazardous wastes in rocks, 

establishing sanitary landfills, acidizing or 

polluting the air, water, soil or rock pans, and 

disinfecting the soil. 

Biosphere (54 FEPs in total) 

Number  FEP name Definition  

TWBioHY01 Groundwater release The release of radionuclides from the 

geosphere to the biosphere in connection 

with the discharge or abstraction of 

groundwater. 

TWBioHY02.1 Groundwater flow Part of streamflow that has infiltrated the 

ground, entered the phreatic zone, and 

discharged into a stream channel, via springs 

or seepage water. 

TWBioHY02.2 Surface runoff The flow of water that occurs when excess 

storm water, meltwater or other sources 

flows over the earth's surface. 

TWBioHY02.3 River flow The amount of flow in rivers affects erosion 

and deposition. 

TWBioHY02.5 Marine currents A continuous, directed movement of 

seawater generated by forces acting upon this 

mean flow, such as breaking waves, wind, 

the Coriolis effect, densification, temperature 

and salinity differences. 

TWBioHY02.6 Sea spray Aerosol particles that are formed directly 

from the ocean, mostly by ejection into the 

atmosphere by bursting bubbles at the air-sea 

interface. 

TWBioHY02.7 Flooding An overflow of water that submerges land 

which is usually dry. Flooding will affect the 

area over which infiltration takes place. 



   

 3-13 

TWBioHY03 Aquifer recharge The addition of water to the aquifer either 

directly from surface waters or via another 

formation. 

TWBioHY04 Precipitation Precipitation is any product of the 

condensation of atmospheric water vapor that 

falls under gravity. 

TWBioHY06 Evapotranspiration Transfer of water from the soil to the 

atmosphere by evaporation from the soil and 

transpiration in plants. 

TWBioMC01 Erosion(wind, water, floods) Relatively continuous change in the landform 

due to the action of wind or water. Water 

erosion is produced by rainfall, surface 

runoff, river water and occasional floods that 

remove surface soil material or plants. 

TWBioMC02 Soil conversion Natural evolution of some environmental 

media could result in the formation or loss of 

soil. Natural processes like the ageing of 

lakes or changes in river courses may lead to 

lake or river sediments becoming land, and a 

lowering of the water level can have the 

same effect. 

TWBioMC4.2 Adsorption/Desorption Sorption or adhesion onto the solid surface of 

a layer of ions from an aqueous solution and 

the reverse process. Parameters like chemical 

form, Eh, pH and the presence of other 

chemical species influence the retardation 

processes, including ion exchange and 

complexation processes. 

TWBioMC05 Weathering Weathering is the disintegration and 

decomposition of rock and regolith into 

smaller pieces. Weathering can be chemical 

or mechanical.  

TWBioRA01 External irradiation processes Potential exposures to contaminated sources 

resulting in an external irradiation of the 

human critical group considered in the 

assessment. 

TWBioRA02.1 Inhalation exposure processes Incorporation of radioactivity into the body 

due to breathing air, including aerosols of 

resuspended dust and gases. 

TWBioRA02.2 Ingestion exposure processes Incorporation of radioactivity in water or 

contaminated substances via ingestion. 

TWBioRA03 Resource usage Human habits in the natural and agricultural 

contaminated resources usage could lead to a 

source for human exposure. 

TWBioRA05 Water filtration Filtration of water for drinking purposes or 

for other purposes. 

TWBioRA06 Air filtration Filtration of air by natural or artificial 

mechanisms. 

TWBioRA07 Ventilation Active ventilation of houses or rooms within 

houses. 

TWBioRA08 Food processing Preparation of food which may modify 

contaminant concentration in the final 

material consumed. 

TWBioRA09 Location/shielding factors Shielding and other reduction factors for 

calculation of external radiation doses. 

TWBioRA10 Diet Consumption rates of different products. 

TWBioRA11 Ploughing Ploughing is an agricultural practice which 

turns over the soil. 
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TWBioRA12 Soil fertilization Fertilization with contaminated crop 

residues, ashes, green manure or cattle 

manure could add activity to the soil. 

TWBioMI01.1 Transport processes between 

surface waters and porous media 

Natural processes leading to the transport of 

contaminated water to the porous media or 

vice versa. 

TWBioMI01.1.1 Percolation Movement of contaminated water through 

the soil layers into the water table. 

TWBioMI01.1.2 Capillary rise Upwards transfer of water through soil layers 

above the water table due to capillary forces 

caused by evapotranspiration. 

TWBioMI01.1.4 Infiltration The flow of contaminated water from the 

surface to soil layers. The amount of water 

entering the unsaturated zone controls 

groundwater recharge. 

TWBioMI01.2 Transport of suspended 

sediments 

Transport of suspended sediments with 

flowing water. 

TWBioMI02.2 Rock falls Transport of solid material by rock falls. 

TWBioMI02.3 Resuspension/ deposition The resuspension of material into the 

atmosphere and subsequent deposition. 

TWBioMI02.4 Sediment resuspension Resuspension of sediments due to flowing 

water. 

TWBioMI02.5 Sedimentation The gravitational settling and deposition of 

suspended particles within water bodies to 

form sediments. 

TWBioMI02.7 Bed-load transport Transport of particles in a flowing fluid along 

the bed. Bed load moves by rolling, sliding 

and hopping. 

TWBioMI03.1 Gas transport Transport of gases and volatile material in 

the atmosphere. 

TWBioMI04.1 Plant uptake Uptake of radionuclides by absorption and 

biological processes of plants from surface 

media. 

TWBioMI04.2 Translocation The internal movement of material from one 

part of a plant to another. 

TWBioMI04.3 Senescence/litterfall/excretion Organic material of organism that falls to the 

ground. 

TWBioMI04.4 Interception Interception is the fraction of wet and dry 

deposition of elements that is retained on 

vegetation and does not immediately 

infiltrate into the ground. 

TWBioMI04.6 Intake by animals Consumption and inhalation by animals. 

TWBioMI04.7 Internal transfer within animals The transfer of material from animal feed to 

tissues which may be consumed by other 

biota and humans. 

TWBioMI04.8 Intrusion Intrusion is defined here as the process 

whereby organisms (including humans) enter 

the repository by, for example, locomotion, 

drilling or growth. 

TWBioMI04.9 Bioturbation The redistribution and mixing of soil or 

sediments by the activities of plants and 

burrowing animals. 

TWBioMI05.1 Irrigation The use of contaminated water from surface 

water bodies or a well to irrigate crops. 

TWBioMI05.2 Well supply Extraction of water from an aquifer. 

TWBioMI05.3 Recycling of solid materials Recycling of solid materials. 
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TWBioMI05.6 Dredging of sediments for soil Human actions may cause significant 

movements of solid materials: dredging of 

sediments from lakes, rivers and placement 

on soil. 

TWBioMI05.7 Earth work Human action may cause significant 

movements of solid materials. These actions 

are exclusively building activities. 

TWBioMI06 Import/export Import/export is the process whereby 

something is transported into/out of the 

model domain. 

TWBioEV01 Sea-level changes Alteration in the level of the sea relative to 

the land. Sea-level change would affect 

coastal aquifers. 

TWBioEV02 Topography changes The change of topography involves the three-

dimensional change of terrain, surface, and 

landforms. 

TWBioEV04 Agriculture and aquaculture 

changes 

Agriculture and aquaculture are the main 

food supply of human, and will be the most 

important pathways to estimate  human 

exposure in the future. 
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3.4.  Comprehensive Analyses 

In this report, the treatment and related safety function of FEPs 

considered in the reference case wil l be elaborated in Chapters 4 to 

Chapter 7. The contents are briefly shown as below: 

(1) Init ial  state and variations (Chapter 4): 

Descript ion of the ini t ial state of the disposal repository, and details 

of radiation source items (SNF), and engineered barriers are 

described in Section 4.2. The geosphere and biosphere are described 

in Section 4.3. The disposal repository layout is described in 

Section 4.4. Monitoring is described in Section 4.5. 

(2) External factors (Chapter 5): 

For climate-related issues, the impact of the glacial period on the 

repository is considered, as described in Section 5.2. The issues 

related to tectonic evolution are described in Section 5.3. Future 

human actions which consider the impact of unintentional human 

intrusion are described in Section 5.4. 

(3) Internal processes (Chapter 6): 

The safety of the disposal repository is discussed from a long-term 

perspective based on individual or T-H-M -C coupling effects in the 

disposal system. The contents include the design of components of 

the disposal repository such as SNF, canister, buffer, backfi l l  and 

geosphere, and the mechanism of T-H-M -C coupling in the 

geosphere. The internal processes are described in Chapter 6. 

(4) Safety functions and safety function indicators (Chapter 7): 

In the safety assessment, the safety function of each system 

component should be demonstrated to maintain isolation, 

containment and retardation of the repository, and to ensure that the 

exposed population wil l  not be signif icantly affected by 

radioactivity. The safety functions are described in Section 7.2. 

Containment safety function indicators are described in Section 7.3. 

Retardation safety function indicators are described in Section 7.4.  

Key issues of evolution over t ime are described in Section 7.5. 
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Inf luencing factors of the evolution of safety function indicators 

over t ime are described in Section 7.6. 
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4.   Initial State of the Repository 

4.1.  Introduction  

The comprehensive description of the init ial state of the repository 

system is one of the main bases for the safety assessment. In general, the 

init ial states of the geosphere and biosphere are defined before the 

excavation period. Through site investigations, the init ial state of the 

geosphere and biosphere can be obtained, and a reference case can be 

established for the following performance assessment of the engineering 

facil i ty and safety assessment after closure. For an engineered barrier 

system, the init ial state is defined at the time of completion of 

deposition/installation for an individual deposition hole. 

The init ial state of the engineered barrier system is largely obtained 

from the design specif ications of the repository, including allowable 

tolerances or deviat ions. Besides, the manufacturing, excavation and 

control methods have to be described in order to adequately discuss and 

handle issues of the init ial  state caused by the incomplete design 

specificat ions.  

This chapter briefly describes the init ial state of the engineered 

barrier system, geosphere and biosphere, and layout of the repository. 

Understanding of ini t ial state of the repository is the basis for the safety 

assessment. 

 

4.1.1. Overview of the System 

As mentioned in Section 2.5, the final disposal concept is based on 

an international recognized deep geological repository. By referring to 

the disposal concept of advanced countries, crystall ine rocks are adopted 

as the host rock. The SNF would be vertically disposed at approximately 

500 m depth underground in a stable stratum (natural barrier). The 

release of radionucl ides would be contained and migration would be 

retarded by the mult iple-barrier system, which is bui lt with a natural 

barrier and engineered barrier (canister, buffer and backfi l l ) to reduce 

the radiation influence on human. 
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As mentioned in Section 1.1, 4,913 MTU of SNF (corresponding to 

2,571 canisters in the repository) needs to be disposed. The disposal  

facil i ty  has been sub-divided into a number of components or sub-

systems, which are shown as below: 

(1) Source term (SNF).  

(2) Cast iron l ining and copper shell canister.  

(3) Buffer in the deposit ion holes. 

(4) Disposal tunnels and backfi l l. 

(5) Other underground space and backfi l l  (e.g. transport tunnel, shaft,  

central area, etc.)  

(6) Plug. 

(7) Investigation boreholes and sealing materials. 

(8) Host rock. 

(9) Biosphere. 

 

4.1.2. Initial State FEPs 

The understanding of the init ial  state of the repository system is 

one of the main bases for the safety assessment. The init ial  state of the 

engineered barrier system is described according to variables of the FEPs 

database in Section 3.2 and the FEPs l ist of the reference case in Section 

3.3. 

 

4.2.  Source Term and Initial State 

4.2.1.  Initial State related to Long-Term Safety of the Repository 

At the point of safety assessment in the early stage post-closure, 

the considerations of the ini t ial state of the repository system are as 

below: 

(1) Inf luence from SNF decay heat in the canister on the short-term 

thermal evolution of the repository. 

(2) Quality of welding/sealing canister. 

(3) Strength of cast iron l ining. 

(4) Inf luence on density of buffer after installation. 

(5) Inf luence on density of backfi l l  after installation. 
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4.2.2.  Format for Descriptions of the Initial State  

The init ial state of different components of the repository is 

described in this section. Firstly, the safety functions of each component 

and its design functions wil l be considered, and the corresponding 

specificat ions for each design function wil l be proposed. Finally, the 

design specifications of each component are produced, which are 

regarded as the init ial states. 

The following subsections wil l quantitat ively explain the init ial  

state of the source term, canister, buffer and backfi l l;  meanwhile, 

backfi l l ing of shafts and ramps, grouting materials and plug wil l  be 

described by referring to relevant studies. 

 

4.2.3.  Source Term 

BWR fuel assemblies of Taiwan are mainly designed by 

manufacturers such as GE, ANF, SPC, and Areva, with init ial uranium 

enrichment ranging from 0.71 wt% to 4.064 wt%. PWR fuel assemblies 

of Taiwan are mainly designed by Westinghouse, with init ial  uranium 

enrichment ranging from 1.603 wt% to 4.75 wt%. The amount of SNF 

used in this report unti l the end of 2019 is based on the "Final Disposal 

Plan for Spent Nuclear Fuel (2018 Revision)" (Taipower Company, 

2019c) for the related analysis and technical advancements, as shown 

in(Table 1-1 ). 

After the SNF assemblies are discharged from the core, they are 

expected to be stored for 50 years (wet and dry storage) for cooling and 

decay before disposal, and the disposal operation is planned to start after 

2055, and 50 canisters per year wil l  be processed starting from the SNF 

of Chinshan nuclear power plant. Based on the conservative calculation 

method provided in NUREG RG 3.54 Revision 1 (US NRC, 1999) and 

CR-6999 (US NRC, 2010), the decay heat power generated by every 

bundle of SNF after 2055 is calculated. The average value of SNF decay 

heat power at the first year of SNF disposal in each power plant 

(including the expected SNF generated by Kuosheng and Maanshan 
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power plants with the conservative assumption of decay heat power) and 

the average heat load of the canister are calculated. Taking the largest  

average heat load of canisters in the first year of disposal at each nuclear 

power plant and adding a conservative value of 50 W (SKB, 2010a), the 

decay heat source of all canisters during disposal is about 1,200 W. 

The radioactivity of SNF is extremely high, and they emit large 

amounts of decay heat, including fission products/activation products 

(FP/AP) such as Tc-99, Cs-135, and I-129, and act inide (AC) such as 

Np-237, Pu-239, Am-243 and Cm-247. Some of these nuclides are alpha-

emitting nucl ides with half-l ives of hundreds of thousands of years. 

SCALE/ORIGEN-S (ORNL, 2011) program developed by Oak Ridge 

National Laboratory (ORNL) was used in the assessment. Based on the 

operating history and fuel design information of the three Taiwan 

nuclear power plants, the burnup of SNF at each plant was evaluated, 

and the cooling time from the discharged date to the planned disposal 

date was taken into account to estimate the radionuclide inventory. In 

addition, the number of canisters was used as the weighting to calculate 

the weighted average of the inventory after considering the overall 

canister loading characterist ics of the repository. 

The radionucl ides were identified primarily according to the 

following process (Figure 4-1): 

(1) Fission/activation products: 

The identi fication was mainly based on the radiotoxicity index (RI) 

and half-l i fe of the fission/activation products. The radiotoxici ty is 

calculated as fol lows: 

 

RI(t)=A(t)×DCF 
(4- 1) 

 

where, 

RI(t):  radiotoxici ty index, [Sv]. 

A(t): activity of radionuclide in SNF, [Bq]. 
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DCF: dose conversion factor, [Sv/Bq]. The dose conversion factors 

from ICRP 119 report ( ICRP, 2012) were used in the calculation. 

t: disposal t ime (yr). 

 

According to radionuclide identif ication (SKB, 2010h) and the 

calculation results, f irstly, the radionuclides with a radiotoxicity 

index greater than 0.1 Sv and a half-l i fe greater than 10 years were 

selected; then the radionuclides with a radiotoxicity index lower 

than Cs-137 and Sr-90 within 1,000 years after disposal and those 

with radiotoxicity index close to zero within 10,000 years after 

disposal were excluded. There were 13 radionuclides identified 

including Sr-90, Cs-137, Tc-99, Zr-93, Pd-107, I-129, Cs-135, Sn-

126, Se-79, C-14, Cl-36, Ni-59, and NB-94. 

(2) Actinides and their daughter nuclides: 

By excluding the radionuclides with a half-l i fe of fewer than 10 

years and no activity contribution among the act inides and their 

daughter nuclides, a total of 21 radionuclides, including the 

following nuclides, could be identified: 

(a) 4N series: Pu-240ŸU-236ŸTh-232. 

(b) 4N+1 series: Cm-245ŸAm-241ŸNp-237ŸU-233ŸTh-229. 

(c) 4N+2 series: Cm-246ŸPu-242ŸPu-238ŸU-238ŸU-234ŸTh-

230ŸRa-226ŸPb-210. 

(d) 4N+3 series: Am-243ŸPu-239ŸU-235ŸPa-231ŸAc-227. 

The init ial inventory of the 34 nuclides mentioned above (mole 

numbers of nuclides in each canister and the amount of SNF in each 

canister are shown in Section 4.2.4) is shown in Table 4-1. 
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Figure 4-1: Screening process of the major radionuclides. 

Reference: Tsai (2016) 
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Table 4-1: Initial inventory of the major radionuclides (34 in total). 
 

Nuclides mol/canister 

Fission / 

Activation 

product 

C-14 3.25×10-2 

Cl-36 7.00×100 

Ni-59 6.39×102 

Se-79 1.87×10-1 

Sr-90 5.35×100 

Zr-93 2.37×101 

Nb-94 2.97×10-1 

Tc-99 2.43×101 

Pd-107 6.93×100 

Sn-126 5.00×10-1 

I-129 3.73×100 

Cs-135 9.83×100 

Cs-137 8.52×100 

Actinide series Pb-210 1.06×10-9 

Ra-226 1.49×10-7 

Ac-227 4.79×10-9 

Th-229 5.28×10-8 

Th-230 4.28×10-4 

Pa-231 9.62×10-6 

Th-232 1.30×10-4 

U-233 1.50×10-4 

U-234 2.55×100 

U-235 6.74×101 

U-236 5.20×101 

Np-237 6.60×100 

U-238 8.08×103 

Pu-238 1.75×100 

Pu-239 4.24×101 

Pu-240 2.65×101 

Am-241 1.12×101 

Pu-242 8.51×100 

Am-243 1.97×100 

Cm-245 4.40×10-2 

Cm-246 7.66×10-3 

 

  



   

 4-8 

4.2.4.  Canister 

The canister is composed of a ducti le copper shell  on the outside 

and a high-strength cast iron insert,  square channel tube and l id on the 

inside referring to the design concept of the Swedish KBS-3 disposal 

system. Basic safety functions are containment and retardation of 

radionuclides, so that the long-term safety of the repository can be 

maintained. In order to achieve the aforementioned goals, the canister 

must have the following design functions (POSIVA and SKB, 2017): 

(1) Withstand corrosion: the copper shell  of the canister is made of 

highly pure copper to avoid corrosion coupled to grain boundaries. 

Oxygen contents can only be allowed up to tens of ppm. 

(2) Withstand isostatic load: the canister should be able to withstand 

pressures from buffer swell ing pressure and groundwater pressure. 

(3) Withstand uneven swell ing pressure: the buffer could have different 

densities due to the non-uniform distribut ions of groundwater in the 

deposition hole during saturation. Therefore, the buffer could cause 

uneven swell ing pressures to the canister, which the design of the 

canister needs to take into consideration. 

(4) Withstand rock shear force: after the closure of the disposal tunnel, 

an earthquake might trigger shear movement of the rock fracture 

surrounding the deposition hole, and rock shear force could be 

imposed on the canister and the buffer. Thus, the canister design 

needs to consider this factor. 

(5) Radiation dose: the canister should help meet the radiation-related 

regulations mentioned in Section 1.4. In addition, to avoid 

groundwater radiolysis and buffer bentonite material being 

influenced by radiation, the radiation dose rate at the surface of the 

canister must not exceed 1 Gy/h (POSIVA and SKB, 2017). 

(6) Criticality: the canister must be designed to ensure the crit icality 

safety ( i.e., Effect ive Multiplication Factor, K ef f must not exceed 1). 

However, for conservative safety consideration reasons, a 5% 

deduction is further imposed, and therefore, the effective 

multiplication factor must not exceed 0.95 (SKB, 2010c; POSIVA 

and SKB). 
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The design requirements corresponding to the above design 

functions are shown in Table 4-2. 

Insert and tube are the main components to resist external force 

based on their geometric shape and material strength. The ducti le and 

corrosion-resist ive copper shell  on the outside can protect the SNF well  

even when large deformation is generated under shear displacement or 

uneven pressure. The copper shell  is one of the important barriers to 

avoiding the release of radionuclides from the canister. The thickness of 

the copper shell is determined according to the corrosion resistance 

requirements of the disposal environment and the evaluation results of 

shielding effect iveness. The copper thickness of the canister is the same 

as the design concept of the Swedish KBS-3. Considering the deposition 

hole without suffering the erosion of the buffer, the thickness of the 

copper shell of 5 cm can resist corrosion for at least 1 mil l ion years.  

When the buffer is severely eroded, the thickness of the copper shel l can 

sti l l  maintain sufficient safety functions of canisters for quiet a long 

time to reduce the radiotoxicity of radionuclides. 

Because of the difference in component sizes between BWR and 

PWR, the canister wi l l  be loaded with 4 sets of PWR SNF assemblies or 

12 sets of BWR SNF assemblies. Based on the estimated amount of SNF 

in Taiwan (Table 1-1), 2,571 canisters (1,491 for BWR and 1,080 for 

PWR) wil l be needed.  

In addition, according to Section 4.2.3, the decay heat of each 

canister during disposal was estimated conservatively. The designed 

value of heat load of the canister and decay heat curve were formulated 

under consideration of 50 canisters being placed every year. The ini t ial  

thermal power of the canister was set as 1,200 W. In addition, based on 

the maximum length of the fuel rod in Taiwan, and the necessary gap for 

installation, the canister specifications are as fol lows: 

(1) The overal l length: BWR canister is 4,905 mm, and the PWR canister 

is 4,835 mm. 

(2) Outer diameter: 1,050 mm. 

(3) Copper thickness: 50 mm. 
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(4) Insert length: BWR canister is 4,643 mm, PWR canister is 4,573 mm. 

(5) Diameter of Insert:  949 mm. 

(6) The relevant design specifications of the canister are summarized in 

Table 4-3 and shown in Figure 4-2 to Figure 4-6. The material 

specificat ions are shown in Table 4-4. 
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Table 4-2: Design functions and requirements of the canister. 

Function of 

design 
Character 

Design requirements for long-term 

safety  

Withstand even 

isostatic load 
Containment 

Withstand swelling pressure of the buffer 

(10 MPa) and groundwater pressure at the 

repository depth (5 MPa) (POSIVA and 

SKB, 2017). 

Withstand 

uneven isostatic 

load 

Containment 

Withstand buffer swelling pressure 

between 3 MPa and 10 MPa (POSIVA and 

SKB, 2017). 

Withstand shear 

force from the 

fracture 

Containment 

Withstand shear movement over 

deposition hole Ò 5 cm at a velocity of 1 

m/s for a buffer with the maximum 

allowed shear strength (POSIVA and 

SKB, 2017). 

Radiation dose Radiation effects 

The repository shall be designed to ensure 

that the annual effective dose to a person 

outside the repository will not exceed 

0.25mSv (Regulations for the Final 

Disposal of High- Level Radioactive 

Waste and Safety Management of the 

Facilities, Article 9). 

Surface 

dose 

Avoid the impact of radiation on 

the buffer, the radiative hydrolysis 

of groundwater, and the effects of 

SNF neutrons and gamma ray on 

the canisters. 

Dose rate at the canister surface Ò 1 Gy/h 

(POSIVA and SKB, 2017). 

Criticality 

Avoid excessive energy release that 

affects the engineered barrier and 

surrounding rocks. 

Substantial changes in the 

inventory of radioactive species 

may lead to an increase in nuclear 

species released from disposal 

sites. 

It needs to be maintained in a subcritical 

state. The effective neutron multiplication 

factor needs to be less than 0.95 (POSIVA 

and SKB, 2017). 

 

Table 4-3: Design specifications of the canister. 

Common dimension for canister (mm) 

Copper shell 

Total length (A) 
BWR 4,905 

PWR 4,835 

Interior length 
BWR 4,463 

PWR 4,443 

Wall thickness (T) 50 

Outer diameter (B) 1,050 

Inner diameter (C) 850 

Inner diameter (E) 952 

Inner diameter (F) 821 

Inner diameter (G) 850 

Diameter, lid (H) 953 

Corner radius (I) 10 

Dimension (K) 35 
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Dimension (L) 50 

Thickness, lid (M) 50 

Dimension (N) 60 

Dimension (P) 75 

Thickness, base (Q) 50 

Dimension (R) 50 

Insert 

Diameter (D) 949 

BWR 

Thickness of 

bottom (B) 
60 

Interior length(C) 4,533 

Edge distance(H) 33.3 

Dimension (N) Drill depth 90 mm 

Length (A) 4,643 

PWR 

Thickness of 

bottom (B) 
80 

Interior length (C) 4,443 

Edge distance (H) 37.3 

Dimension (N) Drill depth 100 mm 

Length (A) 4,573 

Insert channel tubes 

BWR 

Channel tube corner radius (I) 20 

Distance between channel tubes (K) 30 

Distance between compartments (J) 210 

Channel tube cross section (L) 160×160 

Channel tube thickness (M) 10 

PWR 

Channel tube corner radius (I) 20 

Distance between channel tubes (K) 110 

Distance between compartments (J) 370 

Channel tube cross section (L) 235×235 

Channel tube thickness (M) 12.5 

Steel lids 

Diameter (E) 910 

Lid thickness (F) 50 

Dimension (G) 5° 

Initial thermal load limit (W) 1,200 
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Table 4-4: Material specifications of the canister. 

Weight of 

the 

canisters 

Copper shell (BWR-canister) 7,500 kg 

Insert with lid (BWR-canister) 13,700 kg 

Canister with fuel (BWR-

canister) 
24,600 kg-24,700 kg 

Copper shell (PWR-canister) 7,500 kg 

Insert with lid (PWR-canister) 16,400 kg 

Canister with fuel (PWR-

canister) 
26,500 kg-26,800 kg 

Copper 

shell 

Elastic modulus 120 GPa 

Poisson's ratio 0.308 

Density 8.9×103 kg/m3 

Copper purity >99.99% 

Elongation >40% 

Creep ductility >15% 

Average grain size <800 ɛm 

Insert 

Elastic modulus 166 GPa 

Poisson's ratio 0.32 

Density 7.2×103 kg/m3 

Yielding strength 
>267 MPa (tension) 

>270 MPa (compression) 

Ultimate strength >480 MPa (tension) 

Fracture toughness in 0°C 

J2mm > 88 kN/m 

J1c > 33 kN/m 

Klc > 78 MPa(m)1/2 

Elongation >12.6 % 

Steel lid 

Elastic modulus 210 GPa 

Poisson's ratio 0.3 

Density 7.85×103 kg/m3 

Yielding strength >335 MPa (tension) 

Ultimate strength >470 MPa 
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Figure 4-2: Specifications of copper shell of the canister. 

Reference: SKB (2010l). 

Note: the unit is mm. A=4,905; B=1,050; C=850; T=50; E=952; F=821; G=850; H=953; I=10; K=35; 

L= 50; M=50; N=60; P=75; Q=50; R=50. 
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Figure 4-3: Specifications of cast iron lining of the canister. 

Reference: SKB (2010l). 

Note: the unit is mm. H=33.3; N=45; I=20; K=30; J=210; L=10; M=10; A=4,573; B=60; C=4,643; 

D=949. 

 

 

Figure 4-4: Specifications of steel lid of the canister. 
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Reference: SKB (2010l). 

Note: the unit is mm. E=910; F=50; G=5°. 

 

 

Figure 4-5: Specifications of copper shell and cast iron lining of the canister. 

Note: the unit is mm. The A-A cross-section is shown as Figure 4-6. 

 

 

Figure 4-6: Cross-section of the canister 

Note: the unit is mm. 
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4.2.5.  Buffer  

The buffer is one of the engineered barriers in the repository.  The 

buffer is installed in the deposition holes and it wil l  f i l l  the space 

between the canisters and the host rock. The design functions of the 

buffer include the following i tems (SKB, 2010c): 

(1) l imit advective mass transport,  

(2) l imit  microbial activity, 

(3) f i l ter colloids, 

(4) keep the canister in position in the deposition hole, 

(5) not significantly impair the barrier functions of the other barriers, 

(6) maintain the barrier design function in a long-term perspective. 

 

The design functions, propert ies, and design requirements of the 

buffer are shown in Table 4-5. The reference buffer is bentonite clay and 

its main composition is montmoril lonite. Sufficient montmoril lonite 

content of the bentonite can provide appropriate hydraulic conductivi ty 

and swell ing pressure. In addition, the harmful substances content of 

bentonite should be l imited, such as sulfide and sulfur, which may reduce 

the performance of the buffer or cause the canister to corrode. 

MX -80 bentonite wi l l  be the raw material for the buffer, and its 

characteristics were investigated through experiments. Experiments on 

swell ing pressure and hydraulic conductivity under different bentonite 

densities were carried out using disti l led water and cation strength of 

2.54 mM synthetic groundwater (the chemical composition and content 

are shown in Table 4-6, based on the groundwater composit ion in Section 

4.3.2). The experiment results are shown in Figure 4-10 and Figure 4-11 

to provide reference properties for design and to ensure that the designed 

specificat ions meet the design requirements. According to the 

experiment results, the dry density of MX-80 bentonite with a swell ing 

pressure of 3 MPa is about 1,494 ËÇȾÍ ,  which is equivalent to a 

saturated density of 1,950 ËÇȾÍ . The dry density of the swell ing 

pressure of 10 MPa is about 1,650 ËÇȾÍ , which is equivalent to the 

saturated density of 2,050 ËÇȾÍ . When the dry density of MX-80 
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bentonite is above 1,100 ËÇȾÍ  (equivalent to the saturated density of 

1,700 ËÇȾÍ ), i t can satisfy the condition that the hydraulic conductivity 

is lower than ρπ  m/s. Therefore, the saturated density of the buffer 

is 1,950 ËÇȾÍ  to 2,050 ËÇȾÍ , which can meet the overall design 

requirements in Table 4-5. 

The buffer instal led in the deposition hole consists of compacted 

blocks and pellets with specific density. The specifications of each 

component of the buffer wil l  be designed according to the specificat ions 

of the deposition hole and the design requirements of the thickness of 

the buffer (see Section 4.2.6), mainly including solid blocks above and 

below the canister, ring-shaped blocks around the canister, pellets fi l led 

in the gap between the buffer block and the deposition hole wall. The 

reference specifications of buffer blocks and pel lets are presented in 

Table 4-7. The geometry specifications of buffer blocks are presented in 

Figure 4-7. And the design requirements for manufacturing and 

installation of the buffer are presented in Table 4-8. 

A schematic of the canister and buffer installation in the deposition 

hole is shown in Figure 4-8 and as follows: 

(1) Bottom of the canister: installed a solid block with a height of 575 

mm and a diameter of 1,650 mm. The groove is designed according 

to the footing of the bottom of the canister to facil i tate the 

installation and posit ioning of the canister (see Figure 4-5). 

(2) Around the canister: ring-shaped blocks are designed to surround the 

canister according to the dimensions of the canister and deposition 

hole. The ring-shaped block has an inner diameter of 1,070 mm and 

an outer diameter of 1,650 mm. And consider the height of the 

canister, one ring-shaped block with height of 830 mm and 5 ring 

shaped blocks with a height of 800 mm will be used which wil l be 

stacked from the bottom to the top. 

(3) Above the canister: the block above the canister is designed to fi l l  

the hollow in the canister l id (see Figure 4-5). On top of it, 2 solid 

blocks with a height of 500 mm will be used. 
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(4) Upper part with connecting bevel:  f i l led with solid blocks and 

pellets. 

 

According to the design requirements, the saturated density of each 

part of the buffer in the deposit ion hole should be between 1,950 and 

2,050 ËÇȾm3 after installation and saturation. The saturation density of 

the buffer in each part of the deposition hole was calculated according 

to the reference specif ications of buffer blocks and pellets, which are 

shown in Figure 4-9. The average saturated density is 2,019 ËÇȾm3 

(average dry density is 1,590 ËÇȾÍ ), which fulfi l ls the density of the 

relevant design requirements in Table 4-5. Figure 4-10 shows the 

relation between MX-80 bentonite dry density and swell ing pressure, and 

Figure 4-11 shows the relation between MX-80 bentonite dry density and 

hydraulic conductivi ty. It can be seen that under the saturated density 

condition after buffer installation and saturation, the swell ing pressure 

is larger than 2 MPa and the hydraul ic conductivi ty is lower than ρπ  

m/s, which fulfi l ls the relevant design requirements in Table 4-5. 
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Table 4-5: Design functions, properties, and design requirements of the buffer 

Design function  Properties Design requirements for long-term safety 

Limit advective 

mass transport 

Properties that affect 

swelling pressure and 

hydraulic conductivity. 

According to the safety function indicator for limit 

advective mass transport, the hydraulic 

conductivity of the buffer should be less than 

ρπ  m/s and the swelling pressure should 

exceed 1 MPa. 

Fulfilled for the swelling pressure required with 

respect to the capability to eliminate microbes and 

not damage the canister for expected shear 

movements. 

Limit microbial 

activity 

Properties that affect 

swelling pressure. 

 

According to the safety function indicator for limit 

microbial activity, the swelling pressure shall 

exceed 2 MPa. 

Fulfilled for the swelling pressure required with 

respect to the capability to eliminate microbes and 

not damage the canister for expected shear 

movements. 

Filter colloids Properties that affect 

tortuosity and size of 

pores. 

According to the safety function indicator for filter 

colloid, the dry buffer density shall exceed 1,000 

kg/m3. 

Fulfilled for the swelling pressure required with 

respect to the capability to eliminate microbes and 

not damage the canister for expected shear 

movements. 

Keep the canister 

in position in the 

deposition hole 

Properties that affect 

swelling pressure. 

 

According to the safety function indicator for 

preventing canister sinking, the swelling pressure 

shall exceed 0.2 MPa. 

Fulfilled for the swelling pressure required with 

respect to the capability to eliminate microbes and 

not damage the canister for expected shear 

movements. 

Not significantly 

impair the barrier 

functions of the 

other barriers 

Properties that affect 

swelling pressure and its 

distribution, stiffness and 

shear strength. 

 

The swelling pressure of the buffer shall be less 

than 10 MPa to fulfill  the safety function indicator 

limiting the pressure applied to the canisters and 

rock. 

The swelling pressure of the buffer after 

installation and saturation should be less than 10 

MPa, to prevent too high shear impact on the 

canister.  

Properties that affect the 

chemical conditions 

around the canister. 

The content of organic carbon should be less than 

1 wt%. 

The sulfide content should not exceed 0.5 wt% of 

the total mass, corresponding to approximately 1% 

of pyrite. 

The total sulfur content (including the sulfide) 

should not exceed 1 wt%. 

Maintain barrier 

design function 

and its long-term 

durability 

Properties that affect the 

ability of the buffer to 

uphold and maintain the 

minimum swelling 

pressure, maximum 

hydraulic conductivity, 

acceptable stiffness and 

shear strength, tortuosity 

and size of pores and 

chemical composition. 

The design requirements should follow the 

geometric requirements of the buffer and other 

requirements that may affect the geometry of the 

buffer and the deposition hole (i.e. initial installed 

mass and saturated density). 

 

Properties that affect the 

ability of the buffer to 

After swelling, the buffer should uphold the 

minimum swelling pressure 2 MPa and the 
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uphold and maintain the 

minimum swelling 

pressure, maximum 

hydraulic conductivity, 

acceptable stiffness and 

shear strength, tortuosity 

and size of pores and 

chemical composition. 

hydraulic conductivity should not exceed ρπ  

m/s independently of dominating cation and for 

chloride concentration up to 1 M. 

After swelling, the shear strength of the buffer 

must not exceed the strength used in the verifying 

analysis of the canisterôs resistance against shear 

force. 

Properties that affect the 

heat transport through 

the buffer. 

According to the safety function indicator for resist 

buffer transformation, the temperature of the buffer 

should be less than 100 °C. 

The buffer geometry, water content and distances 

between deposition holes should be selected such 

that the temperature in the buffer is less than 

100°C. 

ReferencesȸSKB (2010c); Posiva and SKB (2017). 

 

Table 4-6: Chemical composition of the synthetic groundwater. 

Component Molecular mass Weight (g) 

(1LĀH2O) 

NaCl 58.44 0.0572 

NaNO3  84.99 0.0504 

K2SO4  174.27 0.008 

MgSO
4
Ā7H2O   246.48 0.0145 

Mg(NO
3
)
2
Ā6H2O  256.41 0.0013 

 

Table 4-7: Reference specifications of the buffer blocks and pellets. 

Parameter Reference specification Accepted 

variation 

Solid 

blocks 

 

Dry density (kg/m3) 1,710 +/- 20 

Water content (%) 17 - 

Dimensions (mm) H: 500 
 

Ring 

shaped 

blocks 

Dry density (kg/m3) 1,770 +/- 20 

Water content (%) 17 - 

Dimensions (mm) H:  800 / bottom H: 830 
 

Pellets 

 
Dry density loose filling (kg/m3) 1,000 +/-40 

Water content (%) 17 - 

Dimensions (mm) 16í6í8 - 
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Table 4-8: Design requirements for manufacturing and installation of the buffer. 

Design consideration Require property Design requirements 

The bentonite of buffer and 

methods for manufacturing, 

installation, testing, and 

inspection shall be based on 

well-tired or tested techniques.  

Buffer must be manufactured 

and installed to the designed 

specifications with a high-

reliability technique. 

The buffer can be compact to 

required density.  

- 

The dimensions, weight and 

water content of the buffer 

must be designed so that it can 

be manufactured, transported, 

and installed with high 

reliability.  

The reference sequence for 

deposition of the canister.  

The reference sequence of 

installation of the buffer and 

backfill. 

The reference design of 

deposition holes. 

Reference: SKB (2010c) 

Unit:  mm 

(a) Specifications of buffer blocks in the upper part of the deposition 

hole (left) and above the canister (right). 

 Unit: mm 

(b) Specif ications of buffer rings around the canister (left) and under 

the canister (right). 

Figure 4-7: Geometry specifications of the buffer blocks and rings. 
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Figure 4-8: Installation of canister and buffer in the deposition hole. 

 

1,750

1,650

1
,5

0
0

6
,9

0
5

8
,1

5
5

1
,2

5
0

1,600

Unit: mm

Thickness of 

buffer material 

at bottom of 

the canister

5
0

0

50

10

Thickness of 

buffer material 

at top of the 

canister

T
o

ta
l 
h

e
ig

h
t 
o

f 
d

e
p

o
s
it
io

n
 h

o
le

T
o

ta
l 
h

e
ig

h
t 
o

f 
b

u
ff
e

r 
m

a
te

ri
a

l

B
e
v
e
l f

o
r 

c
a
n

is
te

r 

in
s
ta

lla
ti
o

n

Gap between 

canister and 

buffer block

Working slot for 

block installation

(fill with pellets 

after installation)



   

 4-24 

 

Figure 4-9: Saturated densities of buffer in the deposition hole. 

Note: the numbers in the brackets refer to dry densities. 
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Figure 4-10: Swelling pressure versus bentonite dry density for different water 

solutions. 

Reference: ү еҨ (2018a). 

Note: MX-80 bentonite in distilled water and synthetic groundwater conditions. 

 

 

Figure 4-11: Hydraulic conductivity versus bentonite dry density for different water 

solutions. 

Reference: ү еҨ (2018a). 

Note: MX-80 bentonite in distilled water and synthetic groundwater conditions. 
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4.2.6.  Deposition Hole 

The design requirements of the deposition hole are l isted in Table 

4-9, and the geometry design requirements of the deposition hole are 

i l lustrated in Figure 4-12. The design of the deposition hole needs to 

l imit the dimension and geometry, so that the installed buffer component 

can reach the expected design condition. The inflow rate of the 

deposition hole should be less than 0.1 L/min to avoid buffer loss due to 

piping erosion. The connected effective transmissivity integrated along 

the full  length of the deposition hole wall and as averaged around the 

hole, should be less than ρπ  m2/s (SKB, 2010j). According to the 

design requirements related to the deposition hole and the designed 

diameter of the canister (see Section 4.2.4), the diameter of the 

deposition hole is 1,750 mm, and the height is 8,155 mm. 

The upper part of the deposition hole is designed with a bevel to 

allow the canister to turn into an upright position over the deposition 

hole. According to the height of the disposal tunnel (see Section 4.2.7), 

the rotation space for install ing the canister, and the height of the 

construction equipment for install ing canister, the height from the top of 

the canister with construction equipment to the bottom of the disposal 

tunnel should be less than 4,100 mm (Figure 4-13). Therefore, it  is 

expected that when the canister is installed, the center of the canister is 

inclined at an angle of 38° above the center of the deposition hole, and 

the bottom of the canister is 500 mm away from the bevel for rotation 

space. And the height from the top of the canister to the bottom of the 

disposal tunnel is about 4,069 mm (Figure 4-13), which meets the 

aforementioned 4,100 mm requirements. 

 

  



   

 4-27 

 

Table 4-9: Design requirements of the deposition hole. 

Design consideration Require property Design requirements 

Sufficient thickness of 

the buffer around and 

at upper and lower 

parts of the canister to 

provide the function of 

protecting the canister. 

The diameter and height of 

the deposition hole shall 

have enough space to 

accommodate the buffer and 

canister. 

Design thickness of the buffer:  

around the canister 350 mm 

below the canister 500 mm 

above the canister 1,500 mm 

Dimensions of the canister refer to the 

ñDesign of the canisterò report and 

Section 4.2.4 of this report. 

The level of the bottom 

of the deposition hole 

is required to ensure 

that the buffer blocks 

and the canister be 

effectively installed in 

a central position. 

Inclination of the deposition 

hole bottom should be able 

to allow installation of 

buffer and deposition of the 

canister. 

If the bottom of the deposition hole is 

tilted, the buffer block will not be 

effectively installed in the center position 

of the deposition hole, which will affect 

the canister installation in position.  

The inclination over the part of the cross- 

section where the 

Bottom buffer block placed shall be less 

than 1/1,750. 

Limit the dimension of 

the deposition hole to 

ensure that the density 

of the designed buffer 

component after 

installation can be 

maintained within the 

design requirements.  

The dimension variations of 

the deposition hole must not 

be larger than to allow 

deposition of the buffer 

according to specification. 

Each horizontal cross section must not 

exceed the designed cross- section by 

more than 7%. 

According to the diameter of the canister 

(1,050 mm) and the thickness of the 

buffer around the canister (350 mm), the 

deposition hole where the buffer is going 

to be installed the design diameter is 

1,750 mm, and shall be at least 1,745 mm.  

Reference: SKB (2010c). 
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Figure 4-12: Geometry design requirements of the deposition hole. 
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Figure 4-13: Bevel design of the deposition hole and demonstration of the installation 

of the canister. 
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4.2.7.  Backfill  

The design of the disposal tunnel and the backfi l l  is to ensure that 

backfi l l  after installation reaches the expected density, so the geometry 

and dimension of the disposal tunnel must be l imit ed in order to control 

the excavation volume. The acceptable dimension and geometry of the 

disposal tunnels are i l lustrated in Figure 4-14. The design requirements 

related to the disposal tunnel are given in Table 4-10. The requirements 

comprise acceptable dimensions and geometry, and acceptable inflow to 

the disposal tunnel. 

The backfi l l  is the material installed in the disposal tunnels to fi l l  

the empty space. It  is also one of the engineered barriers in the 

repository. The design functions of the backfi l l  include the following 

items: 

(1) l imit flow of water (advective transport) in disposal tunnels to 

decrease the harm of water flow to engineered barriers. 

(2) restrict buffer upward swell ing/expansion to provide mechanical 

support and maintain its volume in the deposition hole, preventing 

the buffer from swell ing outside the deposition hole and decreasing 

its density. 

(3) not significantly impair the barrier function of the other barriers. 

(4) maintain its barrier functions and long-term durabil i ty in the 

environment expected in the repository. 

 

The design functions, propert ies, and design requirements of the 

backfi l l  are presented in Table 4-11,  in which bentonite is manufactured 

as backfi l l  blocks and pel lets with specif ic sizes and densities. The 

design requirements for manufacturing and installation of the backfi l l  

are presented in Table 4-12. Moreover, the interaction between the 

backfi l l  and disposal tunnel should be seriously considered to ensure 

technical feasibil i ty. 

The backfi l l  wil l  be made of bentonite whose main composition is 

montmoril lonite. Sufficient montmoril lonite content of the bentonite can 

provide appropriate hydraulic conductivity and swell ing pressure to 
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ful fi l l  the design requirements of backfi l l . The montmoril lonite content 

wil l  also affect the compressibil i ty of the material and the capabil i ty of  

the backfi l l  to restrict upward swell ing/expansion of the buffer. In 

addition, the harmful substances content of bentonite should be l imit ed, 

such as sulf ide, sulfur, and organic carbon which reduce the performance 

of the other barriers. 

MX -80 bentonite wil l  be the raw material for the backfi l l , and its 

characteristics were investigated through experiments. Experiments on 

swell ing pressure and hydraulic conductivity under different bentonite 

densities were carried out using disti l led water and cation strength of 

2.54 mM synthetic groundwater (the chemical composition and content 

are shown in Table 4-6 based on groundwater composition in Section 

4.3.2) to provide reference properties for the design. 

The backfi l l  is composed of bentonite blocks and pellets to a 

specific density and f i l led in the disposal tunnel with the maximum 

fi l l ing amount according to the dimension and geometry of the disposal 

tunnel. The geometry specif ications of backfi l l  blocks are presented in 

Figure 4-15. The reference specificat ions of backfi l l  blocks and pellets 

are presented in Table 4-13. The backfi l l ing wil l  mainly use machinery 

control and automatic installation to reduce the radiation dose of 

personnel. Schematic of the backfi l l  instal led in the disposal tunnel and 

reference design of the installed backfi l l  are presented in Figure 4-16 

and Table 4-14. The descript ion of each component installed in the 

disposal tunnel is as follows: 

(1) Bottom bed of the disposal tunnel: the bottom bed is installed with 

pellets and compacted to a flat layer with a thickness of 10 cm. To 

achieve a reliable installation, the bottom bed needs to be compacted 

so that the density is high enough to yield sufficient bearing capacity 

for the blocks and flat enough to yield a symmetric block. 

(2) Disposal tunnel: the dimension of the block is 70 cm long, 66 cm in 

width, and 52 cm in height. There are 6 blocks stacked horizontally 

for each tunnel cross-section, and the width after stacking is 396 cm, 

leaving about 10 cm gaps between the blocks and the tunnel wal l,  

which facil i tates the dry spraying equipment to eject the pel lets to 
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f i l l  the gap. There are 7 blocks stacked vertical ly for each tunnel 

section, and the height after stacking is about 364 cm (excluding the 

bottom bed). 

(3) Upper part of the disposal tunnel: the dimension of the block is 70 

cm long, 60 cm in width, and 25 cm in height, arranged by the upper 

part of the tunnel, as shown in Figure 4-16. There are 17 blocks in 

total. 

(4) Gap between blocks and the tunnel wall:  the gap between blocks and 

the top/side of the tunnel wall  wi l l  be fi l led with pellets. 

 

The calculated dry density of the backfi l l  after installation in the 

tunnel is presented in Table 4-15. Under the nominal block part of the 

cross-section and largest acceptable tunnel volume, the average dry 

density of a tunnel section is 1,461 ËÇȾm3. According to Table 4-14, at  

least 60% of the tunnel volume needs to be fi l led with blocks. Under this 

condition, the lowest dry density is 1,408 ËÇȾm3. According to Figure 

4-10 and Figure 4-11, for the propert ies of the swell ing pressure and 

hydraulic conductivi ty of MX-80 bentonite, the swell ing pressure of the 

installed backfi l l  is greater than 0.1 MPa, and the hydraulic conductivi ty 

of the installed backfi l l  is lower than ρπ  m/s, which fulf i l l  the 

relevant design requirements shown in Table 4-11. 

The density of the designed backfi l l  needs to be considered as 

below: (1) to l imit the groundwater flow in the disposal tunnel, (2) 

having enough mechanical support to maintain the volume of buffer in 

the deposition hole, and (3) to keep the swell ing pressure of buffer larger 

than 2 MPa, which can be achieved by the dry density of backfi l l  being 

larger than 1,240 kg/m3 according to the evaluation of buffer swell ing 

property and backfi l l  compressibil i ty (SKB, 2010e). 
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Table 4-10: Design requirements of the disposal tunnel. 

Require property Design requirements 

Limit the deviations of the floor and wall 

surfaces in disposal tunnels from the nominal in 

order to allow backfill installation according to 

designed specifications. 

For each tunnel blast round, the actual blasted 

total volume must not exceed 30% of the 

designed excavation volume. 

The maximum cross-sectional area of the tunnel 

shall not exceed 35% of the designed tunnel 

cross-section. 

The disposal tunnel floor must be even enough 

for the installation equipment to drive on it to 

achieve a dependable backfill installation.  

Underbreak is not accepted, to ensure that the 

design, manufacture and installation of the 

backfill can fulfill the designed density 

conditions.   

The floor and wall surfaces in disposal tunnels 

shall consist of rock surfaces so that the backfill 

will be indirect contact with the rock surface. 

Limit the area of construction materials covering 

the disposal tunnel and must not extend over the 

full tunnel width. 

During backfill installation and saturation 

process, groundwater seepage into disposal 

tunnels must not significantly impair the backfill 

barrier function. 

The total water inflow into every disposal tunnel 

shall be determined to ensure the stability of the 

backfill installation. If tunnels with total inflow 

less than 0.5 L/min, no further actions are 

needed. If tunnels with total inflow between 0.5 

L/min to 1 L/min, and there are any fracture 

zones with inflow rates more than 0.5 L/min, 

relevant water handling methods are required. If 

tunnels with total inflow more than 1 L/min, and 

there are any fracture zones with inflow rates 

more than 0.25 L/min, relevant water handling 

methods are required. (Sandén , T. et al., 2018a) 

The transmissivity of EDZ (Excavation 

Damaged Zone) should be less than ρπ m2/s 
(SKB, 2010j) 

Reference: SKB (2010e) 
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Table 4-11: Design functions, properties, and design requirements of the backfill 
Design function  Properties Design requirements for 

long-term safety 

Limit flow of water (advective 

transport) in the disposal 

tunnels. 

Properties that affects swelling 

and hydraulic conductivity 

under saturated conditions. 

Hydraulic conductivity less 

than ρπ  m/s. 

Swelling pressure more than 

0.1 MPa. 

Restrict upwards buffer 

swelling/expansion. 

Properties that affect 

compatibility during saturation 

and after saturation. 

The designed dry density of the 

backfill blocks and pellets shall 

maintain the designed buffer 

density during saturation and 

after saturation. 

Backfill deformation shall be 

sufficiently limited to keep the 

buffer swelling pressure larger 

than 2 MPa in average over the 

buffer volume. 

Not significantly impair the 

barrier function of the other 

barriers. 

Limit the content of harmful 

substances in bentonite. 

Properties that affect the 

chemical conditions around the 

buffer and canister. 

Impurities in the backfill shall 

not provide a significant source 

of sulfide, as this may corrode 

the copper canister. 

Maintain its barrier functions 

and long-term durability in the 

environment expected in the 

repository. 

Maintain its design condition in 

the long-term impact of the 

repository environment.  

- 

Reference: SKB (2010e), Posiva and SKB (2017). 

 

Table 4-12: The design requirements for manufacturing and installation of the 

backfill. 

Design consideration Require property Design requirements 

The design and methods for 

preparation, installation, 

testing and inspection shall be 

based on well-tried or tested 

techniques. 

Backfill with specified 

properties shall be possible to 

prepare and install with high 

reliability. 

The backfill must be possible to 

compact to the required density. 

- 

The backfill components shall 

be designed so that installation 

can be performed with high 

reliability. 

The reference sequence for 

deposition of the canister.  

The reference sequence of 

installation of the buffer and 

backfill. 

The combination of the 

geometrical configuration of 

the backfill and the installation 

technique shall be such that the 

seepage into the disposal 

tunnels and the resulting 

hydraulic processes that take 

place during installation do not 

impair the barrier functions of 

the backfill. 

The design of the backfill must 

consider the allowable inflow 

from the tunnel and plug.  

Reference: SKB (2010e). 
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Table 4-13: Reference specifications of the backfill blocks and pellets. 

Parameters Reference specification Accepted variation 

Blocks Dry density (ἳἯȾm3) 1,700 +/- 50 

Dimensions (cm) 70í 66í52 

+/- 2 (upper part of the tunnel) 

70í 60í25 

Pellets Pellet dry density (ἳἯȾm3) 1,700  - 

Pellet dimensions (cm) 

- 

The pelletsô dimensions and 

geometry will be 

determined by the filling 

test. 

Dry density loose filling 

(ἳἯȾm3) 
1,000 +/- 100  

Reference: ү еҨ (2018a). 

 

Table 4-14: Design parameters, specifications, and installation requirements of the 

backfill. 

Design parameters Design specifications Installation requirements 

Blocks Volume of blocks 

filling in disposal 

tunnel 

Arranged as shown in Figure 

4-16, number of stacked blocks 

per cross-section. 

Block dimension 70í66í52: 

7í 6 blocks, total 42 blocks. 

Dimension 70í60í25: total 

17 blocks (arranged by the 

upper part of the tunnel).  

> 60% block filling. 

Blocks and tunnel wall 

reserve > 10 cm of free 

space to facilitate the pellet 

filling construction. 

Pellets  Volume of pellet 

filling in the gap 

between blocks and 

tunnel wall 

Depends on the actual volume 

between blocks and tunnel wall. 

Record the weight of pellets 

according to actual filling 

volume. 

Bottom bed Thickness 10 cm  Record the weight of pellets 

according to actual filling 

volume. 

Dry density (ËÇȾm3) > 1,000  - 

Reference: ү еҨ (2018a). 

 

Table 4-15: The estimated dry density of backfill after installation. 

- Nominal block part of cross-

section 

Acceptable block part of 

cross-section 

(60% filled with blocks) 

Block dry density (ËÇȾm3) 1,700  1,700  

Dry density after pellet filling 

(ËÇȾm3) 
1,000 1,000 

Tunnel cross-section (m3/m) 

(Set to the largest acceptable) 
25 25 

Volume fraction of slots 

between blocks 
2 % 2% 

Volume of pellet filling 

(include bottom bed) (m3/m) 
ςυ ρφȢωφ ρ πȢπς= 7.7 

ςυ ςυπȢφπ ρ
πȢπς=9.7 

Calculated installed dry density 

(ËÇȾm3) 
1,461 1,408 

Reference: ү еҨ (2018a). 

Note: volume of block filling per meter of tunnel using dimension 70 cm í66 cm í52 cm blocks; 

ρ πȢφφπȢυςτςÂÌÏÃËÓρτȢτρ ÍȾÍ ; volume of block filling per meter of tunnel using 
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dimension 70 cm í60 cm í25 cm blocks; ρ πȢφ πȢςυρχÂÌÏÃËÓ2.55 (m3/m); total volume 

of block filling per meter of tunnel; ρτȢτρ ςȢυυ ρφȢωφ (m3/m). 

 

 

Figure 4-14: Specifications of the disposal tunnel. 

Reference: SKB (2010e) 

 

 

 

(a)  Backf i l l  b lock 
(b) Backfi l l  b lock (upper part  o f  the 

tunnel) 

Figure 4-15: Geometry specifications of the backfill blocks. 

Reference: ү еҨ (2018a) 
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Figure 4-16: Installation of backfill in the disposal tunnel. 

Reference: SKB (2010e). 
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4.2.8.  Characteristics of the Buffer and Backfill  

The swell ing pressure and the hydraulic conductivity of the buffer 

and backfi l l  wil l  depend on density, the content of montmoril lonite, 

adsorbed ionic species and the ionic strength of the surrounding 

groundwater. In part icular, the ionic strength of the groundwater wil l  

affect the most (SKB, 2006b).  

The density of the buffer and backfi l l  are usual ly expressed as dry 

density. The criterion for the buffer density in the deposition hole is 

expressed as saturated density. And saturated density can be expressed 

as the following: 

 

ʍ
” ὠ ὡ

ὠ
 (4- 2) 

 

Where,  

ʍ =saturated density, [ËÇȾm3] .  

” =density of water, 1000 ËÇȾm3] .  

ὠ=pore volume, m
3
] .  

ὡ =dry mass of bentonite, [kg]. 

ὠ=total volume, [m3] .  

 

The relation between dry density and swell ing pressure and the 

relation between dry density and hydraulic conductivity of MX-80 

bentonite for disti l led water and synthetic groundwater are presented in 

Figure 4-10 and Figure 4-11. As discussed in Section 4.2.5 and Section 

4.2.7, the reference buffer and the reference backfi l l  specif ications can 

fulfi l l  the relevant design requirements, such as providing sufficient 

swell ing pressure and maintaining low enough hydraulic conductivity. 

 

4.2.9.  Backfilling of Shafts and Ramps 

The repository is divided into deposition holes, disposal tunnels, 

main tunnels, central area tunnels, vertical shafts and ramps based on 
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their functions. These tunnels also need to be backfi l led when the 

repository is closed to maintain the closure of the repository. 

Before backfi l l ing the shaft and ramp, it is necessary to remove the 

relevant internal construction equipment and the pavement foundation 

for transportation, but shotcrete, rock bolt and grout materials wil l  be 

retained. The backfi l l  for shafts and ramps wil l be backfi l led with clay 

materials in the range from 500 m underground to 200 m underground. 

From 200 m underground to 50 m underground, gravel with a maximum 

particle size of 200 mm is used for backfi l l ing. The coarse aggregate 

material is used at 50 m near the ground surface, and they are well 

compacted to avoid unintentional intrusion. (SKB, 2010q) 

At present, only the design concepts of shafts and ramps are 

described, and the conditions of shafts and ramps are not considered in 

the analysis model. Model establ ishment can be referred to in Section 

4.4.2. When detailed site and geological survey data are obtained in the 

future, shafts and ramps wil l be considered in the analysis. 

 

4.2.10.  Shotcrete and Grout Materials 

During the excavation process, the structure may be unstable due to 

stress released from the rock mass. Supporting structure constructed with 

shotcrete and grouting materials wil l  be used to improve stabil i ty. 

Since the concrete and mortar commonly used for shotcreting and 

grouting materials have a highly alkal ine pore solution, the highly 

alkaline pore solution wil l diffuse into the groundwater and affect the 

volume stabil i ty of bentonite in buffer (the chemical properties of 

bentonite in an environment with a pH value > 11 may be unstable 

leading to the dissolution of montmoril lonite) and influence the safety 

function of the buffer. Therefore, low-pH concrete is planned to be used 

for the purpose of decreasing the pH value < 11, reducing the hydraulic 

conductivi ty < ρπ m/s and increasing the compressive strength > 280 

ËÇȾÃÍ. This can prevent high pH in the porewater of the concrete and 

maintain the stabil i ty of the buffer (SKB, 2010j). 
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4.2.11.  Plugs 

The function of the plug is to ensure that the buffer and backfi l l  

stay in their  original positions, and to prevent groundwater in the 

disposal tunnels from flowing into the main tunnel. In addition, flowing 

out of the backfi l l  from the disposal tunnels can be reduced; therefore, 

water sealing is the main function of the plug. 

The front end of the plug wil l be provided with a fi l ter layer and a 

sealing layer to block water. The geometry of the side is close to the 

arch shape, which sustains the swell ing pressure and thermal stress. It  

can transfer stress to the upper and lower bedrock and provide good 

support and stabil i ty. The geometric dimensions of the plug are shown 

in Figure 4-17 (SKB, 2010e), and the relevant position diagram after 

installation at the entrance of the disposal tunnel is shown in Figure 

4-18. In order to maintain the density of the backfi l l  in the disposal  

tunnel, each disposal tunnel wil l  be sealed with a plug immediately after 

backfi l l ing. 
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Figure 4-17: Geometry specifications of the plug. 

Note: the unit is in mm. 

 

 

Figure 4-18: Profile of the plug. 

Note: the plug is demonstrated in black and the surrounding rock mass is demonstrated in blue. 
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4.2.12.  Borehole Seals 

In order to obtain data on the properties of the host rock, a series 

of boreholes may be dri l led during the site investigation period. These 

boreholes shall be sealed before the closure of the repository in order to 

avoid potential release paths. Boreholes wil l also be dri l led from the 

disposal tunnels to the host rocks during the construction phase implying 

that horizontal and upwards-directed holes also have to be sealed. 

Considering nuclear safety and radiation protection, the hydraulic 

conductivi ty of the sealing should not signif icantly change the natural  

groundwater flow. The design requirements stipulate that the hydraulic 

conductivi ty of the sealing material at the intersection with the water-

containing fracture should be ρπ m/s or lower (Luterkort et al.,  2012; 

Sandén et al., 2018b). The borehole seals which are in hydraulic 

connection with the repository should be mechanical stable during the 

l ifetime of the repository. Borehole seals should prevent surface water 

flowing down in the borehole and contaminating the groundwater. 

Different water-bearing regolith layers shall not have contact with each 

other via the sealed borehole (Sandén et al. , 2018b). 

The design concept of borehole seals refers to The Sandwich-

concept from Swedish SKB, as shown in Figure 4-19 (Sandén et al.,  

2018b). The borehole with water-bearing fractures section is fi l led with 

a permeable material such as sand which wil l not significantly change 

the natural groundwater flow. The parts without water-bearing fractures 

are sealed with bentonite. To prevent interaction between the different  

materials, quartz-based concrete (quartz sand and low pH cement) is 

positioned at a certain length in the transition zones between bentonite 

and sand. In addition, copper plugs are installed between the materials 

to facil i tate construction and prevent mixing between different 

materials. Borehole survey and characterization can be carried out before 

sealing to classify the borehole sections and, after that, perform a 

detailed design of the closure material.  The uppermost part of the 

borehole is fi l led with bentonite pellets and has a top seal which a larger 

diameter than the borehole, to ensure that no surface water is transported 

via the borehole down to water-bearing zones (Sandén et al., 2018b). 
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Figure 4-19: Schematic view of the borehole seal. 

Reference: Sandén et al. (2018b). 
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4.3.  Initial State of Geosphere and Biosphere 

4.3.1.  Data Corresponding 

According to Section 1.2, the candidate site in Taiwan has not been 

selected yet. By referring to the international experience, the geological 

data and biosphere information from survey data in Taiwan were appl ied. 

Without a specific disposal site, the ñreference caseò was established for 

the following application of engineering design and safety assessment in 

this report.  

The geological data of the reference case includes the distribution 

of geologic units, thermal-hydrological-mechanical-chemical properties 

and overall  information about the environment. The geological 

information of the reference case is based on the survey data from Spent 

Nuclear Fuel Final Disposal Plan in crystall ine rock areas in Taiwan (ү

е Ҩ , 2006-2019). Field surveys such as ground-surface survey, 

gravity and magnetic survey, electrical resistivity survey, satell i te 

images analysis, hydrological investigation, geological dri l l ing, fracture 

survey and hydrogeological survey were implemented. Laboratory works 

such as thermal and mechanical tests of rocks, hydraulic conductivi ty 

tests, mineral composition analysis and groundwater chemical 

composition analysis were also conducted. The results of the field survey 

and laboratory works were applied to establish the reference case with 

crystall ine rock characterist ics and localized parameters.  

The biosphere data of the reference case includes radionucl ide-

dependent and ecosystem-related parameters. The radionuclide-

dependent parameters were mainly referred to BIOMASS-6 Report 

(IAEA, 2003), Handbook of Parameter Values for the Prediction of 

Radionuclide Transfer (IAEA, 2010b) and JAEA Report (Kato and 

Suzuki, 2008). The parameters related to the ecosystem were mainly 

referred to the statist ic information of Taiwan, such as the National Food 

Consumption Database (Taiwan Food and Drug Administration, 2017), 

Kinmen Monthly Statist ics Report (Accounting and Statist ics 

Department, Kinmen County Government, 2017), water statistics (Water 
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Resources Agency, 2017), labor statistics (Ministry of Labor, 2017), 

forest resource survey (Chu et al., 2015), Summary Report of the 

National Important Wetland Carbon Sink Research Project (Green 

Engineering Technology Research Center, 2011), Carbon Flux Research 

Project of Coastal Wetland in Kinmen National Park (Lin and Lee, 2011) 

and relevant research data (Huang et al. , 2006). For the lack of some 

parameters, international researches were referred to, such as 

BIOMASS-6 Report, JAEA Report, POSIVA Biosphere Parameter Report 

(POSIVA, 2014), SKB l imnic ecosystems report TR-10-02 (Andersson, 

2010), Irrigation Water Management Report (Brouwer, 1986) and 

Biosphere Modell ing and Dose Assessment for Yucca Mountain (Smith 

et al. , 1996). 

Sweden experience and classification method (Andersson et al. ,  

2013) were referred to for data integrat ion and assessment, which is 

classified into geology, thermal and mechanical properties of rock, 

hydrology and hydrogeology, hydrochemistry, transport properties of 

rock, and biosphere. The reference case in Taiwan is presented in these 

six categories for the fol lowing application of safety assessment. 

 

4.3.2.  Reference Case 

4.3.2.1.  Geology 

4.3.2.1.1. Geologic Units 

The range, geometry and classification of geologic units are the 

basis of the reference case. The geologic units in this report are based 

on the ground-surface survey, geological dri l l ing, gravity and magnetic 

survey and inversion, and electrical resist ivity survey through the years 

in one of the crystal l ine rock area in Taiwan (Figure 4-21). According 

to SNFD 2017 Report, granite is the main rock type in this investigated 

crystall ine rock area in Taiwan. As a result, granite is set as the disposal 

host rock in the reference case in this report. There are main water-

conducting structures around the disposal host rock which might affect 

the groundwater flow. Regolith generated by weathering of host rock 

surface is also considered. In summary, geologic units consist of granitic 
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host rock (R), regoli th (R0) and main water-conducting structure (F#). 

The three-dimensional distribution is shown in Figure 4-22. Detail  

parameters are shown in Table 4-16. 

(1) Granit ic host rock (R): 

Except for regoli th and water-conducting structure, the granitic 

rock mass is defined as the host rock. 

(2) Regolith (R0): 

While granite bedrock is denudated and approaches to the ground 

surface, weathering and decompression generate denuded joints and 

form fractured regoli th, which becomes the main shallow aquifer in 

the granitic area. In this report, the regol ith depth of the reference 

case is set as 70 m.   

(3) Main water-conducting structure (F#): 

The setting of the main water-conducting structure in this report 

refers to SNFD2017 Report. There are two main water-conducting 

structures named F1 and F2. The attitude of the F1 structure is 

N64°E, 70°N. The attitude of the F2 structure is N80°W, 50°S, 

which might be the conjugated fractured zone of F1. The width of 

F1 is 200 m, and the width of F2 is 20 m in the reference case. 

 

4.3.2.1.2. Fracture 

Generally, the granit ic host rock is hard and firm with low porosity 

and a certain number of fractures. The same fracture distribution data as 

the SNFD2017 report is adopted to establish the discrete fracture 

network (DFN) parameter database in this report (ү еҨ ,  2019a). The 

parameters in the DFN parameter database are presented in Table 4-17 

and elaborated as below.  

(1) Fracture domain:  

With the setting of the reference case, it  is di vided into two fracture 

domain with a boundary of 70 m depth. The upper layer is regolith, 

and the bottom layer is granitic host rock. The fracture strength and 

characteristics are recorded individually by in-hole photography 

and are summarized as below.  
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(a) Fracture domain above 70 m depth is called FDMA, and the 

fracture strength value (P32) is 2.4 m-1.   

(b) Fracture domain below 70 m depth is called FDMB, and the 

fracture strength value (P32) is 0.3 m-1. 

(2) Fracture cluster:  

(a) FDMA: there are 4 fracture clusters. The pole trend, pole 

plunge, Fisher distribution (ə) and proportion of fracture 

strength (Ἔ  ȟἺἭἩἴ) of each cluster are l isted below:  

(i) Cluster 1: 198°/18°/18/26%. 

(i i ) Cluster 2: 155°/4°/15/24%. 

(i i i ) Cluster 3: 264°/23°/16/18%. 

(iv) Cluster 4: 98°/81°/11/32%. 

(b) FDMB: there are 5 fracture clusters. The pole trend, pole 

plunge, Fisher distribution (ə) and proportion of fracture 

strength (Ἔ  ȟἺἭἩἴ) of each cluster are l isted below: 

(i) Cluster 1: 65°/17°/20/15%. 

(i i ) Cluster 2: 344°/38°/18/24%. 

(i i i ) Cluster 3: 281°/29°/16/30%. 

(iv) Cluster 4: 174°/22°/17/10%. 

(v) Cluster 5: 175°/75°/19/21%. 

(3) Fracture location: stationary random (Poisson) process is adopted to 

generate the center location of each set of fracture.  

(4) Fracture size (radius): i t  is described by a power function statistical 

distr ibut ion model. 

(a) ▓►: the exponent of fractal dimension, or the so-called fracture 

radius scaling exponent. ▓► is set to be 2.6. 

(b) ►: the minimum radius value. ► is set as 0.1 m to create more 

large fracture surface, and increase fracture connectivity, and 

reduce the computational burden of DFN simulation. 

(c) Assuming that the maximum fracture surface is a rectangle of 

1000 m× 1000 m, the upper threshold of fracture radius is set to 

be 564 m.  

(5) Fracture transmissivi ty (T): 



   

 4-49 

(a) FDMA: ╣ Ȣ
╛█ Ȣ 

(b) FDMB: ╣ Ȣ
╛█ Ȣ 

Where Lf  is the physical length (m) of an intersecting fracture 

in the orthogonal direction. 

(6) Fracture aperture: i t  is calculated by the equation of e=0.5×Ѝ4 ,  

with T being fracture transmissivity (m2/s) and e being fracture 

aperture. 

 

4.3.2.1.3. Mineral composition 

The mineral composition of the reference case is determined by the 

result  of f ield survey, mineral identi fication, composition analysis and 

geochemical analysis.  

Mineral composition of the granitic host rock in the reference case 

consists of coarse and gray to pink granitic gneiss. Major minerals of 

fresh rock samples include quartz, potassium feldspar, plagioclase, 

biotite, and seldom amphibolite, orthite, zircon, apatite, garnet and 

opaque minerals. Secondary minerals such as sericite and chlorite 

occasional ly appear between major minerals with fine quartz veins.  

Rocks in the fractured zone are ruptured and rough with strong 

alterations. High argil l ization and chlorit ization generate white-yellow 

green cryptocrystal l ine secondary minerals covered above. Most 

minerals have turned to alteration minerals with some weathered rusts.  

 

4.3.2.2.  Thermal Properties and Mechanical Properties of the Rock 

4.3.2.2.1. Thermal Properties 

The ground temperature of the reference case is 23.8 , and the 

temperature gradient is 0.015 /m to 0.019 /m, with an average of 

0.017 /m (ү еҨ , 2007, 2008, 2009, 2017, 2019a). 

The average thermal conductivi ty of granitic host rock is 2.3 W/mK 

to 3.0 W/mK. Considering that the density of the rest geologic units (R0 

and F#) is relat ively low, the thermal conductivi ty value of the rest 

geologic units should be lower than that of host rock and diabase dike. 
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As a result, the thermal conductivity value of the rest geologic units was 

set as 2.0 W/mK (Table 4-18). 

The specific heat of the granitic host rock is 730 J/kgĀK to 903 

J/kgĀK, and the rest of geologic units is 800 J/kgĀK. The coefficient of  

thermal expansion was set to be ψ ρπ  (1/K) (ү еҨ , 2017). 

 

4.3.2.2.2. Mechanical Properties 

Rock mechanical properties of the reference case are summarized 

in Table 4-18, including strength property, deformation property and in-

situ stress. All  the parameters are referred to the results of rock 

mechanics analysis and in-situ investigation conducted in crystalline 

rock areas over the years. The basic physical property of rocks includes 

unit weight, moisture content, specific gravity, saturated density, dry 

density, water absorption and porosity. Strength property includes 

uniaxial compressive strength, tensile strength and shear strength 

(cohesion C and internal friction angle ‰). Deformation property 

includes static elastic module (Ὁ),  static poisson's ratio (ʉ), dynamic 

elastic module (Ὁ), dynamic shear module (Ὃ ) and dynamic poisson's 

rat io (ʉ) (ү еҨȲ2006ȷ2014ȷ2015ȷ2016). The in-situ stress data 

were collected from the measurement data in the KMBH01 well,  

including the hydraulic fracturing method and the existing fissure 

hydraulic method (ү еҨ , 2006; 2013). 

 

4.3.2.3.  Hydrology and Hydrogeology 

According to the classif ication of geologic units (Section 

4.3.2.1.1), the hydrogeologic units of the reference case can be classif ied 

as granitic host rock (R), regoli th (R0), and main water-conducting 

structure (F#).  

The hydrologic characterist ics of granitic host rock are referred to 

the indoor hydraulic test (ү еҨ , 2007) and in-situ double packer test 

(ү еҨ , 2006-2010). The hydraulic conductivity of R is τȢρ ρπ  

m/s to ρ ρπ m/s. The hydraulic conductivity of F# is σȢπ ρπ m/s 

to ρπ m/s, with an average of υȢπ ρπ  m/s, which is referrd to the 
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double packer test conducted in water-conducting fracture zone in the 

dri l l . The corresponding hydraulic propert ies are presented in Table 4-19 

(ү еҨ , 2006, 2016, 2017, 2019a).  

 

4.3.2.4.  Hydrogeochemistry 

The groundwater data of the reference case were acquired by 

groundwater sampling and analysis in Taiwan granite areas (ү еҨ ,  

2007, 2008, 2013, 2019a). Detailed information is l isted in Table 4-20.  

(1) pH scale 

The pH of shallow groundwater (<50m depth) is 4.6 to 7.1 (Liu et 

al. , 2008), and deep groundwater (50m to 500m depth) is 6.29 to 

9.76. Due to the large range of pH variation, the buffering capacity 

is l imited. 

(2) Eh scale 

The Eh of deep groundwater is -0.48 volts to +0.35 volts. In general, 

the groundwater is in a reducing environment (Eh<0) where the 

depth is deeper than 400 m.  

(3) The groundwater is much l ighter than sea water at a depth of 500 m. 

 

4.3.2.5.  Transport Properties 

The retardation of radionuclide migration of host rock depends on 

transport properties such as groundwater flow characterist ic, nuclide 

adsorption capacity of the host rock, and nuclide diffusion in host rock.  

The groundwater flow characteristic is affected by the transport 

path of groundwater and connected water-conducting structure. For 

hydraulic parameter and fracture characteristic, please refer to Section 

4.3.2.  

The nuclide adsorption capacity of host rock and nucl ide diffusion 

in host rock are two major factors that affect transport properties. For a 

nuclide of low adsorption capacity, it  wil l  di ffuse deeper than a nuclide 

of high adsorption capacity (JNC, 2000, ch.3.2.4.3). These two 

parameters are closely related to host rock characteristic and 

environment. As a result, the range of transport properties (such as 
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diffusion coefficient and parti t ion coefficient (Kd))  can be confirmed ti l l  

the phase of the site characteristic survey. In order to evaluate the 

influence of parameter uncertainty, international data with similar 

disposal condition is adopted for nuclide-related parameters in this 

report. 

 

4.3.2.6.  Biosphere 

(1) Surface ecosystem 

The reference case is set on a sub-tropical island with hil ls in the 

center and is f lat at the edge. According to the meteorological 

observation data of Taiwanôs offshore island from 1991 to 2019, the 

annual rainfall  is between 649.20 mm and 1,873.10 mm, and the 

evaporation is between 856.8 mm and 1,650.90 mm. The average 

annual rainfall  and evaporation are set to be 1,116.83 mm and 

1,277.39 mm in this report. In the reference case, there is no 

orographic rain, and the streams are short and ephemeral resulting 

that river flow direct ly responds to the rainfall. In order to store the 

water, plenty of reservoirs, farm ponds, and small water dams were 

constructed. The total water area is about 14.3 ha for the maximum 

water level. 

In addition, the groundwater recharge could be estimated according 

to the annual rainfall  and evaporation mentioned above by the water 

budget balance method (Shu et al., 1991). The result shows that the 

annual groundwater recharge is between -145 mm and 336.64 mm 

from 1991 to 2019, as shown in Figure 4-23, and the average 

recharge is 66.8 mm (ү еҨ , 2020). 

(2) Aquatic Landscape 

The reference case is an island, some parts of the coast are an 

extension of the granite bedrock, and the other parts are sandy or 

muddy coast. The reference case is famous for the oyster farming 

industry, and there are also related farming industries of grass 

shrimp and white shrimp. Marine species and biomass can be 
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obtained from the Carbon Flux Research Project of Coastal Wetland 

in Kinmen National Park (Lin and Lee, 2011). 

With the flat topography and high evaporation of the reference case, 

there is l i tt le capacity to keep the precipitation, leading to a water 

shortage issue. Most daily usage, drinking, and irrigation water are 

suppl ied from reservoirs, farm ponds dug by inhabitants, small  

water dams, and well . The amount of well water pumped is assumed 

according to the water rights statistics of the Water Resources 

Agency (Water Resources Agency, 2017). The al luviation effect on 

the catchment area causes the sedimentation of the sand and pebble 

gravel at the bottom of the freshwater, and green algae, water weeds 

are covering above. Several benthic organisms, such as mollusks 

and arthropoda, and different kinds of fish occur in the freshwater. 

The benthic organisms that grow in the lake include molluscs (such 

as clams and snai ls), arthropods (such as shrimps and crabs), as well  

as various fishes. In consideration of future environmental 

evolution, rivers and lakes may appear after the sea level drops. The 

future biomass parameters related to rivers are temporarily referred 

to the relevant research data of Taiwanôs main island (Huang, 2006; 

Green Engineering Technology Research Center, Kao Yuan 

University, 2011). 

(3) Land Use 

The terrestrial  ecosystem in the reference case includes forest and 

agricultural land. The forest here is a semi-natural system, 

accounting for 45.8% of the total terrestrial area with less human 

action affection (Chu et al. , 2015). The agricultural land area 

accounts for 28.3% of the total terrestrial area according to Kinmen 

Monthly Statistics Report (Accounting and Statist ics Department, 

Kinmen County Government, 2017). Since laterit ic soil is 

degenerating in the reference case, soi l has been moved to the 

reference case from other places to improve soil quality. The total 

area of forest and agricultural land accounts for almost 80% of the 

reference case, and the rest is the city, industrial area, and traffic 

construction of the human living environment.  



   

 4-54 

The main crops in the reference case are sorghum, wheat, and a 

small  number of vegetables, sweet potatoes and fruits. In addition 

to human ingestion, the crops are also used to feed l ivestock. 

Animal agriculture in the reference case is prevalent, and the 

l ivestock production is enough for the annual requirement for most 

people. Although there is a large area of forest in the reference case, 

hunting activity is i l legal in Taiwan. Sometimes people may dig the 

bamboo shoot in the forest. The main fish farms in the reference 

case are freshwater f ish and oyster farming. Most of the industries 

are the construct ion industry, with only a few manufacturing 

industries. For business activi t ies, the merchants of accommodation 

and catering are more than retail  merchants due to the flourishing 

development of tourism in the reference case. 

Human habit settings of the reference case are mainly referred to 

National Food Consumption Database (Taiwan Food and Drug 

Administrat ion, 2017) for all  kinds of human food ingestion. Human 

actions in different areas (such as agricultural land and water area) 

are set by referring to labor statistics (Ministry of Labor, 2017). 
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Table 4-16: Parameters of geologic units of the reference case. 

Geologic unit SNFD2021 parameter 

R0 Regolith 

Thickness: 5-90 m 

70m is recommended in simulation.  

R Granite host rock 

F# Main water-conducting structure 

F1 Attitude: N64°E/70°N; width > 150 m  

200 m width is recommended in simulation. 

F2 Attitude: N80°W/50°S; width 8-15 m  

20 m width is recommended in simulation. 

R0 Regolith 

Thickness: 5-90 m 

70m is recommended in simulation.  

 

Table 4-17: DFN parameters of the reference case. 

Name SNFD2021 parameter 

Fracture Domain 

FDMA FDMB 

Elevation (depth below surface, m)  

< 70 m 

Elevation (depth below surface, m)  

> 70 m 

Fracture clusters 

(Pole_Trend, 

Pole_Plunge) 

Cluster 1 = (198, 18), Fish distribution 

(—ȟ‖ ρψ), ὖ ȟ =26% 

Cluster 1 = (65, 17) , Fish distribution 

(—ȟ‖ ςπ),  ὖ ȟ =15% 

Cluster 2 = (155, 4), Fish distribution 

(—ȟ‖ ρυ), ὖ ȟ =24% 

Cluster 2 = (344, 38) , Fish 

distribution (—ȟ‖ ρψ), ὖ ȟ =24% 

Cluster 3 = (264, 23), Fish distribution 

(—ȟ‖ ρφ), ὖ ȟ =18% 

Cluster 3 = (281, 29) , Fish 

distribution (—ȟ‖ ρφ), ὖ ȟ =30% 

Cluster 4 = (98, 81), Fish distribution 

(—ȟ‖ ρρ), ὖ ȟ =32% 

Cluster 4 = (174, 22) , Fish 

distribution (—ȟ‖ ρχ), ὖ ȟ =10% 

 
Cluster 5 = (175, 75) , Fish 

distribution (—ȟ‖ ρω), ὖ ȟ =21% 

Fisher distribution Ὢ—ȟ ‖ Ƞ  

— is the angular displacement form the mean pole vector 

ʆ is a concentration parameter of Fisher distribution 

Fracture intensity 

ὖ ςȢτ ὖ πȢσ 
ὖ Area of fractures per unit volume of rock mass (volumetric intensity, 

Í ) 

Fracture size 

Power law : Ὧ ςȢφ, 
ὶ πȢρ άȟ  
ὶ τȢυ άȟ 
ὶ υφτ ά 

Power law : Ὧ ςȢφȟ 
ὶ πȢρ άȟ 
ὶ τȢυ άȟ 
ὶ υφτ ά 

ὖ Ὑ ὶ , ὖ ὶ ȟὶ ὖ ὶȟЊ  

Ὑ is the fracture radius 

ὶ is the minimum radius value 

ὶ is any fracture radius between ὶ and Њ 

Ὧ is the exponent of fractal dimension, or the ñfracture radius scaling 

exponentò (La Pointe, 2002). 

ὖ Ὑ ὶ is the probability that a circular-shape fracture with a radius 

greater than or equal to ὶ 
ὖ ὶ ȟὶ  is the volumetric fracture intensity corrected with determined 

fracture radius between ὶ  and ὶ  

Fracture location Stationary random (Poisson) process Stationary random (Poisson) process 

Fracture Transmissivity 

(Ὕȟά ίϳ) 

Ὕ ρȢυρρπ ὒȢ ; 

ὒ “ὶ  

Ὕ σȢωψρπ ὒȢ ; 

ὒ “ὶ  
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Name SNFD2021 parameter 

ὒ is the equivalent size (m) of a square 

fracture. 

ὒ is the equivalent size (m) of a square 

fracture. 

Fracture Aperture (Ὡȟά) Ὡ πȢυЍὝ Ὡ πȢυЍὝ 

Source 
SNFD-SKBI-PL2015-1023;  

Vidstrand et al., 2010 
SNFD-SKBI-PL2015-1023;  

Vidstrand et al., 2010 

 

Table 4-18: Thermal properties and mechanical properties of the reference case. 

Name SNFD2021 parameter 

Unit ID R0 R F1 F2 D 

Heat conductivity 

(ὡ άϽὑϳ  
2.0 2.3-3.0 2.0 2.0 2.3-3.0 

Specific heat 

(ὐ ὯὫϽὑϳ ) 
800 730-903 800 800 730-903 

Thermal expansion 

coefficient (1/K) 
8.0e-06 8.0e-06 8.0e-06 8.0e-06 8.0e-06 

Dry density (ὯὫάϳ ) 2000 2610-2770 2600 2600 2740-2750 

Specific gravity - 2.63-2.79 - - 2.76 

Saturated density 

(ὯὫάϳ ) 
- 2620-2780 - - 2750 

Porosity (%) - 0.34-0.77 - - 0.60-0.77 

Water adsorption (%) - 0.12-0.28 - - 0.22-0.28 

Uniaxial compressive 

strength (MPa) 
- 75.68-168.66 - - 

51.51to 

92.47 

Cohesion (MPa) - 17.99-29.51 - - 22.75 

Friction angle (degree) - 47.90-59.08 - - 56 

Tensile strength (MPa) - 6.91-14.06 - - 7.37 

Secant Youngôs 

modulus (GPa) 
- 31.70-51.77 - - 25.52 

Secant Poissonôs ratio - 0.11-0.27 - - 0.15 

Dynamic shear 

modulus (GPa) 
- 12.99-29.24 - -  

Dynamic Youngôs 

modulus (GPa) 
- 30.28-73.60 - - 26.50 - 33.10 

Dynamic Poissonôs 

ratio 
- 0.10-0.27 - - 0.14 - 0.24 

In-situ stress (MPa) 

(HF@306m) 

- ʎ=8.11 - - - 

- ʎ=10.68 - - - 

- ʎ=5.75 - - - 

In-situ stress (MPa) 

(HF@430m) 

- ʎ=11.40 - - - 

- ʎ=14.43 - - - 

- ʎ=9.38 - - - 

In-situ stress (MPa) 

(HTPF@300m) 

- 
ʎ=10.29-

12.34 
- - - 

- ʎ=6.66-8.62 - - - 

- ʎ=0.76-2.14 - - - 

Table 4-19: Hydraulic characteristics of the reference case. 

Name SNFD2021 parameter 

Hydraulic conductivity (m/s) 

R0 5.0 ρπ-1.0 ρπ 

R 4.1 ρπ -1.0 ρπ 

F1 3.0 ρπ-1.0 ρπ 

F2 3.0 ρπ-1.0 ρπ 

D 4.1 ρπ -1.0 ρπ 
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Effective porosity (%) 
F1 0.01 

F2 0.007-0.015 

Effective velocity (ά ίϳ) 
F1 2.0 ρπ 

F2 1.3 ρπ-ςȢω ρπ 

Mechanic dispersion 

coefficient (ά ίϳ) 

F1 2.0 ρπ 
F2 ςȢω ρπ-1.0 ρπ 

Hydraulic dispersivity (m) 
F1 100 

F2 0.1-75 

Peclet number (Pe) 
F1 10 

F2 8-1,350 

Tortuosity (travel 

length/distance) 

F1 6 

F2 35 

 

Table 4-20: Composition of groundwater of the reference case. 

Name SNFD2021 parameter 

Average Groundwater Quality Average Surface Water 

 Reference Case 
River 

(global) 

Sea 

(global) 
Depth (m) 300 to 400m* 400 to 500m** 300 to 500m*** surface surface 

pH 7.67 8.98 8.60 
 

7.5~(8.2)~8.

4 

pe -3.10 -6.79 -5.73   

T(ᴈ) 28.80 31.70 30.87 25 15 

EC (mS/cm) 0.407 0.320 0.345 ~0.1 ~42.9 

Cl_tot (mol/L) 1.29e-03 8.55e-04 9.77e-04 2.20e-04 5.46e-01 

C_tot (mol/L) 1.32e-03 1.15e-03 1.21e-03 8.52e-04 2.33e-03 

S_tot (mol/L) 1.30e-04 9.59e-05 1.05e-04 1.15e-04 2.82e-02 

N_tot (mol/L) 2.12e-05 4.03e-05 3.35e-05  1.07e-02 

P_tot (mol/L) 1.63e-06 2.05e-06 1.88e-06 6.46e-07 2.00e-06 

B_tot (mol/L)    9.25e-07 4.16e-04 

Si_tot (mol/L) 1.18e-03 6.90e-04 8.31e-04 2.31e-04 7.94e-05 

F_tot (mol/L) 1.19e-04 2.11e-04 1.85e-04 5.26e-08 6.84e-05 

Br_tot (mol/L)    2.50e-07 8.42e-04 

I_tot (mol/L)    5.51e-08 5.01e-07 

Na_tot (mol/L) 1.29e-03 1.68e-03 1.57e-03 2.74e-04 4.68e-01 

K_tot (mol/L) 1.48e-04 6.98e-05 9.22e-05 5.88e-05 1.02e-02 

Ca_tot (mol/L) 6.18e-04 2.79e-04 3.76e-04 3.74e-04 1.03e-02 

Mg_tot (mol/L) 1.30e-04 2.00e-05 6.38e-05 1.69e-04 5.31e-02 

Al_tot (mol/L)    1.85e-06 7.94e-08 

Fe_tot (mol/L) 1.37e-05 5.18e-06 7.62e-06 7.16e-07 3.16e-08 

Cu_tot (mol/L) 1.18e-07 2.76e-07 2.37e-07 1.10e-07 7.94e-09 

Mn_tot (mol/L) 3.90e-06 9.60e-07 1.94e-06 1.27e-07 3.98e-09 

Zn_tot (mol/L) 7.22e-06 1.17e-06 2.90e-06 3.06e-07  

Cd_tot (mol/L) ND 3.11e-08 3.11e-08 8.89e-11  

Cr_tot (mol/L) 1.92e-08 2.50e-07 1.35e-07 1.92e-08 6.31e-09 

Ni_tot (mol/L) 5.59e-05 3.30e-05 4.07e-05 5.11e-09 2.51e-08 

Pb_tot (mol/L) 1.25e-07 1.57e-07 1.46e-07   

As_tot (mol/L) ND 1.00e-08 1.00e-08 2.67e-08 5.01e-08 

U_tot (mol/L)    1.68e-10 1.99e-10 

Salinity (ă) 0.279 0.208 0.228   

Ionic strength 

(mol/L) 
8.24e-03 5.92e-03 6.64e-03 3.77e-03 7.06e-01 

Note:* Average data from KMBH01-W2 and KMBH04-W3. 
** Average data from KMBH01-W3, KMBH01-W4, KMBH04-W4, KMBH06-W3 and KMBH06-
W3A. 



   

 4-58 

*** Average data from KMBH01-W2, KMBH01-W3, KMBH01-W4, KMBH04-W3, KMBH04-W4, 
KMBH06-W3and KMBH06-W3A. 
 

 
Figure 4-20: The geological map and borehole location in one of the granitic area 

in Taiwan. 
Reference: ү ϩеҨ (2017). 

Note: The black triangles represent the borehole locations. The purple squares represent the 
ground-surface fracture survey locations. The blue lines represent the resistivity inversion 
profile. The green lines represent gravity and magnetic inversion profile. 

 

 

Figure 4-21: Comprehensive analysis map of geophysical survey in one of the granitic 

area in Taiwan. 
Reference: ү еҨ (2011). 

Note: KMBH represents the location of drilling. Shallow profiles are the results of electrical resistivity 

survey (500 m deep). Other profiles are the results of gravity and magnetic inversion (2 km deep). 
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Figure 4-22: Three dimensional distribution of geologic units in the reference case 

and schematic profile. 

Note: F1 and F2 structure are not active faults. 

 

 

Figure 4-23: Recharge volume from 1991 to 2019 of the reference case. 
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4.4. Layout of the Repository 

4.4.1.  Methodology 

The repository layout should adapt to the characteristics of the 

reference case, such as geological structure, rock volume, in situ stress 

and groundwater flow field, etc. Also, the design layout should 

incorporate the number of canisters, repository depth, thermal 

dimensioning, extended ful l perimeter criterion and required rock 

volume. Besides, the feasibil i ty and economic efficiency of construction 

should take into account as well.  In other words, the design layout has 

to integrate the complex adaptation issues between overall  requirements 

and site condition. Therefore, an iterative and stepwise process is 

proposed. For the prel iminary repository layout, the consideration of 

each factors is i l lustrated as follows:  

(1) Geological structure: 

No deposit ion holes would be located within 100 m from the 

deformation zones which have trace lengths larger than 3 km (SKB, 

2009b).  

(2) In situ stress: 

The disposal tunnels should be al igned paral lel or sub-parallel  

(±30°) to the maximum horizontal stress to minimize the stress 

magnitude concentration on the disposal tunnels and deposition 

holes (SKB, 2009b).  

(3) Thermal dimensioning: 

Thermal dimensioning is the distance between centers of two 

deposition holes. Temperature of the buffer needs to be less than 

100 °C to meet the requirements of the engineered barriers (Section 

4.2.5). Note that the criteria is valid from the present Swedish 

situation, but there is definitely room for other perspectives. 

Allowing higher temperatures could have significant economic and 

technical value. According to the assumption of homogeneous heat 

transport properties of rock, and parameters of init ial power, 

thermal conductivity and heat capacity, host rock temperature at 

mid-height of canister in specific thermal dimensioning caused by 

decay heat was calculated with proper temperature surplus (SKB, 
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2009c). The temperature changes of the bentonite on the top of the 

canister were also calculated (SKB, 2009c). Then the highest 

bentonite temperature on the top of the canister can be calculated 

with the information. Since the top of the canister directly contacts 

the bentonite, the highest temperature tends to distribute in this area 

(SKB, 2009c). (Figure 4-24). 

Thermal dimensioning should be well  arranged to meet the 

requirements of temperature under 100° C. 

(4) Intersected deposition hole rejection criteria: 

In order to prevent shear failure of the canister caused by the 

intersection of fracture, the intersected deposition hole rejection 

cri teria was taken into account. In addition, in the stage of 

repository design, the space of the host rock for the repository needs 

to be assessed by referring to the number of intersected deposition 

hole. In this report, whether the place of the deposition hole is 

suitable for placing the canister is assessed by numerical modell ing. 

3DEC software is used to implement the relevant assessment of the 

deposition hole intersected by fracture. In the assessment, the 

fracture is assumed as an extremely thin circle plane. The 

intersected logic is assumed within the timescale of safety 

assessment. Even if the shear displacement occurs on the fracture, 

the radius of the fracture wil l not grow longer (Hicks, 2005; Barton, 

2013; Kana et al.,  1991).  

The intersected deposition hole rejection cri teria of the assessment 

are as follows: 

(a) FPC (full perimeter cri terion): 

If  a fracture intersects the wall  of the disposal tunnel and 

penetrates the tunnel perimeter completely, and the l inear 

extension of the fracture intersects the canister, the deposition 

hole wil l be rejected. 

(b) EFPC (extend full  perimeter criterion): 

Deposit ion positions being intersected by five continuous 

fractures are rejected (Figure 4-25). 

(5) Hydrogeological conditions: 
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If  the inflow into the deposition hole is too large, the buffer wi l l  be 

lost due to pipe flow erosion, which may affect the long-term safety 

function of the buffer post-closure. Additionally, the excessive 

inflow may cause difficulty in tunnel excavation and buffer/backfi l l  

placement. 

The favorable hydrological condition of the deposition hole is the 

inflow lower than 0.1 L/min and 1% of the total inflow to the 

disposal tunnel to reduce the init ial ly deposited buffer is lost due 

to piping/erosion (SKB, 2010g). The inflow of the deposition hole 

is modelled in FracMan with a hybrid DFN/ECPM model, see Figure 

4-26. 
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Figure 4-24: Estimation steps of thermal dimensioning. 

 

 

Figure 4-25: Extended Full Perimeter InterSection Criterion (EFPC). 

Note: canisters shown in red mean the deposition position rejected. Left hand side shows a deposition 

position rejected due to FPC prior to excavation. Right hand side shows 5 deposition positions being 

intersected by a fracture intersecting in a row are rejected post excavation. 

 



   

 4-64 

 

Figure 4-26: Hybrid DFN/ECPM model. 

Reference: Golder Associates Inc. (2009). 
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4.4.2.  Layout in the Reference Case 

According to the methodology in Section 4.4.1, repository layout is 

configured as follows: 

(1) According to in situ stress of the reference case (Table 4-21), the 

acceptable trend of disposal tunnels should be aligned within 

azimuth 74ę to 134ę, hence the trend of disposal tunnels is aligned 

to azimuth 120ę. 

(2) The relation between bentonite maximum temperature at the 

canister top and thermal dimensioning is shown in Figure 4-27 

with surface temperature 23.8 °C, thermal gradient 0.019 °C/m, 

init ial power of canister 1,200 W, thermal conductivity of rock 

2.3 7 ÍϽ+ϳ , heat capacity of rock 2.152×ρπ ὐȾά Ͻὑ  and 8 

°C margin (SKB, 2009c).  

The center-to-center spacing for the disposal tunnels was set to 

40 m, and the center-to-center spacing for the deposit ion holes 

was set to 9 m. 

 

Considering the issues mentioned above, a reference design layout 

was developed; see Figure 4-28 and Figure 4-29. The repository depth 

of 500 m established for the reference design is based on thermal and 

chemical conditions (for the most part of the area, deep groundwater in 

the reference case is in a reducing environment (Eh <0 mV) as the depth 

is below 400 m). The diameter of the deposition hole is 1,750 mm and 

the height is 8,155 mm. The height of the disposal tunnel is 4,800 mm 

and the width is 4,200 mm. The height of the main tunnel is 7 m and the 

width is 10 m. The first deposition-hole position is at least 20.6 m from 

the entrance of the disposal tunnel and the last deposition-hole position 

wil l be located at 10 m from the end of the disposal tunnel. There are 

two panels with 150 m distance (no specif ic requirements but refer to 

Posiva (2012) and SKB (2009b)). Each panel contains 52 disposal 

tunnels. The length of the disposal tunnel is 250 m with 25 deposition 

holes capacity in the western panel. The length of the disposal tunnel is 
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300 m with 30 deposition holes capacity in the eastern panel. The layout 

has a gross capacity of 2,860 deposition-hole positions, which provides 

approximately  11% for a loss of deposition-hole positions with respect 

to the 2,571 canisters required. 

Based on the resampling of 2,000 DFN realizations of EFPC 

analysis for the single disposal tunnel model, the mean value of loss of 

deposition-hole posit ions is 4.2% and the standard deviation is 0.7% for 

104 disposal tunnels. Also, the distr ibution approximates Gaussian 

distr ibut ion. The design of deposition hole capacity is expected to be 

sufficient to accommodate the canisters needed. 

The required footprint area of the repository is around 1 km2 using 

the following formula (SKB, 2004): 

 

ὃ ὔ ὃ 
(4- 3) 

 

where, 

A=Footprint area of repository [m2] 

ὔ=Number of canisters 

ὃ= Preliminary specific area required for each deposition hole [m2] 

 

The design of repository access consists of a ramp and four shafts.  

The shafts are vertical underground openings with diameters of 3.5 m to 

5.5 m. The skip shaft is the shaft that connects the skip hall  of the central 

area with the inner operation area of the surface facil i ty. The elevator 

shaft provides space for elevators for transport between the surface 

facil i ty and the central area. The basic function of the central area is to 

supply openings for the operation and maintenance of the deposition 

work and the rockwork activi t ies. Also, there are one supply airshaft and 

one exhaust airshaft. 
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The ramp, a 6 m high 5.5 m wide tunnel, is to provide a transport 

route for machines or waste. Two alternative designs of the ramp system 

are considered currently. 

(1) Bypass Layout: According to the plan, ramps with slopes of 5% as 

the slope ratio are to be added. The slope of the turning lane is to be 

horizontal to provide the buffer space for the decelerat ion of 

transportation vehicles, so the risk of transportation of machinery 

wil l be reduced. The safety shoulders can be potentially added to the 

tunnels. The total length of the ramp tunnel is about 14 km and 

reaches a disposal depth of 500 m.  

(2) Local Layout: The second design aims mainly to lower the total 

excavated volume. The slope ratio of the ramps is increased to 8%. 

The total length of the tunnel can be reduced, but as it  certainly 

saves on the construction cost, the risks associated with vehicle 

transportation increase as the ramp slope becomes steeper. 
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Table 4-21: In-situ stress of the reference case. 

KMBH01  

Depth(m) 
ův (MPa) ůh (MPa) ůH (MPa) ůH direction 

Ɑ╗╪
Ɑ○

 

175 4.64 4.58 8.29 N55.9°W 1.39 

238 6.31 4.54 8.41 N58.2°W 1.03 

306 8.11 5.73 10.68 N53.6°W 1.01 

430 11.40 9.38 14.43 N76.4°W 1.04 

Reference: Yang et al. (2003). 

Note: „ὠ is vertical stress: „Ὄ is maximum horizontal stress. „h is minimum horizontal stress. „Ὄa is the 

average of „Ὄ and „h. 

 

 

 

Figure 4-27: Maximum temperature in the buffer versus canister spacing under 

different geothermal gradient and different initial power output. 
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Figure 4-28: Layout of the underground facility. 

 

 

Figure 4-29: Layout of deposition holes in the disposal tunnel. 

  



   

 4-70 

 

4.5.  Monitoring  

The excavation, construction, operation, and closure of the 

repository wi l l  disturb and affect its surroundings, and the safety of the 

repository needs monitoring. According to the results of the 

implementation and monitoring of all stages, monitoring measures are 

adjusted i f necessary. In addit ion, the monitoring plan should be 

included as part of the management plan, and regular technical reviews 

should also be conducted. 

The monitoring items of each stage are shown in Table 4-22. 
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Table 4-22: Main monitoring items at each stage. 

Management component Characteristics of 

the study area  

Construction Operation Closure Closed 

 Engineered barrier 

system setting 

Disposal main tunnel 

backfill  

Connecting tunnel and 

entrance tunnel 

backfill  

(1)  

Quality control: 

design, 

manufacture, 

installation, 

construction of 

the engineered 

barrier system 

and the repository 

Design factor 

 

Design status of 

engineered barrier 

system 

Buffers 

phenomenon 

Saturation of 

Buffers 

Corrosion of waste 

canister  

Rock behavior 

Rock deformation 

Rock behavior 

Rock deformation 

 

Rock behavior 

Rock deformation 

 

Land control 

Logo 

Fence 

Storage 

records 

 

Tunnel support 

integrity 

Stress and strain 

of support and 

lining, etc. 

Tunnel support integrity 

Stress and strain of support and lining, etc. 

 

Tunnel support integrity 

Stress and strain of 

support and lining, etc. 

Manufacturing, 

installation and 

construction 

 

Relevant 

information and 

technology of 

manufacturing, 

installation and 

construction 

required for quality 

control of 

engineered barrier 

system (obtained 

by verification and 

experiment) 

Grouting 

Material control, 

etc. 

 

Grouting 

Material control, etc. 

 

Tunnel backfill  

Backfill density, etc. 

 

Tunnel backfill  

Backfill density, etc. 

 

- Tunnel 

excavation  

Quality control of 

support materials, 

etc. 

Engineered barrier 

system manufacturing 

Buffer density, etc. 

 

Plug 

Material quality 

control, etc. 

 

Plug 

Material quality control, 

etc. 

 

(2) Monitoring of 

geological 

conditions around 

the engineered 

Disposal of 

tunnel 

surroundings 

 

Hydrogeology  

Groundwater 

Grouting pressure, 

etc. 

Hydrogeology 

Groundwater  

Grouting 

pressure, etc. 

Hydrogeology 

Groundwater 

Grouting pressure, etc. 

Hydrogeology 

Groundwater 

Grouting pressure, etc. 
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barrier system 

and  the 

repository 

 

Geochemistry 

pH value, Eh 

value, etc. 

Geochemistry 

pH value, Eh 

value, etc. 

Geochemistry 

pH value, Eh value, etc. 

Geochemistry 

pH value, Eh value, etc. 

Geology 

Geothermal  

gradient, etc. 

Geology 

Geothermal  

gradient, etc. 

Geology 

Geothermal  gradient, etc. 

Geology 

Geothermal  gradient, 

etc. 

(3) 

Environmental 

management of  

the repository 

Surface water 

quality 

Environmental 

radiation, etc. 

Surface water 

quality 

Environmental 

radiation, etc. 

 

Surface water 

quality 

Environmental 

radiation, etc. 

Surface water quality 

Environmental radiation, etc. 

 

Surface water quality 

Environmental 

radiation, etc. 

(4)  

Staff protection 

surveillance 

Temperature, 

humidity, gas, 

etc. 

Temperature, 

humidity, gas, etc. 

Temperature, 

humidity, gas, 

etc. 

Temperature, humidity, gas, etc. Temperature, humidity, 

gas, etc. 

(5) Nuclear 

protection of  

the repository 

Human actions 

 

- - Human actions 

 

Plug, fences, etc. - 
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5.   External Factors 

5.1.  Introduction  

In order to evaluate the safety of the repository under long-term 

evolution, it is necessary to consider the impact of external factors on 

the long-term function of the repository. External factors are classified 

into three issues, which are climate, tectonic evolution, and future 

human actions. 

 

The following statement wil l  discuss the possible evolution of these 

three topics. The possible impact of the evolution of external factors on 

the repository wil l  be evaluated based on relevant references, research 

results and interpretations in the expert conference. 

 

5.2.  Climate 

5.2.1.  Climate Evolution 

From the Last Glacial Maximum (LGM) to the present, relevant 

climate evolution of the reference case is described below: 

(1) LGM period : 

Taiwan is located in a subtropical region. However, during the LGM 

glacial period, glaciers may cover mountains with an alt itude of 

more than 3,300 m, while the low-altitude surface wil l not be 

affected.  

The dry and cold air caused the surface seawater temperature to be 

3.5  to 6  lower than the current level (Hsieh et al. , 1996), and 

the ground temperature was 8  to 9  lower than the current level, 

and the annual rainfall was about half of current level (Liu, 2003). 

In addition, the global sea-level was about 120 m lower than it is 

today (Rohling et al. , 1998). The shal low sea shelf of the Taiwan 

Strait had become a land bridge connecting the Asian continent, and 

the coastl ine near Taiwan may move south to the south of Penghu 

(Murray-Wallace and Woodroffe, 2014). 

(2) After LGM :  
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After LGM, rising global temperatures caused sea-levels to rise, and 

the coastl ine moved towards the land, and the land bridge that 

originally connected the Asian continent was gradually submerged 

by the sea. As follow: 

(a) From 20,000 years ago to 15,000 years ago: the sea-level rose 

at a rate of about 6 m per thousand years, which is relatively 

slow. 

(b) From 15,000 years ago to 10,000 years ago: the sea-level rose 

at a rate of approximately 10 m per thousand years (ү еҨ , 

2019a). 

(c) About 10,000 years ago: the topography of the strait was the 

same as today. The glaciers in the high mountains of Taiwan's 

main island disappeared, leaving the remains of the glaciers 

(Siame et al.,  2007). 

(d) From 10,000 years ago to 6,000 years ago: the climate gradual ly 

stabil ized, and the sea-level reached its highest point, which 

was about 10 m higher than today (IPCC, 2013). The coastal 

plains around Taiwan Island were submerged by sea water, and 

the coastl ine was located at the front edge of the foothil ls and 

hil ly land today. 

(e) From 6,000 years ago to the present: the sea-level no longer 

rose, and rivers carried a large amount of sediment and 

accumulate on the coast, gradually expanding into the western 

coastal plain. 

 

Climate evolution is a periodic cycle. Based on the last ice age and 

the Holocene glacial period (from 120,000 years ago to the present), a 

glacial period is 120,000 years, and the cycle is repeated. By referring 

to related research (TraCE-21ka, 2011), the basic climate evolution 

under the mill ion years safety assessment scale is presented below 

(Figure 5-1): 

(1) Present: i t belongs to a subtropical cl imate, with an average 

temperature of 23.8°C, and an average annual rainfall  of 1,100 mm. 
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(2) After 16,700 years: i t can be corresponded to the climate condition 

8,550 years ago. The average temperature wil l be 18.96 , and the 

average annual rainfall wi l l  be 1,200 mm. The climate type wil l sti l l  

be a subtropical cl imate. The sea-level wil l  be about 20 m lower than 

the present. 

(3) After 33,300 years: i t can be corresponded to the climate condition 

11,000 years ago. The average temperature wil l  be 19.21 , and the 

average annual rainfall wil l  be 800 mm. The climate pattern wil l  

change to a temperate climate. The sea-level wil l  be about 40 m 

lower than the present. 

(4) After 50,000 years: i t can be corresponded to the climate condition 

11,700 years ago. The average temperature wil l  be 18.76 , and the 

average annual rainfall  wil l  be 800 mm. The climate pattern wil l  be 

temperate. The sea-level wil l  be about 60 m lower than the present. 

(5) After 66,700 years: i t can be corresponded to the climate condition 

15,300 years ago. The average temperature wil l  be 17.86 , and the 

average annual rainfall wil l  be 984.23 mm. The climate pattern wil l  

be temperate. The sea-level wil l  be about 80 m lower than the 

present. 

(6) After 83,300 years: i t can be corresponded to the climate condition 

19,991 years ago. The average temperature wil l  be 17.88 , and the 

average annual rainfall wil l  be 962.29 mm. The climate pattern wil l  

be temperate. The sea-level wil l  be about 100 m lower than the 

present. 

(7) After 100,000 years: it can be corresponded to the climate condition 

22,000 years ago. The average temperature wil l  be 17.72 , and the 

average annual rainfall wil l  be 974.28 mm. The climate pattern wil l  

be temperate. The sea-level wil l  be about 120 m lower than the 

present. 

(8) After 120,000 years: it can be corresponded to the present cl imate 

condition.The average temperature wil l  be 23.8 , and the average 

annual rainfal l wil l  be 1,645.43 mm. The climate pattern wil l revert 

to a subtropical cl imate. The sea-level wil l  be the same as the current 

height. 
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Due to the low latitude of the reference case, there wil l  sti l l  be a 

temperate climate during the glacial period, and there should be no long-

term frozen glaciers on the surface. 

According to the long-term average temperature observation data of 

the Intergovernmental Panel on Climate Change 5th assessment report,  

the global surface temperature increased by 0.85°C between 1880 and 

2012 (IPCC, 2013). In addition, i t was affected in 2014 and 2016. In 

2014 and 2015, the global surface temperature also increased 

significantly due to the influence of the El Niño phenomenon. IPCCôs 

5th assessment report wil l  use the representative concentration pathway 

(RCP) to evaluate the possible degree of global cl imate warming in the 

future. The results show that under the most severe warming situation 

(RCP 8.5), the global surface temperature at the end of the 21st century 

may be 3.7°C higher than that between 1986 and 2005. In the case of 

moderate emissions of warming (RCP 4.5), the global surface 

temperature at the end of the 21st century may increase by 1.8°C from 

1986 to 2005 (Figure 5-2) ( IPCC, 2013). 

The IPCC s published the latest 6th assessment report in 2021 

(IPCC, 2021), which indicated that global temperature in the first two 

decades of the 21st century (2001-2020) was 0.99  higher than 1850-

1900. In addition, under the affection of the El Niño phenomenon from 

2014 to 2016, global temperature increased dramatical ly in 2014 and 

2015. The IPCC 6th assessment report combined Shared Socioeconomic 

Pathway (SSP) and RCP. The results showed that compared to 1850-

1990, the global surface temperature averaged over 2081-2100 is very 

likely to be higher by 3.3  to 5.7  under the very high Greenhouse Gas 

(GHG) emissions scenario (SSP5-8.5) and by 2.1  to 3.5  in the 

intermediate GHG emissions scenario (SSP2-4.5) (IPCC, 2021). 

According to data from the Central Weather Bureau, the annual 

temperature in Taiwan has risen by about 1.3  in the past 100 years 

(from 1900 to 2017). The temperature rise has accelerated in the past 50 

years. This phenomenon of temperature increase has shown a stage with 
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the changes over the years, and there has been a larger increase since 

1980 (Figure 5-3). 

Therefore, climate warming is also one of the important factors that  

must be considered in evaluating the climate evolut ion of the repository.  

The evolution analysis for possible warming of the repository wil l  be 

included in the following development of the program. 

The evolution of the repository under two different climate 

evolutions is discussed in Chapter 9:  

(1)  Basic evolution: in which future climate conditions will  evolve 

according to 120,000-year glacial cycle is described in Section 

9.2. 

(2)  Global warming evolution: in which impact on cl imate 

evolut ion and the repository from greenhouse gases wil l be 

discussed is described in Section 9.6. 
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Figure 5-1: Estimated climate evolution and sea-level changes. 

Reference: INER (2017b). 

 

 

Figure 5-2: Global temperature changes in different RCP scenarios. 

Reference: Chen et al. (2018) and Zhou et al. (2017). 
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Figure 5-3: Observation data of temperature changes of Taiwan (from 1900 to 2017). 

Reference: Chen et al. (2018) and Zhou et al. (2017). 

  



   

 5-8 

 

5.2.2.  Impact on Safety of the Repository 

From the assessment results in Section 5.2.1, for the next 1 mil l ion 

years post-closure, the climate of the reference case wil l change from 

subtropical cl imate to temperate climate and then back to subtropical 

cl imate with the glacial cycle. During the glacial cycle, the sea-level 

wil l  slowly decrease and then rise. The reference case wil l gradually 

evolve from an outlying island to a coastal land and then return to an 

outlying island environment. 

The main impact of cl imate on the safety of the repository is 

coastl ine migration. Coastl ine migration wil l not only change the surface 

conditions but also change the underground conditions, resulting in 

changes in permeabil ity, groundwater pressure, groundwater flow and 

composition. For the safety of the repository, i t is necessary to evaluate 

the changes in groundwater salinity at the depth of the repository, as 

well as high groundwater flow and other factors that affect the 

retardation safety function of the geosphere. In addition, the migration 

of the coastl ine may also have an impact on the locations and 

development of the biosphere objects, which needs to be considered 

when assessing radionuclide transport in the environmental medium of 

the landscape . 

 

5.2.3.  Uncertainties related to the Long-Term Evolution of the Climate 

The long-term climate evolution is complicated and diff icult to 

predict, and the time and extent of the evolution are uncertain. Moreover, 

the greenhouse gas emissions caused by humans, the duration and the 

impact on the climate also form uncertainties for climate evolution. 

As mentioned in Section 2.7, uncertainty can be divided into: (1) 

system/scenario uncertainty, (2) concept/model uncertainty, and (3) data 

uncertainty. The analysis and assessment of long-term cl imate evolution 

can be handled in the following ways: 

(1) System/scenario uncertainty: 
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The climate and environmental changes within a reasonable range 

in the future are considered. For example, future climate change and 

landscape evolution caused by the total release of different 

greenhouse gases in the future are under consideration. Relevant 

uncertainties are combined to define a normal evolution scenario 

(or so-called expected evolution scenario) as a reference point to 

develop a conceptual model of quantitative evaluation. 

(2) Concept/model uncertainty: 

The uncertainty of the climate model itself comes from the 

equations used in the model. Even though the theoretical basis for 

describing atmospheric motion is considered mature, many high-

order and complex calculations would be ignored in model analysis 

due to the l imitation of computation resources. In addit ion, the 

climate model and earth system model are idealized states of the 

actual cl imate system. The interactions and feedback mechanisms 

cannot be reproduced completely. In the process of model 

integration over t ime, the errors caused by incomplete calculation 

wil l gradual ly accumulate, and finally, the deviation of the 

simulation results wil l  be formed, leading to the generation of 

uncertainty. Different models and observation data can be adopted 

to verify the result. Meanwhile, assessment models can be 

developed by multiple people to establish a consensus which may 

reduce errors caused by the design defects of a single model. 

(3) Data uncertainty: 

Generally, the data can be analyzed through probabil ity calculation 

or a combination of variabil i ty determination alternative parameter. 

Some boundary conditions are easily  predicted, such as changes in 

the earth's orbit over t ime. Some have high uncertaint ies, such as 

changes in atmospheric carbon dioxide concentration in the future. 

Reasonable assumptions are needed in consideration of research in 

various fields. The long-term evolution of cl imate focuses on the 

development of trends rather than decisive forecasts, so the 

boundary conditions are set within reasonable assumptions. 
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5.2.4.  Documentation 

The following are the relevant documentary records of sea-level 

variations, which can be used as supporting evidence for the analysis of 

the climate evolut ion of the repository. 

The Antarctic Deep Ice Core of Dome Fuji and Vostok provides 

information on glacial-interglacial cl imate change and atmospheric 

composition (Kawamura et al. , 2007), reconstructing the northern 

hemisphere climate cycle and presenting a table of cl imate changes over 

the past 360,000 years. Based on the rat io of oxygen to nitrogen 

molecules in Antarctica's ice cores, the annual cl imate change is 

reconstructed. In line with Milankovitchôs climate change theory, the 

glacial- interglacial cycle is driven by changes in the summer sunshine 

in the high lat itudes of the northern lati tude. The change of summer 

sunshine in the northern hemisphere can examine the climate change in 

the southern hemisphere during the transition between glacial and 

interglacial periods. 

The sea-level data shows that during the last ice age, about 20,000 

years ago, the sea-level dropped by about 120 m (Rohling et al., 1998). 

In addition, the study of Antarctic ice core data shows that the global 

sea-level during the last ice age was about 100 m lower than the current 

one, and the reduction of 120 m to 135 m is a reasonable range (SKB 

TR-10-49; Yokoyama et al. , 2000). 

Hsieh et al. (2006) used 29 core data from the western coastal plain 

in Taiwan. The core contained radiocarbon dating to determine the sea-

level of Taiwan from 10,000 years ago to 5,000 years ago. All dates were 

obtained from coastal sediments, and the deposit ion location was 

assumed to be ±3 m at sea-level. The sinking rate of a given sea-level 

height was calculated with the dating date. The results are as below: 

(1) Rapidly ascending from 11,000 years ago to 10,000 years ago (the 

ascent rate is greater than 13 m ky-1). 

(2) About 10,000 years ago to 6,500 years ago, the ascent rate was about 

8 m ky-1 to 9 m ky-1. 

(3) 6,500 years ago or 66,000 years ago, the sea-level approached the 

current sea-level, and the ascent rate has slowed down. 
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5.3.  Tectonic Evolution 

According to the FEPs list of the reference case in Section 3.3, three 

factors relevant to tectonic evolution could affect the long-term safety 

of the repository. These factors, including earthquakes, volcanism, and 

upli ft,  subsidence and denudation of rocks, wil l  be stated in the 

following chapters. 

 

5.3.1.  Earthquakes 

An earthquake is the shaking of the ground induced by the energy 

released through seismic waves from rock failure. Nature phenomena, 

such as tectonic and volcanic activit ies, and meteor impact or human 

actions (nuclear test ing, retaining of reservoir, etc.) could also be the 

cause of earthquake. Disasters accompanied by earthquakes can be a 

serious threat to the l ives of humankind. 

Two factors are considered crucial while evaluating the impact of 

earthquakes on the long-term safety of the repository. One is the effects 

of shear displacement, and the other is the effects of ground motions 

(ground acceleration) caused by seismic wave propagation. 

(1) Risk from shear displacement: 

(a) When shear displacement occurs within the site, the fracture 

plane could intersect the repository damaging the engineered 

barrier system and lowering its safety functions. 

(b) While shear failure is adjacent to the site, it could activate the 

faults and fracture near the repository, and induce displacement 

or change the flow of the groundwater and the chemical 

environment. 

(2) Risk from ground acceleration: 

(a) Ground acceleration could damage the repository in the pre-

closure phase while i t exceeds the design basis of the facil i ty. 

(b) In the post-closure phase, the underground facil i ty of the 

repository wil l  not have any free surfaces. The scale of the 

facil i ty is in very small dimensions (meter scale) compared with 
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seismic wavelengths (kilometer scale), and thus the shaking 

wil l not have any impact on it  (SKB, 2010n). 

 

Since the ground acceleration may deal less risk to the underground 

facil i ty, and it  can be evaluated by seismic hazard analysis, a well-

developed procedure  has been applied to the nuclear facil i t ies in 

Taiwan (NCREE, 2018). The main focus wil l l ie on the risk of shear 

displacement. 

IAEA has divided seismic sources into two categories (IAEA, 

2010). One is sources wi th obvious geological structures such as fault  

sources and subduction interfaces. The other is sources with unknown 

geological structures, called diffuse seismicity, based on the geological 

survey nowadays. As mentioned in Section 1.4, active faults (faults with 

evidence of activity over the last 100,000 years and signs of reactivating 

in the near future by the definit ion of the Central Geological Survey) 

and adjacent geologically sensitive area (GSA) wil l be avoided while 

choosing suitable locations for the repository lowering the chances of 

shear displacement occurred within the site. As for the impact from 

adjacent shear displacement, it is evaluated by earthquake simulation. 

When conducting earthquake simulation, three major parameters, 

including the geometry, maximum magnitude, and seismicity rate of 

seismic sources, are considered. According to the geological evolution, 

the tectonic settings in the reference case wil l be invariant within 

1,000,000 years from now (ү еҨ ,  2018b). The parameters wil l be 

derived from current geological and seismic data. And the uncertaint ies 

of these parameters wil l  be considered through a logic tree. The 

geometry, maximum magnitude, and seismicity rate for different types 

of seismic sources in the reference case are shown as follow:  

(1) Fault source: 

The active fault  near the reference case is Binhai fault (Figure 5-4). 

Based on the data from previous studies and workshops, the Binhai 

fault can be divided into two rupture models (Figure 5-5).  

(a) Model 1: 
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The length of the fault is 71 km (Chang et al., 2010), and the 

dip of the fault plane is 54 degrees toward the east (Cheng et 

al. , 2011; Chu et al., 2005). The seismogenic depth in this 

region is around 25 km (Zhang, 2020). The maximum 

magnitude of the Binhai fault can reach Mw 7.3 (Wells and 

Coppersmith, 1994; Yen and Ma, 2011). Slip rates are 0.02, 

0.2, and 0.5 mm/yr.  

(b) Model 2: 

The length and dip of the fault  are 450 km and 60 degrees 

toward the west, respectively. Three possible seismogenic 

depths are 10, 15, and 20 km (ү еҨ , 2018b). The maximum 

magnitudes evaluated from in-situ stress are Mw 7.93, 8.27, 

and 8.51. Slip rates are 0.02, 0.2, and 0.5 mm/yr. 

(2) Diffuse seismicity: 

There are no definite geometries for the rupture plane of diffuse 

seismicity (or called area sources in probabil istic seismic hazard 

analysis, PSHA). A boundary where earthquakes within it share 

similar focal mechanisms, for diffuse seismicity can be defined 

through geophysical and geological surveys, thus narrowing down 

the uncertainties of rupture planes. Three boundaries of diffuse 

seismicity referring to previous studies nearby reference cases are 

l isted below: 

(a) A circle with a 200 km radius from the reference case (200 

km_radius): 

The length of the radius is determined by the distance from the 

reference case to the deformation front in the Taiwan region. 

The edge of the circle also coincided with the front of Peikang 

High and the seismicity distribution in Taiwan (Yu, 1997; Wu 

and Zhao, 2013; ү еҨ ,  2017). 

(b) AS_K01 and DS_K01: 

AK_K01 and DS_K01 are the area sources that cover the 

Taiwan Strait  region. Their boundaries are modified from areal 

sources proposed in previous seismic hazard analysis for 
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nuclear power plants in the Taiwan (Wen et al., 2011), and the 

study of design earthquakes in Taiwan Strait region (Chang, 

2010). 

 

These boundaries of diffuse seismicity are shown in Figure 5-6. The 

upper and lower depths of diffuse seismicity are 2 km and 35 km, 

referring to the depths of areal sources in the past PSHA studies in 

Taiwan. Since this diffuse seismicity cannot be l inked to any known 

geological structure, a non-surface rupture model is assumed. Based on 

the assumption and the study from Shimazaki (1986), the maximum 

magnitude for the diffuse seismicity is set as 6.5. A maximum magnitude 

of 6.5 also coincided with the observed seismic data within this region 

after eliminating events related to the Binhai fault (Xu et al. , 2006). The 

seismicity rate of diffuse seismicity in this research is derived by the 

truncated exponential model (Cornell and Van Marke, 1969). The 

truncated exponential model (equation 5-1) is based on Gutenberg-

Richterôs law (Gutenberg and Richter, 1944) by substituting ὔά ,  

which represents the counts of cumulative annual numbers of 

earthquakes in certain magnitude, for ὔά  and adding an upper l imit 

of magnitude in the original equation. 

 

ὔά ὔά
ÅØÐ‍ά ά ÅØÐ‍ά ά

ρȢπ ÅØÐ‍ά ά
 (5- 1) 

 

where, 

‍ ὦϽὰὲρπ. And b is the same as b-value in the Gutenberg-Richterôs 

law. [-].  

ά  is the lower l imit of magnitude, [-] .  

ά  is the upper l imit of magnitude, [-] .  

ὔά  is the seismicity rate for lower magnitude, [-]. 
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Based on the result from the sensitivity study, ά  wil l  be 3.5. And ά  

wil l  be 6.5 as mentioned above. The b-value and ὔά  is derived by 

the maximum likel ihood method using an earthquake catalogue in each 

boundary of diffuse seismicity, then used to calculate the relationship 

between cumulative annual earthquake number and magnitude. Based on 

the results of calculations, the estimated numbers of earthquakes with 

moment magnitudes of 6.5 in one mil l ion years in 200km_radius, 

AS_K01 and DS_K01 diffuse seismicity boundary are 145 (Figure 5-7), 

14 (Figure 5-8) and 6 (Figure 5-9). 
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Figure 5-4: Location of Binhai fault (blue line) and reference case (red triangle) 
Reference: Pan (2016) 

 

 

Figure 5-5: Logic tree for seismic hazard analysis. 
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Figure 5-6: Boundaries of the three diffuse seismicity. 

Note: the yellow triangle is the location of reference case, the orange circle is the range of 200 km 

radius from the reference case, the blue line indicates the area of AS_K01, and the green line indicates 

the area of DS_K01. 

 

 

Figure 5-7: Accumulated seismicity rate versus earthquake magnitude within the 

range of 200 km radius from the reference case. 

Note: solid line indicates the estimation results from the truncated exponential model, and circle 

indicates the observation results. The number of earthquakes in one million year for magnitude 6.5 is 

145. 
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Figure 5-8: Accumulated seismicity rate versus earthquake magnitude within AS_K01 

region. 

Note: solid line indicates the estimation results from the truncated exponential model, and circle indicates 

the observation results. The number of earthquakes in one million year for magnitude 6.5 is 14. 

 

 

Figure 5-9: Accumulated seismicity rate versus earthquake magnitude within DS_K01 

region. 

Note: solid line indicates the estimation results from the truncated exponential model, and circle 

indicates the observation results. The number of earthquakes in one million year for magnitude 6.5 is 6. 
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5.3.2.  Uplift ing/Subsidence and Denudation 

The upli ft ing/subsidence and denudation of a rock are determined 

by the characterist ics of the local geological frame and evolution. Taking 

sea-level as a relative base level, the upli ft ing or denudation wil l reduce 

the disposal depths of radioactive waste, thus shortening the safe 

distance from it  to human habitat and lowering the safety functions, such 

as isolation, containment, and retardation of the geosphere (Figure 

5-10). The uplif t ing/subsidence and denudation of a rock can also change 

the characteristics of the flow field and chemical propert ies of 

groundwater around the repository, affecting its safety functions and 

long-term stabil i ty.  On the other hand, subsidence accompanied by 

sedimentation wil l  increase the disposal depths of radioactive waste, 

keeping it  away from human habitat. 

Taiwan is situated on the edges of the Phil ippine Sea and the 

Eurasian plate. The former converges toward the northwest at a rate of 

8.2 cm/yr, inducing an upli ft rate of 2 cm/yr in the Taiwan mountain 

belt . Taiwan, located in the path of typhoons in the west Pacif ic Ocean 

region, also bears high denudation rates, due to high precipitation 

(Chang, 2016). According to the results from the geodetic survey, 

topography, evolution of plate tectonics, and thermochronology, the 

reference case is in a relatively stable tectonic environment, located far 

from the tectonic boundary and deformation zone, with no obvious upli ft  

or subsidence. The stabil i ty could last for the next couple of 10 mill ion 

years. 

The results from rock samples and low-temperature 

thermochronology show a slow upli ft rate between 0.01 mm/yr and 0.1 

mm/yr in the reference case (SNFD-ITRI -2015-0001-c3.4.2). Since there 

is no specific thermal event within 76 MaBP for the reference case, and 

itôs in anorogenic period with a very stable geological environment, the 

upli ft and denudation rates are assumed to be the same for the reference 

case in the safety assessment t imescale. 
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Figure 5-10: Impact on long-term safety of the repository due to uplifting and 

denudation. 
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5.3.3.  Volcanism 

Volcanism is one of the igneous activities induced by the process 

of magma intruding from the mantle or lower crust, forming igneous 

rocks after cooling. It can be categorized into intrusive type in depth or 

extrusive type near the surface (ү еҨ , 2017). Volcanic activit ies in 

Cenozoic in the Taiwan region was associated with the extension in the 

southeast margin of mainland China, and the subduction of the 

Phil ippine Sea plate. After the late Miocene, volcanism was related to 

the subduction between Phil ippine Sea plate and the Eurasian plate. 

Volcanism in Cenozoic in Taiwan region is divided into the western, 

eastern, and northern parts of Taiwan (Juan, 1985; Chen, 1990) (Figure 

5-11).  

(1) Volcanism in the western part of Taiwan: 

Beginning in the early Paleocene (65 MaBP to 38 MaBP), the 

intraplate volcanism in the western part of Taiwan was related to 

the extensional tectonics in the eastern margin of the Eurasian plate, 

and was most active in Miocene (23 MaBP to 8 MaBP). The 

locations of magma activity were separated in Penghu island, 

Taiwan strait, central north of Taiwan (GuanxiïZhudong, Jiaoban 

Mountai, and Gongguan), and central south of Taiwan (Al ishan, 

Nanzixianxi, Laonong river, Muzha, and Jianshi). The volcanism is 

considered to have ceased (Chung et al.,  1994; Chung et al.,  1995; 

Chen et al.,  2016b). 

(2) Volcanism in the eastern part of Taiwan: 

It  was active from Miocene to Pliocene (16 MaBP to 2.2 MaBP). 

The associated igneous rocks constitute the backbone of the North 

Luzon Arc (Chen, 1990; Chen et al. , 2016b). 

(3) Volcanism in the northern part of Taiwan: 

The relatively late (from late Pliocene to Quaternary) and short-

l ived magmatism (Chuang, 1988) in the northern part of Taiwan was 

init iated by the westward propagation of the Ryukyu Arc system and 
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post-orogenic extension (Wang et al. , 2004; Lallemand et al.,  2013; 

Chen et al.,  2016b). 

 

Figure 5-12 shows six potential erupting locations (Konstantinou, 

2014). Although Taiwan is located in the Pacific Ring of Fire, the 

volcanic areas are restricted to specific regions located in the 

eastern and northern parts of Taiwan. 

Volcanism could bring impact on the repository. A high geothermal 

gradient wil l  accelerate the velocity of groundwater flow and, 

therefore, increase the migration rate of radionuclides. The direct 

intrusion of magma, magma mixing, and volcanic gas mixing could 

change groundwater chemical properties lowering the safety 

functions of the mult iple barriers system (MBS) (JNC, 2000). 
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Figure 5-11: Volcanism distribution in Taiwan. 

 

Reference: Chen (1990) 

 

Modified from Chen (1990)[In Chinese: (1990)Ǎ Ǎ Ǎ ̙]

Chung et al. (1995)[Chung, S.L., Yang, T.F., Lee, C.Y. and Chen, C.H. (1995), The igneous provinciality in Taiwan: consequence of continental r ifting superimposed 

by Luzon and Ryukyu subduction systems, J. SE Asian Earth Sci., Vol. 11(2), pp. 73-80.]

Chung et al. (1995, p78)
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Figure 5-12: Distribution and eruption probability for volcanoes in Taiwan. 

 

Reference: Konstantinou, K.I. (2014) 

  

Chen and Shen (2005)[Chen, C.W. and Shen, J.J.S. (2005), A refined historical record of volcanic eruptions around Taiwan: Tectonic implications in the arc-continent collision area, Terrestrial, Atmospheric and Oceanic Sciences, Vol. 16, No. 

2, pp. 331ï343.]

Konstantinou (2014)[Konstantinou, K.I. (2014), Potential for future eruptive activity in Taiwan and vulnerability to volcanic hazards, Natural Hazards, Vol. 75(3), pp. 2653ï2671, DOI 10.1007/s11069-014-1453-4.]

Chen and Shen (2005, p333)

Konstantinou (2014, p9/19)
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5.4.  Future Human Actions 

5.4.1.  Human Actions affecting Long-Term Safety of the Repository 

Current human actions that may affect the long-term safety of 

repository are shown in Table 5-1. It  is generally accepted that "dri l l ing 

in rock formations" is the only human activity which is technically 

feasible and can directly lead to penetration of the canisters, allowing 

radionuclides released from the canister to further affect human and the 

environment. Although the repository site wil l  be selected through strict 

selection procedures, it is diff icult to predict what resources may become 

valuable resources in the future. Therefore, when the repository is no 

longer under supervision and the relevant information is lost, the 

repository may be art if icially invaded due to the exploration of minerals 

or water resources or dri l l ing for research purposes. 

Table 5-2 shows the possible causes and depths of dri l l ing 

operations in rock formations, which mainly include operations for 

mining, geothermal energy/oil and gas exploration and development,  

scienti fic research, and geological surveys for special structures. 

Although the site of the repository is usually set in a deep stratum 

without economic resources, it  could not be ruled out that there may be 

changes in the characteristics of rock, or a new economic benefi t in the 

future. Even so, the repository is often located in large rock masses, and 

the possibil i ty of unintentionally intruding a repository for investigation 

is sti l l  low. 
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Table 5-1: Human actions that may affect long-term safety of the repository. 

Category Activity  

Thermal impact 

 

T1: Building heat store 

T2: Building heat pump system 

T3: Extracting geothermal energy (geothermics) 

T4: Building plant that generates heating/cooling on the surface above the 

repository 

Hydrological 

impact  
H1: Constructing well 

H2: Building dam 

H3: Changing the course or extent of surface water bodies (streams, lakes, sea) 

and their connections with other surface water bodies 

H4: Building hydropower plant 

H5: Building drainage system 

H6: Building infiltration system 

H7: Building irrigation system 

H8: Changing conditions for groundwater recharge by changes in land use 

Mechanical 

impact 

M1: Drilling in the rock  

M2: Building rock cavern, tunnel, shaft, etc.  

M3: Excavating open-cast mine or quarry 

M4: Constructing dump or landfill 

M5: Bombing or blasting on the surface above the repository 

M6: Subsurface bombing or blasting 

Chemical impact C1: Storing/disposing hazardous waste in the rock 

C2: Construct sanitary landfill (refuse tip) 

C3: Acidify ing air, water, soil and bedrock 

C4: Sterilizing soil 

C5: Causing accident resulting in chemical contamination 

Note: * includes or may include drilling and/or construction of rock cavern.  

Reference: SKB (2010n) 

 

Table 5-2: Purposes, depth, and targeted formations of drilling. 

Human actions Depth Formations to drill  

Mining exploration / 

exploitation 

Shallow and deep Crystalline rock or sedimentary 

environments 

Water supply Normally only up to about 

100 m 

Fractured rocks or porous 

rocks/formations 

Geothermal energy 

exploration/ exploitation 

Deep Sedimentary and crystalline rock 

(fractured or not) 

Hydrocarbon exploration Deep Fractured or porous rock formations 

with lower permeability formations 

(reservoirs) 

Future waste disposals location 

(toxics and/or radioactive) 

Shallow and deep Not fractured crystalline rock and 

sedimentary formations with low 

permeability. 

Oil/gas exploration and 

exploitation 

Shallow and deep Rock formations 

Oil/gas underground storage Shallow and deep Sedimentary formations (mainly old 

caverns in evaporates) and 

crystalline rock 

CO2 storage Deep Sedimentary formations 

Scientific research Shallow and deep General 
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Building and construction Generally, less than 50 m, 

apart from very 

exceptional examples, 

such as deep tunnels and 

secure facilities 

General 

Brine injection wells (mining 

industry) 

Shallow to intermediate. 

Generally, less than 100 m 

Fractured Rocks or porous 

rocks/formations 

Reference: POSIVA (2013, Table 1) 
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5.4.2.  Impact on Safety of the Repository 

Among current human actions, dri l l ing operations are the only 

direct result  of the penetration of the canister, allowing the radionuclides 

to further affect humans. Table 5-2 summarizes the purpose, impact 

depth and target formation of dri l l ing operations (POSIVA, 2013). 

According to Table 5-2, some of the targeting formations of dri l l ing 

operations are less suitable as candidate sites for the repository, such as 

salt  wel ls and CO2 sequestration. Dril l ing typically does not exceed 50 

m. Due to the high cost of deep dri l l ing, non-invasive investigations, 

such as geophysical prospecting, are usually conducted before execution, 

thus alerting the investigator to the presence of the repository prior to 

the actual dri l l ing operation. In addition, deep dri l l ing usually requires 

skil led dri l lers who are l ikely to follow good procedures during the 

dri l l ing process and are more l ikely to detect anomalies during the 

dri l l ing process. Therefore, the probabil ity of affecting the safety of the 

repository due to dri l l ing operations is actually not high. 

Future human actions involve social and technological 

development, with high uncertainty and unpredictable impact. In order 

to provide a complementary argument for the long-term safety impact of 

future human actions on the repository, a scenario analysis of future 

human actions wil l be conducted in Chapter 13.



   

 6-1 

6.   Internal Processes 

6.1.  Introduction  

Assessing the safety of a repository over a long period of t ime 

requires a comprehensive understanding of the internal processes of the 

disposal system. Based on relevant domestic and foreign l iterature, long-

term research results of disposal plans, and interpretation of expert 

meetings, long-term safety-related functions of the engineered barriers 

and host rock of the repository can be identified. The following describes 

processes handling, document format of internal processes, process 

mapping/process tables and assessment model flow chart (AMF) of 

assessment models. 

 

6.1.1.  Identification of the Internal Processes 

The internal processes consider the five main system components 

of the disposal repository (source term (SNF), canister, buffer, backfi l l  

and geosphere), which evolve over t ime and are affected by different 

variables, such as radiation, temperature, mechanical, chemical and 

microbial, and their relationship with the variables. 

 

6.2.  Coupling of the Internal Processes 

The internal processes of the repository system are 

comprehensively considered through the coupling of (1) THMC 

processes, (2) variables, and (3) system components.  

In order to present the large amount of information coupled with 

the internal processes in an easy manner, the process diagram of each 

system component can be used to i l lustrate the relationship between 

variables, processes and their interdependence. The process diagram is 

usually derived from the analysis and evaluation of the FEPs l ist. From 

the process diagram, the variables that affect each process, and impact 

of a specific process on the variables can be presented. In addition, it  

also describes the interactive processes of the adjacent system 

components. The process diagram can help analysts to identi fy the role, 

barrier characteristics, and their interdependence in a structured way. 
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Figure 6-1 elaborates the process impact between buffer, backfi l l , copper 

shel l, cast iron l ining and geosphere. The arrows represent the impact 

direction between variables and processes. Each process in Figure 6-1 

can be organized as the corresponding influence table (Table 6-1). Table 

6-2 to Table 6-6 are process mapping/process tables developed by SKB 

(SKB, 2006b). Among them, the green fields in the tables are irrelevant 

or negligible functions. The red fields are the functions that need to be 

simulated and quanti fied in the safety assessment, and the orange fields 

are the functions that can be neglected under certain conditions. As the 

basic concept, the corresponding fields of these tables can elaborate the 

developing technology in Taiwan. 
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Figure 6-1: Concept of process diagram (buffer/backfill). 

Note: the upper part of the table indicates variable, whereas the left part of the table indicates internal 

process. 
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Table 6-1: Concept of influence table of the internal processes of the geosphere. 

Variable 

Variable influence on process Process influence on variable 

Influence or 

not 

Time period/ 

Climate domain 

Handling of 

influence 
Influence or not 

Time period/ 

Climate domain 
Handling of influence 

Temperature 

in host rock 

Yes. 

Temperature 

in host rock 

influences 

flow, 

viscosity, and 

density, 

which may 

cause 

buoyancy 

force. 

Excavation/operation/resaturatio

n 

Compared with the 

influence of 

flowing into the 

repository, this can 

be neglected. 

Yes, but the 

influence is little. 

In principle, heat is 

transferred through 

the conduction of 

flowing 

groundwater and 

rocks. However, 

the former is only 

meaningful in 

highly permeable 

rocks. 

Excavation/operation/resaturatio

n 

Little influence, 

neglected. 

Temperate The influence of 

geothermal gradient 

on density and 

viscosity is 

considered in the 

main calculation. 

SR Can/Hartley et 

al. solved the 

influence of SNF 

thermal effect in the 

scope calculation. 

The effect is 

negligible, so it is 

not considered in 

this report. 

Temperate The effect is small and 

can be neglected in the 

main calculation. In 

the scope calculation, 

the influence of the 

heat generated by the 

SNF is taken into 

account, but the 

influence can be 

neglected. 

Periglacial The influence of 

geothermal gradient 

is considered. The 

temperature 

distribution over 

time is constant, 

because the process 

of periglacial will 

change with time. 

Periglacial Little influence, 

ignorable. 
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Variable 

Variable influence on process Process influence on variable 

Influence or 

not 

Time period/ 

Climate domain 

Handling of 

influence 
Influence or not 

Time period/ 

Climate domain 
Handling of influence 

Glacial Processes smaller 

than the ice sheet 

can be neglected. 

Glacial Little influence, 

ignorable. 

Groundwate

r pressure 

Yes. 

The pressure 

gradient is a 

driving force 

for 

groundwater 

flow. 

All  Included in the 

model 

Yes. 

Pressure and flow 

are coupled. 

All  Determined by 

calculation of 

groundwater flow. 

Gas phase 

flow 

Yes. 

Groundwater 

and natural 

gas are 

coupled. 

Excavation/operation/resaturatio

n 

Using a model that 

expresses the 

groundwater level 

through a free 

surface, the 

influence of the gas 

phase is implicitly 

considered for the 

excavation/operatio

n phase. This can 

produce drawdown 

and inflow. It is 

noted that during 

this period, the 

repository will not 

produce any gas. 

The simplified gas 

and water phase 

flow models are 

used to explicitly 

consider the 

influence of the gas 

Yes. 

Groundwater and 

natural gas are 

coupled. 

Excavation/operation/resaturatio

n 

Modeling is not clear, 

which is because the 

water level and water 

inflow can be 

determined based on a 

model that treats the 

groundwater level as a 

free surface. A 

simplified model for 

gas-phase flows that 

are not explicitly 

represented in the 

resaturation calculation 

is used. 
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Variable 

Variable influence on process Process influence on variable 

Influence or 

not 

Time period/ 

Climate domain 

Handling of 

influence 
Influence or not 

Time period/ 

Climate domain 
Handling of influence 

phase in the 

resaturation 

calculation. 

    Temperate It is neglected in the 

mainstream 

calculation. The 

amount of gas 

generated is small, 

and the influence is 

localized. The gas 

influence is 

evaluated by the 

range calculation of 

SR-Can/Hartley et 

al. 

  Temperate It is considered in the 

estimation of the 

dissolved gas transport 

capacity carried out by 

SR-Can/Hartley et al. 

Periglacial Influence is less 

than the effect of 

permafrost and can 

be neglected. 

Periglacial Gas phase flow is a 

relatively small 

process and can be 

neglected. 

Glacial Processes smaller 

than the ice sheet 

can be neglected. 

Glacial Gas phase flow is a 

relatively small 

process and can be 

neglected. 

Repository 

geometry 

Yes. 

The 

geometry of 

the repository 

affects the 

distribution 

and 

characteristic

Excavation/operation/resaturatio

n 

Detailed 

representation of 

the repository 

tunnel is included 

in the model. 

No. 

The geometry of 

the repository will 

not be affected. 

-- -- 

Temperate A detailed 

representation of 

the repository 

tunnel is included 
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Variable 

Variable influence on process Process influence on variable 

Influence or 

not 

Time period/ 

Climate domain 

Handling of 

influence 
Influence or not 

Time period/ 

Climate domain 
Handling of influence 

s of the flow 

path 

in the local flow 

model. 

Periglacial Influence is smaller 

than other effects 

and can be 

neglected. 

Glacial Influence is smaller 

than other effects 

and can be 

neglected. 

Fracture 

geometry 

Yes. 

The pore 

size, 

geometry and 

connectivity 

of the 

fracture 

determine the 

permeability 

of the rock. 

The 

geometry of 

the pore 

space in the 

matrix will 

affect the 

diffusion of 

the rock 

matrix, 

which may 

Excavation/operation/resaturatio

n 

Site-specific 

description of the 

geometry of cracks 

and crack areas. 

No influence. 

However, it is 

generated 

indirectly through 

changes in the 

composition of the 

groundwater 

through the 

influence of the 

interaction of 

groundwater and 

rocks. 

-- The indirect changes 

due to 

precipitation/dissolutio

n are expected to be 

long-term and 

relatively small, and 

therefore, have not 

been resolved. 

Since the groundwater 

flow is very small, the 

change of the fracture 

aperture is not 

considered. The 

influence of possible 

high pore pressure and 

fracture "hydraulic 

jacking" under the ice 

sheet has been solved. 

Temperate Site-specific 

description of the 

geometry of cracks 

and crack areas. 

The influence of 

EDZ is solved by 

distributing the 

increased hydraulic 

conductivity 

relative to the host 

rock. Changes over 

time can be 

neglected. The 

influence is small 

and within 

uncertainty. 

It is also indirectly 

affected due to 

changes in the 

pore size of the 

fractures caused by 

changes in 

groundwater 

pressure related to 
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Variable 

Variable influence on process Process influence on variable 

Influence or 

not 

Time period/ 

Climate domain 

Handling of 

influence 
Influence or not 

Time period/ 

Climate domain 
Handling of influence 

affect the 

composition 

of 

groundwater 

(especially 

salinity) and 

the flow. 

Periglacial/Glacial Continuous mode 

description of site 

characteristics 

based on the 

geometry of 

fractures and 

fracture areas. 

groundwater flow 

and possible 

glacier processes. 

Rock 

stresses 

No. 

But indirectly 

through the 

change of 

fracture 

geometry. 

  Ignorable. 

However, the EDZ 

modeling considers 

the influence of 

rock stress changes 

on the nature of 

fractures near the 

repository during 

the excavation, 

operation and 

resaturation of the 

repository. 

Except for the heat 

flux generated by 

the construction of 

the repository, fuel, 

ice load, structural 

changes over a long 

period of time, and 

changes caused by 

earthquakes, the 

stress changes are 

expected to be 

relatively small. 

No. 

However, 

groundwater flow 

indirectly affects 

rock stress through 

the contribution of 

groundwater 

pressure to 

effective stress. 

The change in 

groundwater 

pressure is usually 

small that the 

influence on rock 

stress is negligible, 

except for 

desaturation and 

resaturation of the 

repository and 

possible ice loads. 

  Little influence, 

ignorable. 
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Variable 

Variable influence on process Process influence on variable 

Influence or 

not 

Time period/ 

Climate domain 

Handling of 

influence 
Influence or not 

Time period/ 

Climate domain 
Handling of influence 

Matrix 

minerals 

No. 

But indirectly 

through the 

composition 

and diffusion 

of 

groundwater 

through the 

rock matrix. 

  Compared with 

other influences 

considered, it is of 

little significance 

and can be 

neglected. 

No. 

But it diffuses 

indirectly through 

the matrix in the 

flowing 

groundwater. 

-- Refer to the chemical 

process in the buffer. 

Fracture 

minerals 

No. 

But indirectly 

affects the 

fracture 

geometry. 

  Compared with 

other influences 

considered, it is of 

little significance 

and can be 

neglected. 

No. 

But it is formed 

indirectly through 

groundwater. 

-- Refer to the chemical 

process in the buffer 

Groundwate

r 

composition 

Yes. 

The salinity 

of 

groundwater 

will affect its 

density and 

viscosity. 

Excavation/operation/resaturatio

n 

The influence of 

salinity in a specific 

location is 

considered. 

Yes. Also 

impacted by 

dispersion/diffusio

n and matrix 

diffusion. 

Excavation/operation/resaturatio

n 

The transport of salt 

was modeled through 

advection and matrix 

diffusion. 

Temperate The model 

illustrates the 

location-specific 

differences and 

distribution of 

salinity and 

reference water. 

Temperate The transport of 

salinity water and 

reference water is 

simulated by advection 

and matrix diffusion. 

Periglacial The influence of 

salinity in a specific 

location is 

considered. 

Periglacial The transport of salt 

was modeled through 

advection and matrix 

diffusion. 

Gas 

composition 

No. -- -- Yes. All  The concentration of 

dissolved gas is 
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Variable 

Variable influence on process Process influence on variable 

Influence or 

not 

Time period/ 

Climate domain 

Handling of 

influence 
Influence or not 

Time period/ 

Climate domain 
Handling of influence 

Dissolved gases 

transported by 

flowing 

groundwater may 

escape from the 

solution when the 

pressure drops. 

usually low and can be 

neglected. 

Structural 

and stray 

materials 

Yes. 

Grouting 

may affect 

the flow rate. 

Excavation/operation/resaturatio

n  

Reduce the 

permeability of 

adjacent rocks to 

simulate the 

sensitivity study of 

different grouting 

levels. 

Yes. 

Flow will affect 

the local 

degradation of 

cement slurry. 

Excavation/operation/resaturatio

n 

See degradation of 

grouting, which can be 

neglected. 

Temperate Conservative, the 

grout is not 

showing up. 

Temperate Ignorable. 

Periglacial Ignorable. Periglacial Ignorable. 

Saturation Yes. 

Affect the 

effective 

permeability 

and the flow 

rate. 

Excavation/operation/resaturatio

n 

The influence of 

saturation changes 

is considered by 

simplifying the 

model, and the 

unsaturated flow is 

treated in a 

simplified manner 

in the model, and 

the free surface is 

expressed in the 

area above the 

water level. Solve 

the near surface 

Yes. 

May change the 

saturation. 

Excavation/operation/resaturatio

n 

Saturated ground or 

non-existent water 

level is used as a 

model. Model is built 

in near-surface flow 

calculation. 
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Variable 

Variable influence on process Process influence on variable 

Influence or 

not 

Time period/ 

Climate domain 

Handling of 

influence 
Influence or not 

Time period/ 

Climate domain 
Handling of influence 

area in the 

calculation of the 

flow. 

Temperate Ignorable. 

The unsaturated 

zone near the 

surface has very 

little flow influence 

on saturated deep 

rocks. The 

unsaturated zone is 

considered in the 

MIKE SHE 

calculation to 

determine the 

maximum potential 

recharge 

(precipitation minus 

evapotranspiration). 

Temperate Ignorable. 

The unsaturated zone 

near the surface has 

almost no flow to 

saturated deep rock. 

The unsaturated zone 

is considered in the 

MIKE SHE calculation 

to determine the 

maximum potential 

recharge (precipitation 

reduces 

evapotranspiration). 

Periglacial Ignorable. 

Under permafrost, 

the ground is 

usually saturated 

(unless large 

enough bubbles are 

formed). 

Periglacial Ignorable. 

Under permafrost, the 

ground is usually 

saturated (unless large 

enough bubbles are 

formed). 

Glacial Ignorable. Glacial Ignorable. 
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Table 6-2: Concept of process mapping/process table of the source term and relevant development status in Taiwan. 

Processes 
SKB Current status of Taiwan's technological 

development Intact canister Failed canister 

TWF01 

Radioactive decay 

Thermal model 

(MATLAB and Fluent are currently 

used in the program) 

COMP23 

 

SNF decay heat analysis: radionuclide inventory and 

decay heat assessment are performed based on the 

actual operating burnup of the fuel bundles of each 

power plant and the cooling time from the exit of the 

furnace core to disposal. 

The curve of decay heat change with time: total decay 

heat of SNF in Chinshan Nuclear Power Plant from 

2055 to 2105 is analyzed. The data is normalized to 

1,200 W based on the total decay heat of 2055. 

At present, analyzed by MATLAB and Fluent when 

the canister is completed; and analyzed by GoldSim 

after the canister is failed. 

TWF02 

Radiation attenuation/heat 

generation 

Thermal model  

 

Neglected when the canister failure 

occurs after a period of elevated 

temperatures. 

SNF decay heat analysis: radionuclide inventory and 

decay heat evaluation are performed based on the 

actual operating burnup of the fuel bundles of each 

power plant and the cooling time from the exit of the 

furnace core to disposal. 

The curve of decay heat change with time: total decay 

heat of SNF in Chinshan Nuclear Power Plant from 

2055 to 2105 is analyzed. The data is normalized to 

1,200 W based on the total decay heat of 2055. 

At present, analyzed by MATLAB and Fluent when 

the canister is completed; and analyzed by GoldSim 

after the canister is failed. 

TWF03 

Induced fission (criticality) 

Neglected. 

There will be insufficient amounts of 

moderators inside the canister prior to 

failure. 

 

Neglected. 

The probability is negligibly small if 

credit is taken for the burn-up of the 

fuel. 

. 

The criticality analysis of the SNFD2017 report uses 

an indirect comparison method. By comparing the 

effective multiplication factor of SNF in Taiwan with 

SKB, it is preliminary determined that the acceptable 

loading standard established by the fine-tuned SKB 

can be applied to the SNF in Taiwan. 
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Processes 
SKB Current status of Taiwan's technological 

development Intact canister Failed canister 

The reactivity sensitivity of canister composition and 

parameter are analyzed, and the combination of 

canister parameters is summarized. 

At present, analyzed by MCNP when the canister is 

completed and failed. 

The probability is negligibly small if credit is taken 

for the burn-up of the fuel under the failure of the 

canister, as discussed in Ch12.3. If a criticality event 

has occurred hypothetically, the fission reaction 

would generate power and increase in temperature, 

which may damage the container and cause the 

radioactive isotopes to release. However, the chain 

reaction will terminate until negative feedback 

mechanisms, such as a decrease in moderator density 

associated with heating or depletion of the fissile 

material. 

TWF04 

Heat transport 

Thermal model 

 

Neglected when the canister failure 

occur after a period of elevated 

temperatures. 

 

 

  

 

 

Canister heat transfer analysis technology (numerical 

solution): the heat transfer mode of the canister is a 

1/4 symmetric model, and only the total calorific 

value of the canister can be set. 

Thermal spacing analysis technology of deposition 

holes (analytical solution): the temperature at the 

center point of the top surface of the canister copper 

shell is produced. It is assumed that this temperature is 

also the temperature of the bentonite which contacts 

the canister. 

At present, analyzed by MATLAB and Fluent when 

the canister is completed. 

TWF05 

Water and gas transport in 

canister cavity, boiling/ 

condensation 

Not relevant. Integrated with other relevant processes 

 

It is set according to the groundwater transmission 

conditions in the buffer around the canister. 
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Processes 
SKB Current status of Taiwan's technological 

development Intact canister Failed canister 

TWF08 

Advection and diffusion 

Not relevant. Integrated with other relevant processes 

 

It is set according to the groundwater transmission 

conditions in the buffer around the canister. 

TWF09 

Residual gas radiolysis/acid 

formation 

Neglected. 

The amount of produced corrodents is 

negligible. 

Not relevant.  

TWF11 

Metal corrosion 

Not relevant. Pessimistic handling: 

a) No barrier function, all radionuclides 

instantaneously released upon water 

contact in COMP23. 

b) 1,000 years for complete corrosion if 

advective conditions in the buffer. 

 

The metal parts will be completely corroded within a 

short time after the groundwater enters the canister, 

and the radionuclide will be released. 

At present, analyzed by GoldSim after the canister is 

failed. 

TWF12 

Fuel dissolution 

Not relevant. Modelled as constant, pessimistic 

dissolution rate in COMP23. 

 

The dissolution rate is constant, with a relatively long 

dissolution time, and the radionuclide will be released 

during dissolution. 

At present, analyzed by GoldSim after the canister is 

failed. 

TWF13 

Dissolution of gap 

inventory 

Not relevant. Pessimistic, instantaneous 

 

The fraction of radionuclide inventory in the gap will 

be released instantaneously when the groundwater 

enters, and the radionuclide will be released. 

At present, analyzed by GoldSim after the canister is 

failed. 

TWF17 

Radionuclides transport 

 COMP23 

 

According to the containment and retardation safety 

functions,the integrity of the canister and surrounding 

buffer. 

At present, analyzed by GoldSim after the canister is 

failed. 
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Table 6-3: Concept of process mapping/process table of the canister and relevant development status in Taiwan. 

Processes 
SKB Current status of Taiwan's technological 

development Intact canister Failed canister 

TWC02 

Heat transport 

Thermal model. 

 

Neglected when the canister failure 

occur after a period of elevated 

temperatures. 

Canister heat transfer analysis technology (numerical 

solution): the canister heat transfer mode is a 1/4 

symmetrical model, and only the total calorific value 

of the canister can be set. 

Canister spacing analysis (analytic solution): the 

temperature at the center point of the top surface of 

the canister copper shell is produced. It is assumed 

that this temperature is also the temperature of the 

bentonite which contacts the canister. 

At present, analyzed by MATLAB and Fluent when 

the canister is completed. 

TWC03 

Deformation of cast iron 

lining 

Isostatic load: uniform external pressure 

on the stress change of the cast iron 

lining. 

Uneven expansion: the stress change of 

the non-uniform buffer's swelling 

pressure on the cast iron lining. 

Creeping changes in all the above cases: 

not included. 

 

Not relevant. Canister anti-isostatic load performance evaluation: 

ABAQUS is used to investigate the impact of the 

uneven and uniform expansion of the buffer during 

the unsaturated and saturated periods of the buffer. 

The canister is confirmed to meet the isostatic load 

design criteria. 

At present, analyzed by ABAQUS when the canister 

is completed. 

TWC04 

Deformation of copper 

canister from external 

pressure 

The swelling pressure of the buffer and 

the action of external force (such as 

earthquakes) cause the canister to 

deform. 

 

Not relevant. Canister anti- isostatic load performance evaluation: 

by performing canister's anti- isostatic load 

performance evaluation, it is confirmed that the 

canister can meet the isostatic load design criteria 

Numerical analysis of canister affected by seismic 

crack displacement: using the integrated model of 

canister and buffer to analyze the seismic shear 

displacement 

Canister anti-shear displacement performance 

analysis technology: by performing the canister's 

shear resistance performance evaluation, the 

possibility of canister failure is evaluated. 
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Processes 
SKB Current status of Taiwan's technological 

development Intact canister Failed canister 

At present, analyzed by ABAQUS when the canister 

is completed. 

TWC09 

Galvanic corrosion 

Not relevant. Integrated with other relevant processes.  

TWC11 

Corrosion of copper 

canister 

The nitric acid decomposed by air 

radiation and the oxygen in the 

atmosphere before closure are classified 

as limited corrosion due to their limited 

reaction time. Radiation-hydrolyzed 

oxidant, initially restricted oxygen and 

pyrite sulfide after closure are classified 

as limited corrosive effects due to the 

limited total amount of corrosive 

produced by them. Sulfides in 

groundwater are long-term corrosion. 

Not relevant. Canister metal material corrosion resistance test 

verification: confirm that the thickness of the copper 

shell is not 0 cm through the corrosion test results. 

TWC12 

Stress corrosion cracking, 

copper canister 

The stress corrosion cracking medium is 

not easy to reach the copper surface 

through diffusion, so there is not enough 

medium for stress corrosion cracking. In 

addition, the corrosion potential and pH 

value are not higher than the Cu2O/CuO 

reaction line, so the stress corrosion 

cracking will not happen. 

Not relevant.  

TWC15 

Radionuclide transport 

Not relevant. COMP23. Near-field radionuclide transport analysis technology: 

By performing the evaluation of the anti- isostatic 

load performance of the canister, it is confirmed that 

the canister can meet the isostatic load design criteria. 

At present, analyzed by GoldSim after the canister is 

failed. 
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Table 6-4: Concept of process mapping/process table of the buffer and relevant development status in Taiwan. 

Processes 

SKB Current status of Taiwan's technological 

development 
Resaturation/ñthermalò 

period 

Long-term after 

saturation and 

ñthermalò period 

Earthquakes 

Intact canister 

TWBu02 

Heat transport 

Thermal model.  

 

Thermal model. 

 

Not relevant. Research on the basic properties of buffer 

/backfill and thermal conductivity of buffer 

and backfill 

Canister heat transfer analysis technology 

(numerical solution): the heat transfer mode 

of the canister is a 1/4 symmetric model, and 

only the total calorific value of the canister 

can be set. 

Thermal spacing analysis technology of 

deposition holes (analytical solution): the 

temperature at the center point of the top 

surface of the canister copper shell is 

produced. It is assumed that this temperature 

is also the temperature of the bentonite which 

contacts the canister. 

At present, MATLAB is used to analyze the 

resaturation/thermal period, the long-term 

after saturation and the thermal period. 

TWBu04 

Water uptake and 

transport for unsaturated 

conditions 

THM model. Not relevant by definition. Not relevant. At present, FLAC3D is used to analyze the 

resaturation/thermal period, the long-term 

after saturation and the thermal period. 

TWBu05 

Water transport for 

saturated conditions 

Neglected under unsaturated 

conditions. For the saturated 

conditions, the treatment is the 

same as for ñLong-termò. 

Neglected if hydraulic 

conductivity <10-12 m/s 

since diffusion would then 

dominate. 

 

 Research on the basic properties of 

buffer/backfill and the hydraulic conductivity 

of buffer and backfill. 

At present, FLAC3D is used to analyze the 

long-term after saturation and the thermal 

period. 
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Processes 

SKB Current status of Taiwan's technological 

development 
Resaturation/ñthermalò 

period 

Long-term after 

saturation and 

ñthermalò period 

Earthquakes 

TWBu06 

Gas transport/dissolution 

The gas is transported by 

diffusion or dissolution. 

All gases are assumed to 

dissolve in the pore water. 

All gases are assumed to 

dissolve in the pore water. 

Research on the corrosion rate of corrosive 

gas on the buffer. 

TWBu07 

Piping/erosion 

Through empirical calculation. Not relevant. Not relevant. At present, the resaturation/thermal period is 

analyzed by referring to SKB empirical 

formula and verifying its applicability through 

experiments. 

TWBu08 

Swelling/Mass 

redistribution 

Analytical modelling of 

interaction buffer/backfill. 

Integrated evaluation of 

relevant processes. 

 

Part of integrated assessment 

of buffer/canister/rock. 

 

Research on the basic properties of 

buffer/backfill and the swelling pressure of 

buffer and backfill. 

Analysis of characteristics of unsaturated 

bentonite. 

Analysis of the properties of buffer and 

backfill: based on the water-absorbing and re-

expanding characteristics of the buffer, the 

swelling pressure is calculated when the 

buffer reaches saturation, and the impact of 

the buffer and backfill is explored after the 

buffer is lifted up and pushing the upper 

backfill. 

At present, FLAC3D is used to analyze the 

resaturation/thermal period, and ABAQUS is 

used to analyze the long-term after saturation 

and thermal period and earthquake. 

TWBu10 

Material advection 

transport 

Simplified assumptions of 

mass transport of dissolved 

species during saturation. 

Neglected if hydraulic 

conductivity< 10-12 m/s. 

  

TWBu11 

Material Diffusion 

transport 

PHAST (thermal, saturated 

phase; unsaturated phase 

disregarded). 

PHAST 

 

 At present, PHREEQC technology continues 

to develop the resaturation/thermal period, the 

long-term after saturation and the thermal 

period. 
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Processes 

SKB Current status of Taiwan's technological 

development 
Resaturation/ñthermalò 

period 

Long-term after 

saturation and 

ñthermalò period 

Earthquakes 

TWBu12 

Sorption (including ion 

exchange) 

PHAST (thermal, saturated 

phase; unsaturated phase 

disregarded). 

PHAST 

 

 Taking the chemical composition of K-areas 

groundwater as experimental conditions, 

using radionuclides such as Cs, U and Th to 

establish a batch adsorption experiment 

technology for radionuclide in buffer and 

backfill. 

At present, PHREEQC technology continues 

to develop the resaturation/thermal period, the 

long-term after saturation and the thermal 

period. 

TWBu13 

Alterations of impurities 

PHAST (thermal, saturated 

phase; unsaturated phase 

disregarded). 

PHAST 

 

  

TWBu14 

Speciation and reaction of 

aqueous solutions 

PHAST (thermal, saturated 

phase; unsaturated phase 

disregarded). 

PHAST 

 

 At present, PHREEQC technology continues 

to develop the resaturation/thermal period, the 

long-term after saturation and the thermal 

period. 

TWBu15 

Osmosis 

SR-CAN: Simulation of 

buffer/backfill interactions 

under extreme conditions. 

SR-SITE: Evaluated by 

comparison with empirical 

data. 

 

SR-CAN/SR-SITE: 

Evaluated by comparison 

with empirical data. 

 

 At present, relevant experimental studies are 

continuously developed for the 

resaturation/thermal period, the long-term 

after saturation and the thermal period. 

TWBu16 

Montmorillonite 

transformation 

Model calculation (only for 

thermal and saturated phase; 

unsaturated phase is not 

considered). 

Evaluate based on 

evidence from nature. 

 

  

TWBu18 

Release of 

montmorillonite colloid 

Neglected if [M2+] > 8 mM. 

Otherwise, analysis should be 

implemented. 

Neglected if [M2+] > 8 

mM. Otherwise, analysis 

should be implemented. 

 At present, MATLAB and experimental 

studies are used to analyze the 
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Processes 

SKB Current status of Taiwan's technological 

development 
Resaturation/ñthermalò 

period 

Long-term after 

saturation and 

ñthermalò period 

Earthquakes 

  resaturation/thermal period, the long-term 

after saturation and the thermal period. 

Failed canister 

TWBu06 

Gas transport/dissolution 

Quantitative estimation based 

on empirical data (no failures 

are expected during this 

period). 

Quantitative estimation 

based on empirical data. 

 

 Research on the corrosion rate of corrosive 

gas on buffer 

At present, the long-term after saturation and 

thermal period analysis is carried out by 

developmental experimental studies. 

TWBu23 

Colloid transport 

Neglected if density at 

saturation > 1,650 kg/m3, 

otherwise bounding 

calculation (no failures are 

expected in this period). 

Neglected if density at 

saturation > 1,650 kg/m3, 

otherwise bounding 

calculation. 

  

TWBu25 

Transport of radionuclides 

in water phase 

COMP23 

Analytic (no failures are 

expected during this period). 

COMP23 Analytic 

 

COMP23 Analytic 

Reduced diffusion path. 

According to the retardation safety functions 

integrity of the buffer. 

At present, GoldSim is used to analyze the 

long-term after saturation, thermal period and 

earthquake. 
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Table 6-5: Concept of process mapping/process table of the backfill and relevant development status in Taiwan. 

Processes 

SKB 

Current status of Taiwan's technological 

development Resaturation/ñthermalò period 
Long-term after saturation and 

ñthermalò period 

Intact canister 

TWBfT03  

Water uptake and transport 

for unsaturated conditions 

THM model. Not relevant by definition. At present, FLAC3D is used to analyze the 

resaturation/thermal period. 

TWBfT04 

Water transport for saturated 

conditions 

It can be neglected under unsaturated 

conditions. 

Under saturated conditions, the 

treatment method is the same as the 

"long period and heating phase after 

saturation". 

Geosphere model conditions should 

be included for evaluation. 

Research on the basic properties of buffer/backfill and 

the hydraulic conductivity of buffer and backfill. 

At present, FLAC3D is used to analyze the long-term 

after saturation and the thermal period. 

TWBfT06 

Piping/erosion 

Through empirical calculation. Not relevant. At present, the resaturation/thermal period is analyzed 

by referring to SKB empirical formula and verifying 

its applicability through experiments. 

TWBfT07 

Swelling/Mass redistribution 

SR-CAN: Analytical modeling of 

buffer/backfill interactions. 

SR-SITE: THM model analysis of 

buffer and backfill, including 

buffer/backfill interaction and uniform 

conditions in the disposal tunnel. 

Integrated evaluation of relevant 

processes. 

Analysis of the properties of buffer and backfill: based 

on the water-absorbing and re-expanding 

characteristics of the buffer, the swelling pressure is 

calculated when the buffer reaches saturation, and the 

impact of the buffer and the backfill is explored after 

the buffer is lifted up and pushing the upper backfill. 

At present, FLAC3D is used to analyze the 

resaturation/thermal period, and ABAQUS is used to 

analyze the long-term after saturation and thermal 

period and earthquake. 

TWBfT09 

Material advection transport 

Simplifying assumes mass transfer of 

dissolved material during saturation. 

Geosphere model conditions needs 

to be included for evaluation. 
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Processes 

SKB 

Current status of Taiwan's technological 

development Resaturation/ñthermalò period 
Long-term after saturation and 

ñthermalò period 

TWBfT10 

Material Diffusion transport 

Because the conditions in the backfill 

are roughly the same in the long-term 

evolution, no specific research has 

been conducted on the initial state 

after closure. 

PHAST 

 

At present, PHREEQC technology continues to 

develop the long-term evolution after saturation and 

thermal period. 

TWBfT11 

Sorption (including ion 

exchange) 

Because the conditions in the backfill 

are roughly the same in the long-term 

evolution, no specific research has 

been conducted on the initial state 

after closure. 

PHAST Reference groundwater chemical composition is used 

as experimental conditions. Cs, U and Th and other 

radionuclides are used to establish a batch adsorption 

experiment technology for radionuclide in buffer and 

backfill. 

At present, PHREEQC technology continues to 

develop the long-term evolution after saturation and 

thermal period. 

TWBfT12 

Impurity alteration of backfill 

The effect of inorganic reduction on 

oxygen is simulated. 

PHAST  

TWBfT13 

Speciation and reaction of 

aqueous solutions 

Because the conditions in the backfill 

are roughly the same in the long-term 

evolution, no specific research has 

been conducted on the initial state 

post-closure. 

PHAST At present, PHREEQC technology continues to 

develop the long-term evolution after saturation and 

thermal period. 

TWBfT14 

Osmosis 

In the THM model, hydraulic 

conductivity coefficients of different 

salinities are selected to evaluate the 

influence of osmosis. 

Evaluation through comparison 

with empirical data. 

At present, PHREEQC technology continues to 

develop the resaturation/thermal period, the long-term 

evolution after saturation and the thermal period. 

TWBfT15 

Montmorillonite transformation 

SR-CAN: Neglected because the 

temperature increases only slightly. 

SR-CAN: Neglected because the 

temperature increases only slightly. 

 

TWBfT16 

Release of backfill colloid 

SR-SITE: model calculation 

(considering only reactions in heating 

and saturated phases; not considered 

in the unsaturated phase). 

SR-SITE: indicates mode 

calculation. 

 

Failed canister 
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Processes 

SKB 

Current status of Taiwan's technological 

development Resaturation/ñthermalò period 
Long-term after saturation and 

ñthermalò period 

TWBfT21 

Transport of radionuclides in 

water phase 

COMP23 Analytic (no failures are 

expected in this period). 

COMP23 Analytic. 

 

Included when considering the Q2 transport path. 

At present, GoldSim is used to analyze the long-term 

evolution after saturation, thermal period. 

 

Table 6-6: Concept of process mapping/process table of geosphere and relevant development status in Taiwan. 

Processes 

SKB Current status of Taiwan's 

technological development Excavation/operati

on 
Temperate 

Permafrost 
Glaciation Earthquakes 

TWGe03 

Groundwater 

flow 

The inflow of 

assumed saturated 

groundwater flow is 

modeled with water 

upconing. MIKE-

SHE is used to 

simulate near-

surface effects. 

Modelling of 

resaturation 

(DarcyTools) and 

saturated flow 

(CONNECTFLOW) 

at different scales. 

Modelling of flow 

pattern with Darcy 

Tools. 

Modelling of 

groundwater flow 

pattern during 

advance and retreat 

of an ice sheet. 

 Groundwater flow field 

evaluation model and interface 

integration, and groundwater 

flow field evolution analysis. The 

analysis of each period is as 

follows: 

Excavation/operation: FracMan 

was used to analyze the 

groundwater inflow in the nearby 

field and calculate the inflow of 

the disposal tunnel and deposition 

hole at different excavation times. 

Temperate: a site-scale 

groundwater flow field 

simulation of salinity was 

performed using DarcyTools to 

obtain groundwater pressure and 

salinity distribution. 

Glaciation: Using DarcyTools to 

establish hydrogeological 

conceptual models at different 

regional scales according to 
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Processes 

SKB Current status of Taiwan's 

technological development Excavation/operati

on 
Temperate 

Permafrost 
Glaciation Earthquakes 

different time segments, and 

according to the corresponding 

boundary conditions, the 

groundwater flow field 

simulation is performed to obtain 

groundwater pressure 

distribution. 

TWGe05 

Rock 

displacement 

3DEC stress 

modelling of 

nearfield effects of 

excavation of 

tunnels and 

deposition holes. 

3DEC modelling of 

thermal stresses and 

deformations. 

Thermal effects 

neglected provided 

that only marginal 

changes in 

mechanical state 

occur. 

3DEC stress 

modelling of near 

field. 

Included in the 

modelling of shear 

movements. 

3DEC is currently used in the 

program to analyze stability 

during excavation and perform 

seismic analyses of the disposal 

tunnels. 

TWGe06 

Reactivation ï 

displacement 

along existing 

discontinuities 

3DEC modelling of 

construction-

induced reactivation. 

3DEC modelling of 

reactivation due to 

thermal load. 

Estimation of 

earthquake 

probability 

(consequence 

analysis, see 

Earthquake). 

Thermal effects 

neglected provided 

that only marginal 

changes in 

mechanical state 

occur. 

3DEC modelling of 

ice-load induced 

reactivation. 

Assessment of MH 

effects of hydraulic 

jacking. Estimation 

of seismic 

probability. 

(consequence 

analysis, see 

Earthquake). 

Design rules 

(respect distance and 

canister distance) 

are applied. 

The probability of 

canister failure due 

to fracture shear 

displacement is 

evaluated. 

Fracture shear displacement 

induced by fault sources and 

diffuse seismicity was evaluated 

using 3DEC. Relevant results and 

the geometrical rejection criteria 

were applied to the repository 

layout, to assess the shear failure 

rate of the canisters. 

(1) seismic hazard analysis and 

(2) historical disastrous 

earthquake source model and 

relevant sensitivity study have 

been established in the 

assessment of seismic 

probability. 

Construction-

induced seismicity 

neglected since 

construction-

induced stresses are 

too limited and 

expected to be 

relaxed at the time 

of deposition. 

Estimation of 

seismic probability. 

(consequence 

analysis, see 

Earthquake). 
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Processes 

SKB Current status of Taiwan's 

technological development Excavation/operati

on 
Temperate 

Permafrost 
Glaciation Earthquakes 

TWGe07 

Fracturing 

Assessment of EDZ. 

Modelling (3DEC) 

and observations 

(APSE) of fracturing 

around deposition 

holes (spalling). 

Modelling (3DEC) 

of potential for 

fracturing induced 

by thermal stresses. 

Estimations of 

effects of gas 

overpressure. 

 

Thermal effects 

neglected provided 

that only marginal 

changes in 

mechanical state 

occur. 

Modelling (3DEC) 

of potential for 

fracturing induced 

by ice load. 

Assessment of risk 

for hydraulic 

fracturing.  

Neglected based on 

observations of 

earthquake-induced 

damage around open 

tunnels at shallow 

depth. 

Analysis of spalling of deposition 

hole wall caused by near field 

thermal load using 3DEC. The 

analysis of each period is as 

follows: 

Excavation/operation: 3DEC; 

Evaluation of excavation 

disturbance zone. Spalling of 

deposition hole wall after 

simulated construction.  

Temperate: system to 3DEC; 

Spalling of deposition hole wall 

caused by the simulated thermal 

load.  

Glaciation: rupture caused by 

3DEC thermal simulation. 

Earthquake: rupture of adjacent 

disposal facility caused by 

earthquake has been executed. 

  

TWGe11 

Advection 

transport and 

mixing of 

dissolved species 

Salt advection is 

included in the 

hydrogeological 

model. 

The composition of 

the mixture from 

hydrogeological 

modeling and site is 

analyzed. 

Salt advection is 

included in the 

hydrogeological 

model. 

The composition of 

the mixture from 

hydrogeological 

modeling and site is 

analyzed. 

Modelling of 

transport of 

outfrozen 

salt. 

Modelling of up-

coning of saline 

water and transport 

of glacial meltwater 

to repository depth.  

Not relevant. The Darcy flow simulation and 

salinity distribution were carried 

out, and the concentration was 

calculated by PHREEQC. The 

analysis of each period is as 

follows: 

Excavation/operation: Flow 

simulation and salinity 

distribution are carried out by 

Darcy and concentration 

calculation is carried out by 

PHREEQC. 
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Processes 

SKB Current status of Taiwan's 

technological development Excavation/operati

on 
Temperate 

Permafrost 
Glaciation Earthquakes 

Temperate: Flow simulation and 

salinity distribution are carried 

out by Darcy and concentration is 

calculated by PHREEQC. 

Glaciation: Analysis of salt 

advection included in 

hydrogeological models. 

Understanding the composition 

of the assessment mixture from 

hydrogeological modelling and 

sites. 

TWGe12 

Fracture and 

diffusion of 

dissolved species 

in rock matrix 

Diffusion of salt 

between mobile and 

immobile 

groundwater is 

included in 

hydrogeological 

modelling. 

Diffusion of salt 

between mobile and 

immobile 

groundwater is 

included in 

hydrogeological 

modelling. 

Diffusion of salt 

between mobile and 

immobile 

groundwater 

included in 

modelling of 

transport of out-

frozen salt. 

Diffusion of salt 

included in 

modelling of 

groundwater flow 

pattern during 

advance and retreat 

of an ice sheet. 

Included in 

modelling of oxygen 

consumption. 

Not relevant.  

TWGe13 

Speciation and 

sorption 

Not relevant. Simplified Kd-

approach for 

modelling sorption 

of radionuclides. 

Speciation 

considered in the 

selection of Kd. 

Simplified Kd-

approach for 

modelling sorption 

of radionuclides. 

Speciation 

considered in the 

selection of Kd. 

Simplified Kd-

approach for 

modelling sorption 

of radionuclides. 

Speciation 

considered in the 

selection of Kd. 

Not relevant. Taking the chemical composition 

of the groundwater in the K-areas 

area as the experimental 

conditions, using Tc, Cs, and I 

and other nuclide species to 

establish the batch adsorption 

experiment and penetration 

diffusion experiment technology 

of radionuclide on crushed 

granite, and the internal diffusion 
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Processes 

SKB Current status of Taiwan's 

technological development Excavation/operati

on 
Temperate 

Permafrost 
Glaciation Earthquakes 

experiment technology using 

granite flakes. 

At present, dynamic Kd is 

developed for warm systems and 

the solubility limit of nuclear 

species is calculated. 

TWGe14 

Reactions 

groundwater/rock 

matrix 

Neglected. 

Reactions are 

considered to take 

place at fracture 

surfaces only. 

Neglected. 

The impact on 

groundwater 

composition and 

matrix porosity is 

insignificant. 

 A simulation of the 

reaction between 

water transfer and 

rock must be 

established on a 

long-term scale. 

Not relevant.  

TWGe15 

Dissolution/preci

pitation of 

fracture-filling 

minerals 

Modelling of mixing 

(M3) and of 

reactions 

(PHREEQC). 

Modelling of mixing 

(M3) and of 

reactions 

(PHREEQC). 

 Included in 

modelling of oxygen 

consumption. 

Assessment of 

impact on flow paths 

of calcite 

dissolution/precipita

tion. 

Not relevant. At present, PHREEQC modeling 

technology is developed for 

excavation/operation and 

temperate system. 

TWGe24 

Transport of 

radionuclides in 

the water phase 

Not relevant. 

Engineered barriers 

are intact. 

Advection, 

dispersion, matrix 

diffusion, sorption, 

and radioactive 

decay are included 

in integrated 

modelling 

(FARF31). 

Advection, 

dispersion, matrix 

diffusion, sorption, 

and radioactive 

decay are included 

in integrated 

modelling 

(FARF31). 

Advection, 

dispersion, matrix 

diffusion, sorption, 

and radioactive 

decay are included 

in integrated 

modelling 

(FARF31). 

No credit taken for 

radionuclide 

retention in the 

geosphere. 

At present, GoldSim is used for 

the ananalysis of temperate and 

glaciation systems. 
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6.3.  Assessment Model Flowchart (AMF) 

For the description of how different model s are connected to each 

other, an assessment modell ing f low chart (AMF) i s used to provide an 

overall description of the assessment models of various system 

components of the repository. Correlation between the assessment 

models under the long-term evolution i s also demonstrated using AMF. 

In addition, the parameters used in each assessment model ( including 

input parameters and output parameters) can also be recorded according 

to AMF to ensure traceabil ity of the evaluation process. 

AMF is shown in Figure 6-2. The graphics and symbols used in 

AMF represent the following meanings: 

(1) Yellow oval:  represents the assessment model used. 

(2) Blue square: represents the input parameters of the assessment 

model or the output parameters calculated by the assessment model. 

(3) White diamond: represents performing further evaluation based on 

the output of the assessment model for the following assessment. 
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Figure 6-2: Assessment model flowchart (AMF). 
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7.   Safety Functions and Safety Function Indicators 

7.1.  Introduction  

In safety assessment, safety functions (isolation, containment, and 

retardation) of the repository should be proven to ensure that the safety 

functions of each system component of the multiple barriers system can 

be maintained and that the biosphere wil l not be significantly affected 

by the SNF. As isolat ion safety functions of the repository, whose safety 

function indicator is the depth of the repository, can be identified 

through proper site select ion procedures, containment (Section 7.3) and 

retardation (Section 7.4) safety functions of the repository wi l l  mainly 

be considered in this chapter. And quantitative safety function indicators 

have also been establ ished for total-system safety assessment. 

Although the geological conditions of Taiwan are different from 

those of Sweden and Finland, similar granite rocks have certain 

characteristic ranges. Therefore, in the SNFD2017 report, safety 

functions and safety function indicators of each system component in 

crystall ine rock had been established based on the geological 

characteristics of Taiwan and the design concept of Swedish KBS-3. 

These safety functions and safety function indicators and the criteria co-

edited by SKB and Posiva (Posiva and SKB, 2017) have been taken as 

the basis for the update of the safety function indicator criteria. Besides 

that, existing knowledge and research results have also been taken into 

account. The cri teria can be further modified according to the conditions 

and characteristics of Taiwan. 

 

7.1.1.  Dose Dilution 

Dose dilution can have a huge influence on the results of the final 

dose assessment. If  the repository is located in a coastal area, the dose 

can be significantly reduced through potential  dose dilution of the sea 

because of i ts large volume. And the associated radiation risk can be 

reduced thereby. However, the amount of dose dilut ion cannot be 

controlled through engineering design; it  can only be modified through 

site selection. Besides, although the dose can be reduced by the sea 



   

 7-2 

init ial ly, for the following 1 mill ion years after closure, the site might 

evolve from a coastal area to an inland area. Also, the estimation of 

cl imate-related parameters may contain differences of several orders of 

magnitude when taking uncertainties of cl imate evolution into account, 

and this could have a huge effect on the estimation of hydrogeology 

evolution. Therefore, the results of dose di lution could vary significantly 

over t ime. 

Dose dilution can be regarded as spatial redistribution of the 

released radionuclides, and must be included in the quantitative 

assessment of the radionuclides released (SKB, 2011). For the reasons 

described above, spatial  redistribution of the radionucl ides should not 

be direct ly defined as a positive or negative effect because of the 

uncertainties of cl imate evolution. And because dose dilution cannot be 

simply controlled by engineering design, when discussing the safety 

functions of the barrier in this chapter, the impact of dose di lution wil l  

not be included. 

 

7.2.  Safety Functions, Safety Function Indicators, and Safety Function 

Indicator Criteria  

(1) Safety function: 

In order to quantify and evaluate the safety of the repository, it is 

necessary to understand how system components of the repository 

maintain the primary safety functions (isolation, containment, and 

retardation). Safety functions can be defined as the contribut ion of 

each system component of the repository to safety. For example, the 

canisters should be able to provide a barrier against corrosion so 

that the containment safety functions wil l not be degraded by 

corrosion. Therefore, ñthe canisters should be able to provide a 

barrier against corrosionò will be one of the required safety 

functions. 

(2) Safety function indicator: 

In order to evaluate the safety of the repository specifically, 

measurable or calculable indicators, which are the "safety function 
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indicator,ò have been used to clearly veri fy the degree of ful fi l lment  

of the safety functions. For example, ñthe canisters should be able 

to withstand an isostatic load.ò Since isostatic load comes from 

swell ing pressure of the buffer and groundwater pressure, these two 

can be calculated by quantitative evaluation and be quanti fied as 

the safety function indicator of ñwithstanding isostatic load.ò In 

other words, safety function indicators are indicators that can be 

measured or calculated to show clearly whether the safety functions 

of the system components can be satisfied so that the safety 

functions can be easi ly quantif ied. 

(3) Safety function indicator criteria: 

In order to confirm whether the safety functions of each system 

component are maintained over the timescale of safety assessment, 

a numerical range (i .e., ñsafety function indicator criteriaò) is set  

for safety function indicators. In other words, safety function 

indicator criteria are quantitative l imits of safety function 

indicators. It  is assumed that when safety function indicator criteria 

are satisfied, the corresponding safety functions can be maintained. 

Safety function indicator criteria are different from the ñdesign 

requirementsò mentioned in Chapter 4. Safety function indicator 

cri teria are there to ensure that the long-term safety of the 

repository can be maintained when the criteria of each component 

are met for at least 1 mil l ion years. On the other hand, design 

requirements describe the init ial state of each component of the 

disposal system. When specifying design requirements, a sufficient 

margin should be kept to ensure that although the performance of 

the disposal system may degrade during one mill ion years, the 

safety function indicator criteria of each component can sti l l  be met. 

For example, the design requirements of the canister is that 

thickness of the canister should be greater than 5 cm of the copper 

shel l to cope with impact from copper shell  corrosion. When 

specifying safety function indicator criteria of the canister, the 

thickness of the canister copper shell  should be greater than 0 cm 

to ensure the containment safety functions of the canister can be 
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maintained through 1 mill ion years and canister failure wil l not  

occur because of copper shell  corrosion. Therefore, 0 cm is used as 

the safety function indicator criterion for ñproviding a barrier 

against corrosion.ò 

 

7.3.  Containment Safety Function Indicators 

This section describes the safety functions, safety function 

indicators, and safety function indicator cri teria of the system 

components (canister, buffer, backfi l l ,  and geosphere) related to the 

containment safety function. The containment safety functions of each 

system component are summarized in Table 7-1. 
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Table 7-1: Containment safety functions, containment safety function indicators, and 

containment safety function indicator criteria. 

Containment safety functions, containment safety function indicators, and containment safety 

function indicator criteria  

System 

components 

Safety function Containment safety function indicator 

and criteria 

References and 

instructions 

canister Can1: provide barrier 

against corrosion 

copper shell thickness > 0 cm SKB, 2011 

 

Can2: withstand 

isostatic load 

isostatic load < 50 MPa Posiva and 

SKB, 2017 

Can3: withstand 

shear force 

shear displacement < 5 cm and velocity of 

shear displacement < 1 m/s 

SKB, 2011 

 

buffer Buff1: limit 

advection 

(a) hydraulic conductivity of buffer < 

1×10-12 m/s 

(b) swelling pressure of buffer > 1 MPa 

SKB, 2011 

 

Buff2: limit 

microbial activity 

swelling pressure of buffer > 2 MPa Posiva and 

SKB, 2017 

Buff3: damp rock 

shear force 

buffer density < 2,050 kg/m3 SKB, 2011 

Buff4: resist 

transformation 

buffer temperature < 100  SKB, 2011 

Buff5: prevent 

canister sinking 

swelling pressure of buffer > 0.2 MPa SKB, 2011 

Buff6: limit pressure 

applied to the 

canisters and rock 

(a)  swelling pressure of buffer < 10 MPa 

(b)  buffer temperature > -2.5  

Posiva and 

SKB, 2017 

backfill BF1: limit buffer 

expansion 

swelling pressure of backfill should not be 

too low 

Posiva and 

SKB, 2017 

geosphere R1: provide preferred 

chemical conditions 

(a) redox state: limit Eh value 

(b) ionic strength, salinity: Ɇq[Mq+] > 8 

mM; TDS < 35 g/L (instant total dissolved 

solids < 70 g/L) 

(c) limit concentration of harmful 

substances: [NO2
-] < ρπ M; [HS] < 3 

mg/Låρπ M; [K+] < 0.1 M 

(d) pH value of groundwater should be 

between 5 and 11 

(e) avoid chlorides from corrosion: pH 

value > 4 and [Clī] < 2 M 

Posiva and 

SKB, 2017 

R2: provide preferred 

hydrogeologic and 

transport conditions 

(a) flow-related transport resistance in the 

fracture (F) > 10,000 yr/m 

(b) equivalent flow rate < ρ ρπ m3/yr 

SKB, 2011 

R3: provide 

mechanically stable 

environment 

limit groundwater pressure 

shear displacement < 5 cm and velocity of 

shear displacement < 1 m/s 

SKB, 2011 

R4: provide preferred 

thermal environment 

host rock temperature should be between -

2.5  and 100  

Posiva and 

SKB, 2017 

Note: SKB and POSIVA reports were referred to for the specification of the safety function indicators 

and criteria, and research results of SKB and POSIVA were referred to for the specification of 

quantitative values of the safety function indicator criteria. However, some of the safety function 

indicators could have various impact factors, and a single value for the safety function indicator criteria 

might be difficult to specify. In these circumstances, no quantitative value was used. 

7.3.1.  Canister 

The canisters wil l be placed at a depth of 500 m underground. 

Primarily, canisters should be able to resist impact from hydrostatic 
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pressure from groundwater, swell ing pressure from water absorption of 

the buffer, shear displacement from earthquakes, and corrosion. 

(1) Can1: provide barrier against corrosion 

In order to maintain the integrity of the canister, the copper shel l  

must not be penetrated. That is, the minimum thickness of the 

copper shell  should be greater than 0 cm. Therefore, the safety 

function indicator is ñcopper thickness,ò and the safety function 

indicator criterion is ñcopper shell thickness > 0 cm.ò 

(2) Can2: withstand isostatic load 

Isostat ic load to the canister at the repository depth is the sum of 

hydrostatic pressure and swell ing pressure. Therefore, the safety 

function indicator is ñisostatic load,ò and the safety function 

indicator criterion is ñisostatic load < 50 MPa.ò 

Although the safety function indicator cri terion is set to be 

ñisostatic load < 50 MPa,ò it  has to be noticed that it  does not mean 

that the canister wil l  be damaged when the isostatic load exceeds 

50 MPa. 

(3) Can3: withstand shear force 

In order to maintain the integrity of the canister, the canister should 

be able to withstand fractures intersecting the canister having shear 

displacement. The canister should retain i ts integrity and maintain 

its abil i ty to withstand uniform load after a 5 cm fracture 

displacement at a velocity of 1 m/s for fractures of any angles or 

locations intersecting the deposition hole. Therefore, the safety 

function indicator is set to be ñshear displacementò and ñvelocity 

of shear displacement,ò and the safety function indicator criteria are 

set to be ñshear displacement < 5 cmò and ñvelocity of shear 

displacement < 1 m/s.ò 

 

7.3.2.  Buffer  

Buffer wil l  be installed in the deposition holes between the 

canisters and the host rock. It is one of the important system components 

of the engineered barrier system. 
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(1) Buff1: l imit advection 

Buffer should be able to l imit contact of the canisters with corrosive 

substances and contain nuclides released from the canisters. 

Therefore, the buffer should prevent substances from transport by 

advection. The safety function indicator is set to be ñhydraulic 

conductivi ty of bufferò and ñswelling pressure of bufferò due to 

expansion of the buffer. The safety function indicator criteria are 

ñhydraulic conductivity of buffer < ρ ρπ  m/sò and ñswell ing 

pressure of buffer > 1 MPa.ò 

(2) Buff2: l imit microbial activity 

M icroorganisms (sulfate-reducing bacteria) in the buffer wil l  

reduce sulfates in the bentonite and the groundwater, which can 

produce sulf ide and induce corrosion of the copper shell .  The 

prerequisites for maintaining the activity of the microorganisms 

require sufficient free water, nutrients, and space for 

microorganisms to grow. On the other hand, the pressure of the 

bentonite, low hydraulic conductivity, and low pore space in the 

bentonite can reduce the activity of the microorganisms (Motamedi 

et al.,  1996; Pedersen et al.,  2000a, Pedersen et al., 2000b, Masurat 

et al., 2010b); therefore, the safety function indicator is set to be 

ñswell ing pressure,ò and the safety function indicator criterion is 

ñswell ing pressure > 2 MPaò which can suppress sulfide produced 

by the microorganisms and avoid serious copper corrosion. 

(3) Buff3: damp rock shear force 

The buffer should be able to assist the canisters from being damaged 

by shear force (Can3). If  the deformation capacity of the buffer in 

the deposition hole is small,  the stress transferred to the canister 

when receiving shear force would be high. The deformation capacity 

of the buffer can be modified by buffer density. Therefore, the 

safety function indicator is set to be ñbuffer density,ò and the safety 

function indicator criterion is ñbuffer density < 2,050 kg/m3.ò The 

canisters are not supposed to be impacted by shear force with 5 cm 

displacement at a velocity of 1 m/s under such conditions (SKB, 

2011). 
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(4) Buff4: resist transformation 

In order to prevent montmoril lonite in the buffer from transferring 

into non-expandable minerals such as i l l i te under high temperature, 

thereby reducing its swell ing pressure, the safety function indicator 

is set to be ñbuffer temperature,ò and the safety function indicator 

cri terion is ñbuffer temperature < 100 .ò 

(5) Buff5: prevent canister sinking 

The buffer around the canisters must have sufficient swell ing 

pressure to provide sufficient support to prevent the canisters from 

sinking or t i l t ing. Therefore, the safety function indicator is set to 

be ñswelling pressure,ò and the safety function indicator criterion 

is ñswelling pressure > 0.2 MPa.ò 

(6) Buff6: l imit pressure applied to the canisters and rock 

For the canisters to withstand uniform load, the sum of buffer 

swell ing pressure and groundwater pressure should not exceed 15 

MPa. Therefore, according to the analysis results, the safety 

function indicator is set to be ñswelling pressure,ò and the safety 

function criterion is ñswelling pressure <10 MPa.ò 

In addition, if  groundwater freezes, the volume of pore water in the 

buffer wil l  increase, generating additional pressure on the canisters.  

Meanwhile, the buffer can also lose its swell ing abil i ty under low 

temperature (Birgersson et al., 2010). Although Taiwan is located 

in a subtropical zone, a freeze of the buffer is not l ikely to occur; 

the safety function indicator ñbuffer temperatureò is still 

conservatively set for the repository. And the safety function 

indicator criterion is ñbuffer temperature > -2.5 ,ò so the buffer 

can maintain sufficient swell ing pressure. 

 

7.3.3.  Backfill  

Backfi l l  is used to backfi l l  the disposal tunnels. The safety function 

of the backfi l l  is described as follows: 

(1) BF1: l imit buffer expansion 
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The backfi l l  must be able to resist the swell ing pressure of the 

buffer, maintain the volume of the buffer in the deposit ion holes, 

and keep the swell ing pressure of the buffer to be greater than 2 

MPa; therefore, the backfi l l  must have sufficient swell ing pressure 

to offset buffer swell ing. However, there are many influencing 

factors such as the flow rate of the groundwater and saturation time 

and sequence of the buffer and the backfi l l , and the safety function 

indicator is difficult  to be defined as a specific value. Hence, the 

safety function indicator is set to be ñswelling pressure of backfill,ò 

and the safety function indicator criterion is ñswelling pressure of 

backfill should not be too low.ò 

 

7.3.4.  Geosphere 

Safety functions of the host rock involve many factors and their  

interact ions. These factors are difficult  to be determined directly by 

simple standards. The effect of these factors and their interactions 

should be analyzed comprehensively. The safety functions of the host  

rock relating to its chemical, mechanical, hydrogeological and thermal 

conditions are described as follows: 

(1) R1: provide preferred chemical conditions 

The composition and characteristics of groundwater are important  

factors for determining the chemical conditions of the repository. 

The redox-oxidation state of groundwater, ionic strength, sal inity, 

concentration of harmful substances, pH value, and chlorides are 

explained below: 

(a) Redox state 

The most basic requirement related to chemical conditions is 

the redox state, which can ensure that the canister wil l  not be 

affected by oxidation. The solubil i ty of fuel and radionucl ides 

are low under a reduced state, and radionuclide adsorption of 

the buffer, backfi l l ,  and the host rock is also better. Also, 

because oxidation occurs when oxygen is present, another basic 

requirement for the host rock is it should be in an oxygen-free 
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environment. The safety function indicator is set to be ñredox 

oxidation state,ò and the safety function indicator criterion is 

ñlimit Eh value.ò 

(b) Ionic strength and salinity 

When the ionic strength of groundwater is high enough, the 

formation of colloids can be inhibited and stabil i ty can thereby 

be increased. One of the main sources of colloids in 

groundwater is chemical erosion in the interface of buffer and 

host rock. And chemical erosion requires a low ionic strength 

environment. Therefore, the safety function indicator is set to 

be ñcharge concentration of cations in water,ò and the safety 

function indicator criterion is ñcharge concentration of cations 

in water > 8 mM.ò 

Groundwater with high salinity wil l  have a negative impact on 

swell ing pressure and hydraulic conductivity of the buffer and 

the backfi l l . Therefore, the safety function indicator is set to 

be ñtotal dissolved solids (TDS),ò and the safety function 

indicator criterion is ñTDS < 35 g/L (instant total dissolved 

solids < 70 g/L).ò 

(c) L imit concentration of harmful substances 

In an oxygen-deficient environment, sulfide is the main factor 

in the corrosion of the canisters. Sulfides exist in the 

groundwater and can be generated through microbial activit ies 

in groundwater, buffer, and backfi l l . Therefore, in addition to 

l imiting the concentration of sulf ides in groundwater, 

concentrations of methane and dissolved hydrogen gas should 

also be l imited, so that the activity of microorganisms can be 

inhibited. Besides, pH value, chloride ion, sulfate, bicarbonate 

ion, and stress corrosion cracking (SCC) enhancing factors 

(including nitrogenous compounds such as nitrite, ammonium, 

and acetate) wil l  al l  affect the corrosion of the canisters. In 

order to improve the long-term stabil i ty of the montmoril lonite,  

the concentration of potassium and iron in groundwater should 

also be l imited. 
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The safety function indicator is set to be ñconcentration of 

harmful substances in groundwater should be l imited ([NO2 
-]  < 

ρπ M , [HS]  < 3 mg/Låρπ M , and [K+]  < 0.1 M).ò 

(d) pH value 

During construction, grouting materials and plug materials may 

produce high alkal ine pore water because of chemical 

degradation. If  the abovementioned pore water is in contact 

with the bentonite, the montmoril lonite can become chemically 

unstable and the montmoril lonite may dissolve. Therefore, the 

safety function indicator is set to be ñpH value of the 

groundwater,ò and the safety function indicator criterion is ñpH 

value of the groundwater should be between 5 and 11ò (Posiva 

and SKB, 2017). 

(e) Avoid chlorides from corrosion 

In an oxygen-deficient environment, only when the pH value is 

lower than 4 and chloride concentration is high ([ Clī]> 2 M), 

chloride corrosion of canisters wil l  occur (Masurat et al. , 

2010). Therefore, the safety function indicator is set to be 

ñacid-base value of groundwaterò and ñchloride 

concentration,ò and the safety function indicator criteria are 

ñpH value in groundwater > 4ò and ñchloride concentration < 2 

M .ò 

(2) R2: provide preferred hydrogeologic and transport conditions 

Host rock needs to provide preferred hydrogeologic and transport 

conditions for the repository. Such conditions include high flow-

related transport resistance (F) of flow paths to l imit groundwater 

transport and low equivalent f low rate (ὗ ) of the interface between 

the buffer and the host rock to l imit solute exchange. Therefore, the 

safety function indicator is set to be ñflow -related transport 

resistance of fractureò and ñequivalent flow rate.ò The safety 

function indicator criteria are ñflow -related transport resistance of 

fracture (intersecting with deposition holes) > 10,000 yr/mò and 

ñequivalent flow rate < ρ ρπ  m3/yr.ò 
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(3) R3: provide mechanically stable environment 

Two potential  mechanical factors that could induce destruction of 

the canisters are destruction induced by isostatic load and 

destruction induced by shear displacement of fractures intersecting 

deposition holes. Therefore, the safety function indicator is set to 

be ñgroundwater pressure,ò and the safety function indicator 

cri terion is ñlimit groundwater pressure.ò Shear displacement of 

fractures intersecting deposition holes can be evaluated based on a 

series of mechanical models. According to the design requirements 

of the canisters, the safety function indicator criteria are ñshear 

displacement < 5 cm and velocity of shear displacement < 1 m/s.ò 

(4) R4: provide preferred thermal environment 

If clay materials of the bentonite freeze, pressure in the deposition 

holes wil l  increase and the canisters or the surrounding host rock 

may be damaged. According to safety functions Buff4 and Buff6, 

buffer temperature should be between -2.5  and 100 . Therefore, 

the safety function indicator is set to be ñhost rock temperature,ò 

and the safety function indicator criterion is ñhost rock temperature 

should be between -2.5  and 100 .ò 

 

7.4.  Retardation Safety Function Indicators 

This section describes the safety functions, safety function 

indicators, and safety function indicator cri teria of the system 

components (spent nuclear fuel, canister, buffer, backfi l l , and 

geosphere) related to retardation safety function. The retardation safety 

functions of each system component are summarized in Table 7-2.
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Table 7-2: Retardation safety functions, containment safety function indicators, and containment 

safety function indicator criteria. 

Retardation safety functions, retardation safety function indicators, and retardation safety function indicator 

criteria  

System 

components 

Safety function Containment safety function indicator and criteria References and 

instructions 

SNF F1: constraint 

radionuclides 

(a) fuel matrix conversion rate: low 

(b) metal corrosion rate <10-3 /year 

Posiva and SKB, 

2017 

F2: precipitation nuclides solubility: low SKB, 2011 

F3: avoid criticality effective multiplication factor (keff) < 0.95, when the 

canister is filled with water 

SKB, 2011 

canister Can4: resist 

transportation 

(a) delay time (tdelay):long 

(b) the time for the canister to lose its ability to reduce 

the transmission rate (tlarge):long 

SKB, 2011 

Can5: avoid 

criticality 

(a) suitable geometric characteristics of the canister 

(b) suitable material characteristics of the canister 

SKB, 2011 

buffer Buff1: limit 

advection 

(a) hydraulic conductivity of buffer <1×10-12 m/s 

(b) swelling pressure of buffer >1 MPa 

SKB, 2011 

Buff4: resist 

transformation 

buffer temperature < 100  SKB, 2011 

Buff5: prevent 

canister sinking 

swelling pressure of buffer > 0.2 MPa SKB, 2011 

Buff7: filter colloid buffer dry density >1,000 kg/m3 Posiva and SKB, 

2017 

Buff8: absorb 

radionuclides 

distribution coefficient (Kd): high Posiva and SKB, 

2017 

Buff9: allow gas 

transmission 

swelling pressure of buffer: low Posiva and SKB, 

2017 

backfill BF2: limit 

advection 

(a) hydraulic conductivity of backfill <10-10 m/s 

(b) swelling pressure of backfill >0.1 MPa 

SKB, 2011 

BF3: absorb 

radionuclides 

distribution coefficient (Kd): high SKB, 2011 

geosphere R1: provide 

preferred chemical 

conditions 

(a) redox-oxidation state: limited Eh value 

(b) ionic strength and salinity: charge concentration of 

cations in groundwater > 8 mM and TDS < 35 

g/L(instant total dissolved solids < 70 g/L) 

(c)limit concentration of harmful substances: [NO2 
-] < 

ρπ M; [HS] < 3 mg/Låρπ M; [K+] < 0.1 M 

(d) pH value of groundwater should be between 5 and 

11 

Posiva and SKB, 

2017 

R2: provide 

preferred 

hydrogeologic and 

transport conditions 

(a) flow-related transport resistance in the fracture (F) 

> 10,000 yr/m 

(b) equivalent flow rate < ρ ρπ m3/yr 

(c) effective diffusion coefficient ($): high; 

distribution coefficient (+ ): high 

(d) colloid concentration: low  

Posiva and SKB, 

2017 

Note: SKB and POSIVA reports were referred to for the specification of the safety function indicators and criteria, and 

research results of SKB and POSIVA were referred to for the specification of quantitative values of the safety function 

indicator criteria. However, some of the safety function  indicators could have various impact factors, and a single value 

for the safety function indicator criteria might be difficult to specify. In this circumstances, no quantitative value was 

used.
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(1) Spent Nuclear Fuel 

(a) F1: constraint radionuclides 

SNF needs to have a complete crystal latt ice structure so that it  

can maintain stabil i ty in the repository and the radionuclides 

can be confined in the fuel. Radionuclides may be released 

through fuel conversion effects such as chemical dissolution 

and oxidative dissolution of the fuel matrix. Therefore, the 

safety function indicator is set to be ñfuel matrix conversion 

rate,ò and the safety function indicator cri terion is ñlow fuel 

matrix conversion rate.ò 

In addition, because the metal of the fuel assembly also has the 

function of restricting the radionuclide species, the safety 

function indicator is set as the "metal corrosion rate of the fuel 

assembly," and the safety function indicator criterion is set as 

the "metal corrosion rate of the fuel assembly per year." 

In addition, the metal of the fuel assembly can also constrain 

radionuclides. Therefore, the safety function indicator is set to 

be ñmetal corrosion rate of the fuel assembly,ò and the safety 

function indicator criterion is ñmetal corrosion rate of fuel 

assembly < 10-3/year.ò 

(b) F2: precipitation 

Release of the radionuclides wil l be constrained by the 

solubil i ty l imit. Therefore, the safety function indicator is set 

to be ñnuclide solubility,ò and the safety function indicator 

criterion is ñlow nuclide solubility.ò 

(c) F3: avoid cri t icality 

In order to maintain sub-crit icality within the canisters (neutron 

effective multiplicat ion factor < 1) to avoid crit icality, the 

safety function indicator is set to be ñeffective multiplication 

factor,ò and the safety function indicator cri terion is ñeffective 

multiplication factor (kef f) < 0.95, when the canister is fi l led 

with water.ò 

(2) Canister 

(a) Can4: resist transportation 
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Groundwater wil l  inf i l trate into the canister and contact with the 

fuel when the canister is damaged. And radionuclides may be 

released along with the water flow. Although the design of the 

canister is not used to reduce the transport rate, certain 

restrictions to the transport rate can be provided within a l imited 

amount of t ime after the canister is damaged. Therefore, the 

safety function indicators are set to be ñthe time from the 

canister is damaged to the radionuclides are released (delay 

time, td elay)ò and ñthe time for the canister to lose its ability to 

reduce the transmission rate (tla rge).ò The safety function 

indicator criteria are ñthe delay time (td e lay) should be longò and 

ñthe time for the canister to lose its ability to reduce the 

transmission rate (tla rge) should be longò. 

(b) Can5: avoid crit icali ty 

The geometry and material properties of the canisters should be 

able to avoid crit icali ty. Therefore, the safety function indicator 

is set to be ñthe geometric and material characteristics of the 

canister,ò and the safety function indicator criterion is ñsuitable 

geometric and material characteristics of the canister.ò 

(3) Buffer 

(a) Buff1: l imit advection 

The buffer should be able to l imit contact between the canisters 

and possible corrosive substances and confine radionuclides 

released from the canisters. That is, the buffer should be able to 

help avoid materials transport rapidly through advection. 

Therefore, the safety function indicator is set to be ñhydraulic 

conductivity of bufferò and ñswelling pressure of buffer.ò The 

safety function indicator criteria are ñhydraulic conductivity of 

buffer < ρ ρπ  m/sò and ñswelling pressure > 1 MPa.ò 

(b) Buff4: resist transformation 

In order to prevent montmoril lonite in the buffer from 

transferring into non-expandable minerals such as i l l i te under 

high temperature, thereby reducing its swell ing pressure, the 

safety function indicator is set to be ñbuffer temperature,ò and 
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the safety function indicator criterion is ñbuffer temperature < 

100 .ò 

(c) Buff5: prevent canister sinking 

Buffer around the canisters must have sufficient swell ing 

pressure to provide sufficient support for the prevention of the 

canisters from sinking or t i l t ing. Therefore, the safety function 

indicator is set to be ñswelling pressure,ò and the safety function 

indicator criterion is ñswelling pressure > 0.2 MPa.ò 

(d) Buff7: fi l ter colloids 

The buffer should be sufficiently compact to avoid colloids from 

getting through. The particle size of col loids is around ρπ to 

ρπ  m, fuel col loids can be constrained i f the buffer has 

sufficient density when the canister is damaged. According to 

the results of metal colloids experiments (Kurosawa et al. , 1997; 

Holmboe et al.,  2010), colloid transport can be blocked when 

the dry density of the bentonite is greater than 1,000 kg/m3. 

Therefore, the safety function indicator is set to be ñbuffer dry 

density,ò and the safety function indicator criterion is ñbuffer 

dry density > 1,000 kg/m3.ò 

(e) Buff8: absorb radionuclides 

The buffer can constrain the release of radionuclides through 

sorption. Therefore, the abil i ty to absorb radionuclides is one of 

the important functions of the buffer. The safety function 

indicator is set to be the ñdistribution coefficient (+),ò and the 

safety function indicator criterion is ñhigh distribution 

coefficient (+).ò 

(f)  Buff9: allow gas transmission 

When the canister is damaged, groundwater intrusion may lead 

to anaerobic corrosion of the cast iron l ining, and hydrogen gas 

may thereby be generated. The buffer needs to have sufficient 

transmissibi l i ty for gas so that the generated gas can be released 

and wil l  not accumulate between the canister and the buffer. 

When the pressure of the gas is high, a gas passage wil l be 
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formed in the buffer, and the gas wil l  be released from it. 

Meanwhile, the passage can compromise the retardation safety 

function of the buffer. Gas transmissibil i ty is related to swell ing 

pressure of the buffer. Lower swell ing pressure can be 

beneficial to the transmission of the gas. Therefore, the safety 

function indicator is set to be ñswelling pressure,ò and the 

safety function indicator criterion is ñswelling pressure should 

be low.ò 

(4) Backfi l l  

(a) BF2: l imit advection 

The abil i ty to restrict advection of the backfi l l  can keep the 

buffer and the canisters from being damaged by potentially 

harmful substances in the groundwater. By l imiting the 

hydraulic conductivi ty of backfi l l  to near or lower than the one 

of the surrounding host rock, radionucl ides transport through 

advection can also be avoided, thereby achieving the retardation 

safety function. The safety function indicator is set to be 

ñhydraulic conductivity of backfill,ò and the safety function 

indicator criterion is ñhydraulic conductivity of backfill < 

ρ ρπ  m/s.ò 

In addit ion, the swell ing pressure of the backfi l l  should be 

adequate to backfi l l  uniformly and completely, so that the safety 

functions of the buffer can be maintained. Therefore, the safety 

function indicator is set to be ñswelling pressure of backfill,ò 

and the safety function indicator criterion is ñswelling pressure 

of backfill > 0.1 MPa.ò 

(b) BF3: absorb radionuclides 

The abil i ty of the backfi l l  to absorb radionuclides can l imit 

radionuclides outward transport, which is one of the important 

factors related to the transport of radionuclides. The safety 

function indicator is set to be the ñdistribution coefficient (+ ),ò 

and the safety function indicator criterion is ñhigh distribution 

coefficient (+ ).ò 
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(5) Geosphere 

The retardation safety functions that the geosphere should have a 

focues on the suitabil i ty of chemical, hydrogeologic, and transport 

characteristics. Most safety function indicators are the same as the 

containment safety functions, which include: providing preferred 

chemical conditions (R1) and providing preferred hydrogeologic and 

transport conditions (R2): 

(a) R1: provide preferred chemical conditions 

(i)  Redox state  

The basic requirement of chemical conditions for the 

repository is a redox state. Canisters can be protected from 

oxidation, the solubil i ty of fuel matrix and radionuclides 

wil l  be lower, and sorpt ion of the buffer, backfi l l , and the 

host rock wil l  be better in the redox state. Since oxidation 

occurs in an aerobic environment, the requirement for the 

host rock wil l be without dissolved oxygen. The safety 

function indicator is set to be ñredox-oxidation state,ò and 

the safety function indicator criterion is ñlimited Eh value.ò 

(ii)  Ionic strength and salinity 

Formation of colloids can be suppressed and stabil i ty can 

be improved when the ionic strength of groundwater is high 

enough. Colloids produced by chemical erosion in the 

interface of buffer and host rock are one of the main sources 

of colloids in groundwater. Since chemical erosion requires 

low ionic strength, the safety function indicator is set to be 

ñcharge concentration of cations in groundwater,ò and the 

safety function indicator criterion is ñcharge concentration 

of cations in groundwater > 8 mM.ò 

Besides, high salini ty groundwater wil l  have a negative 

impact on swell ing pressure and hydraulic conductivity of 

the buffer and the backfi l l .  Therefore, the safety function 

indicator is set to be ñtotal dissolved solids,ò and the safety 

function indicator criterion is ñTDS < 35 g/L (instant TDS 

< 70 g/L).ò 
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(i i i )  Concentration of harmful substances 

Sulfide is one of the main corrosive factors of the copper 

shel l in an anaerobic environment. Sulfides can be 

generated through microbial activi t ies in groundwater, 

buffer, and backfi l l , and exist in the groundwater. In order 

to inhibit  microbial activity, besides the concentration of 

sulfides in groundwater, the concentration of methane and 

dissolved hydrogen should also be l imited. Other factors 

l ike pH value, chloride ions, sulfate ions, bicarbonate ions, 

and stress corrosion cracking (SCC) enhancing factors 

(including nitrogenous compounds such as nitr ite, 

ammonium, and acetate) wi l l  also affect the corrosion of 

the canisters. Also, other than improving the long-term 

stabil i ty of the montmoril lonite, the concentration of 

potassium and iron in groundwater should be constrained. 

The safety function indicator is set to be ñconcentration of 

harmful substances in groundwater should be l imited 

([NO2 
-]  < ρπ M, [HS] < 3 mg/Låρπ M, and [K+]  < 0.1 

M).ò 

(iv)  pH value 

During construct ion, grouting materials and plug materials 

may produce high alkaline pore water because of chemical 

degradation. If the abovementioned pore water is in contact 

with the bentonite, the montmori l lonite can become 

chemically unstable and the montmoril lonite may dissolve. 

Therefore, the safety function indicator is set to be ñpH 

value of the groundwater,ò and the safety function indicator 

criterion is ñpH value of the groundwater should be between 

5 and 11ò (Posiva and SKB, 2017). 

(b) R2: provide preferred hydrogeologic and transport conditions 

Host rock needs to provide preferred hydrogeologic and 

transport conditions for the repository. Such conditions include 

high flow-related transport resistance (F) of flow paths to l imit 
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groundwater transport, and low equivalent flow rate (ὗ ) of the 

interface between the buffer and the host rock to l imit solute 

exchange. Therefore, the safety function indicator is set to be 

ñflow-related transport resistance of fractureò and ñequivalent 

flow rate.ò The safety function indicator criteria are ñflow-

related transport resistance of fracture (intersecting with 

deposition holes) > 10,000 yr/mò and ñequivalent flow rate < 

ρ ρπ  m3/yr.ò 

In addition, the following safety functions are also required: 

(i)  Matrix diffusion and sorption of the host rock 

Radionuclides can be retarded by matrix diffusion and 

sorption of the host rock. Therefore, the safety function 

indicator is set to be the ñeffective diffusion coefficient 

(Ὀ)ò and ñdistribution coefficient (ὑ),ò and the safety 

function indicator criteria are ñhigh effective diffusion 

coefficient (Ὀ)ò and ñhigh distribution coefficient (ὑ).ò 

(ii)  Colloid concentration 

The concentration of the natural colloids should be l imited 

to avoid radionuclides transport through groundwater in the 

fractures by attaching to the colloids. Therefore, the safety 

function indicator is set to be ñcolloid concentration,ò and 

the safety function indicator criterion is ñlow colloid 

concentration.ò 

 

7.5.  Key Issues of Evolution over Time 

The purpose of defining the safety functions of the repository 

system is to compare the evolution of mult iple barriers at different t imes 

to safety function indicator criteria so that quantitative evaluation of 

barrier performance can be conducted and long-term safety of the 

repository can be assured by the system components. 

After evolut ion analyses, those against the safety function indicator 

cri teria should be the key issues for the safety assessment. Further 
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evaluation and analysis are required to ensure that possible 

consequences wil l not jeopardize the long-term safety of the repository. 

Table 7-1 and Table 7-2 show the key issues that should be further 

analyzed in the following assessment. 

 

7.6.  Factors affecting Safety Function Indicators over Time 

The safety of the repository is judged by whether the safety 

functions of the repository are maintained. The evolution of the 

repository is mainly controlled by init ial state, coupling of internal 

processes, and external factors. And these wil l  affect the measurement 

and calculation of the safety function indicators. 

The correlation of these factors, how these factors relate to the 

measurement and calculation of the safety function indicators, and how 

the safety functions of the repository wil l  be affected wil l  depend on key 

issues considered in the safety assessment. Relevant analysis results are 

in Chapter 11. 
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8.   Compilation of Input Data and Data Uncertainty 

8.1.  Introduction  

In order to complete the evaluation of safety functions of 

containment and retardation, multiple assessment models were 

correlated in the safety assessment.  

In safety assessment, the assessment results of models are 

transferred to radionuclide transport models. The data used in 

radionuclide transport models are direct ly influenced to the resulting 

dose consequences. Therefore, input parameters in the assessment 

models for radionuclide transport (Figure 8-1) are compiled in this 

chapter, and the uncertainties are shown by tables and graphs as the basis 

for subsequent determinist ic or probabil istic analyses. The input 

parameters that have substantial influences can also be identified. 

Detailed assessment, research, and investigations can also be planned 

according to this information. 
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Figure 8-1: Input data parameters for radionuclide transport in safety assessment. 

Note: The ovals represent the models and the rectangles represent the input/output data. 

  



   

 8-3 

 

8.2.  Reference Requirements and Criteria for Judgment 

Input data parameters can have certain uncertaint ies because of the 

large temporal and spatial scale in the assessment. Deviations of the 

repository and the system units between design and 

manufacturing/instal lation were also taken into consideration in the 

assessment. The suitabil i ty of input data parameters was discussed by 

the suppliers and the applicants, and data improvements wil l be 

continued in the future. The above-mentioned uncertainties would be 

passed on to total-system safety assessment eventually through 

assessment models in each step. Multiple assessment cases and 

sensitivi ty analyses were performed in the safety assessment to identify 

key issues and parameters, and to clarify what should be focused on in 

detailed assessment, research, and investigations in the future. 

 

8.3.  Inventory of Data 

The models and parameters used in safety assessment have been 

shown in the assessment model f low chart. Except for the near and far-

field radionucl ide transport models, the main parameters for other 

assessment models and sources are described in the respective sections. 

The main input parameters for the radionuclide transport model are 

shown in Figure 8-1, and the geometry parameters of the engineered 

barrier are covered in Section 4.2. The hydrogeological evolution of the 

repository is covered in Sections 9.3.6 and 9.4.6, groundwater flow 

assessment for near-field and far-field radionuclide transport model are 

covered in Sections 12.4.1 and 12.4.2, and the biosphere dose conversion 

factors wil l be covered in Section 12.2. The other input parameters are 

summarized as follows: 

(1) Fuel and init ial inventory of the interested radionuclides: 

The init ial inventory of the interested radionuclides of the SNF is 

l isted in Table 4-1. If  a canister fails, groundwater wil l enter the 

void of the canister, and the fuel matrix or corroded metal 

assemblies of the fuel wil l  dissolve into the groundwater. The fuel 
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dissolution rate and its uncertainties were adopted from the SKB 

report (SKB, 2010i) and can be found in Table 8-1 (SKB, 2010i).  

Uncertaint ies of two orders of magnitude were considered for the 

dissolution rate. The release duration of the corroded metal 

assemblies of the fuel is specified in Table 8-2 and they were also 

adopted from the SKB report (SKB, 2010i).  The range of fully 

corroded t ime was estimated using the corrosion rate of relat ively 

fast corroded material (stainless steel) and the thickness of the 

thinnest part of fuel ( Inconel spacers) by SKB. The most 

conservative fully -corroded time was adopted for the other metal 

parts. The corrosion release fraction (CRF) of the radionucl ides is 

in Table 8-3 (SKB, 2010i; SKB, 2010i), and the instant release 

fraction ( IRF) of the radionuclides which are instantly released to 

the groundwater is l isted in Table 8-4 (SKB, 2010h; SKB, 2010i). 

(2) Material parameters of the repository:  

Barriers such as buffer, backfi l l  and host rock were included in the 

radionuclide transport calculation models. Dry densities and 

porosities of the materials should be put into the models. Dry 

densities and porosities of the buffer and backfi l l  were adopted from 

the SKB report (SKB, 2010h; SKB, 2010i). The values used in the 

deterministic and stochastic analyses are l isted in Table 8-5, and 

they were estimated based on spatial variabil i ty. On the other hand, 

the dry densities and porosities of the host rock were adopted from 

the previous research (ү еҨ , 2019a). And the values are l isted 

in Table 8-5 as well. 

(3) Properties of the radionuclides: 

Radionuclides wil l transport through an engineered barrier system 

of different materials. The properties of radionuclides wil l be 

affected by the composition of groundwater, and the composition of 

groundwater wil l  then be influenced by climate evolution and sea-

level fluctuations. Two sets of deterministic parameters were 

assumed for the assessment of the influence mentioned previously: 

(i) current sea-level and (i i) sea-level fal ls to -120 m. SKB reports 



   

 8-5 

were mainly referred to for the setting of the parameters in the set 

of current sea-level. The values are the median values of the 

probabil ity distributions (for instance, effect ive diffusion 

coefficient and available porosity) or suggested values (for 

instance, partit ion coefficients for fresh/saline 

groundwater)/median values (for instance, solubil i ty l imits for 

groundwater composition in a temperate climate) in the probabil ity 

distr ibut ions for a specific groundwater composition. POSIVA 

reports were mainly referred to for the setting of the parameters in 

the set of sea-level falls to -120 m. Suggested values for fresh water 

in glacial periods were used. To carry out the probabi l istic 

calculation, SKB reports were referred to for the setting of 

uncertainty parameter set. Suggested values based on different 

internal and external conditions of the repository were used.  

The element-specific effective diffusion coefficients (De) for 

different barrier materials can be found in Table 8-6. These values 

were suggested by SKB by taking groundwater composition and 

sources of uncertaint ies into consideration. 

The diffusion-available porosity of buffer, backfi l l  and rock matrix 

can be found in Table 8-7. The diffusion-available porosity of the 

rock matrix is equal to its physical porosity. 

The solubi l i ty l imits are in Table 8-8, and Figure 8-2 to Figure 8-5, 

and the partit ion coefficients (Kd) are shown in Table 8-9 to Table 

8-11.  
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Table 8-1: Fuel dissolution rate. 

Deterministic analysis 

Fuel dissolution rate [yr-1] 

10
-7

 

Probabilistic analysis 

Fuel dissolution rate [yr-1] 

Lower limit  Best estimation Upper limit  Distribution  

10-8 10-7 10-6 
Triangular distribution in the log10 space. 

 

Table 8-2: Release duration of the metal assemblies of corroded fuel. 

Deterministic analysis 

Release duration of the metal assemblies of fuel [yr] 

103 

Probabilistic analysis 

Release duration of the metal assemblies of fuel [yr]  

Lower limit  Best estimate Upper limit  Distribution  

102 103 104 
Triangular distribution in the log10 space. 

 

Table 8-3: Corrosion release fraction (CRF). 

Deterministic analysis 

Radionuclide Corrosion release fraction [-] 

C-14 6.40×10-1 

Cl-36 1.50×10-2 

Ni-59 9.60×10-1 

Se-79 1.30×10-4 

Zr-93 1.30×10-1 

Nb-94 9.82×10-1 

Tc-99 6.10×10-5 

U-233 2.50×10-1 

Probabilistic analysis 

Radionuclide Corrosion release fraction [-] 

Lower 

limit  

Best 

estimation 

Upper 

limit  

Distribution  

C-14 5.70×10-1 6.40×10-1 6.80×10-1 Double triangular distribution in 

normal space (the probability of 

each triangular is 50%). 
Cl-36 1.40×10-2 1.50×10-2 1.80×10-2 

Ni-59 9.00×10-1 9.60×10-1 9.90×10-1 

Se-79 0 1.30×10-4 5.50×10-4 

Zr-93 9.30×10-2 1.25×10-1 1.40×10-1 

Nb-94 - 1 - 

Tc-99 4.00×10-5 6.10×10-5 1.30×10-4 

U-233 1.26×10-1 2.50×10-1 2.90×10-1 

Table 8-4: Instant release fraction (IRF). 

Deterministic analysis 

Radionuclide Instant release fraction [-] 

C-14 9.20×10-2 

Cl-36 8.60×10-2 
Ni-59 1.20×10-2 
Se-79 4.20×10-3 
Sr-90 2.50×10-3 
Zr-93 9.20×10-6 
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Deterministic analysis 

Nb-94 1.80×10-2 
Tc-99 2.00×10-3 
Pd-107 2.00×10-3 
Sn-126 3.00×10-4 
I-129 2.90×10-2 
Cs-135 2.90×10-2 
Cs-137 2.90×10-2 
Probabilistic analysis 

Radionuclide Instant release fraction [-] 

Lower limit  Best 

estimate 

Upper limit  Distribution  

C-14 8.50×10-2 9.20×10-2 1.10×10-1 Double triangular 

distribution in normal space 

(the probability of each 

triangular is 50%).. 

Ni-59 1.60×10-3 1.20×10-2 1.70×10-2 

Sr-90 0 2.50×10-3 1.00×10-2 

Zr-93 6.30×10-8 9.20×10-6 1.40×10-5 

Nb-94 6.40×10-7 1.80×10-2 2.70×10-2 

Tc-99 0 2.00×10-3 1.00×10-2 

Pd-107 0 2.00×10-3 1.00×10-2 

Sn-126 0 3.00×10-4 1.00×10-3 

 Mean value Standard deviation Distribution  
Cl-36 7.60×10-2 6.40×10-2 Normal distribution. 
Se-79 3.80×10-3 3.20×10-3 

I-129 2.50×10-2 2.10×10-2 

Cs-135 2.50×10-2 2.10×10-2 

Cs-137 2.50×10-2 2.10×10-2 

For those which are not listed in the table are not released to groundwater instantly. 

 

Table 8-5: The material parameters of the disposal system. 

Deterministic analysis 

System unit Dry density [kg/m3] Porosity [%]  

Buffer 1,562.00 45.00 
Backfill 1,504.00 46.00 
Host rock 2,750.00 0.53 
Probabilistic analysis 

System unit Dry density [kg/m3] Porosity [%]  

Lower  

limit  

Peak  

value 

Upper  

limit  

Lower  

limit  

Peak  

value 

Upper  

limit  

Buffer 1,484 1,562 1,640 41.00 43.50 46.00 

Backfill 1,458 1,504 1,535 44.00 46.00 48.00 

Distribution The dry density distribution of backfill is the double triangular distribution in 

normal space (the probability of each triangular is 50%). The distribution of 

the other parameters is the triangular distribution in normal space. 

 

Table 8-6: Element specific effective diffusion coefficients. 

Deterministic analysis 

System unit Buffer  Backfill  Host rock 

Current sea-level 

Effective diffusion 

coefficients [m2/yr] 

4.20×10-3 

8.40×10-3 (Cs) 

2.50×10-4 (Cl, I, and 

Se) 

5.00×10-3 

9.90×10-3 (Cs) 

3.10×10-4 (Cl, I, and 

Se) 

6.30×10-7 

2.00×10-7 (Cl, I, and 

Se) 

Sea-level falls to -120 m 
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Effective diffusion 

coefficients [m2/yr] 

4.10×10-3 

7.38×10-3 (Cs) 

2.38×10-2 (Ra and Sr) 

8.81×10-7 (Cl, I, and Se) 

1.43× 10-7 

Note The effective diffusion coefficients of Pb and Ac in buffer in fresh water 

were not mentioned in the references, thus were assumed to have the same 

values as the other cation elements. 

Probabilistic analysis 

System unit Effective diffusion coefficient [m2/yr]  

Lower limit  Best estimate Upper limit  

In log10 space 

Buffer -2.53 -2.36 -2.18 

Distribution The triangular distribution in log10 space. 

Cs -2.52 -1.88 -1.88 

Distribution Right triangular distribution in log10 space. 

Cl, I, and Se -4.72 -3.46 -2.72 

Distribution Double triangular distribution in log10 space. 

Backfill -2.46 -2.30 -2.12 

Distribution The triangular distribution in log10 space. 

Cs -2.46 -1.82 -1.82 

Distribution Right triangular distribution in log10 space. 

Cl, I, and Se -4.50 -3.43 -2.66 

Distribution Double triangular distribution in log10 space (the probability of each 

triangular is 50%). 

 Mean value Standard deviation 

In log10 space 

Host rock -6.18 2.5× 10-1 

Cl, I, and Se -6.68 2.5× 10-1 

Distribution Normal distribution in log10 space. 

 

Table 8-7: Diffusion-available porosity of the system units. 

Deterministic analysis 

 System unit 

Buffer  Backfill  Host rock 

Current sea-level 

Diffusion-available 

porosity [%] 

45.00 

18.00 (Cl, I, and Se) 

46.00 

19.00 (Cl, I, and Se) 

0.53 

Sea-level falls to -120 m 

Diffusion-available 

porosity [%] 

45.00 

1.00 (Cl, I, and Se) 

46.00 

1.00 (Cl, I, and Se) 

0.53 

Probabilistic analysis 

System unit Diffusion-available porosity [%] 

Upper limit  Upper limit  Upper limit  

Buffer 4.60× 101 4.60× 101 4.60×101 

Distribution The triangular distribution in normal space. 

Cl, I, and Se 2.41× 101 2.41× 101 2.41×101 

Distribution Double triangular distribution in normal space (the probability of each 

triangular is 50%). 

Backfill 4.80× 101 4.80× 101 4.80×101 

Distribution Double triangular distribution in normal space (the probability of each 

triangular is 50%). 

Cl, I, and Se 2.56× 101 2.56× 101 2.56×101 

Distribution The triangular distribution in normal space. 
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Table 8-8: Solubility limits for each element. 

Deterministic analysis 

Element 
Current sea-level Sea-level falls to -120 m 

Solubility limits [mol/m 3] 

Ac Totally dissolved. 

Am 2.50×10-3 3.30×10-5 

C Totally dissolved. 

Cl Totally dissolved. 

Cm 2.60×10-3 3.30×10-5 

Cs Totally dissolved. 

I Totally dissolved. 

Nb 4.90×10-2 2.10×10-1 

Ni 3.00×10-1 1.40×10-4 

Np 1.00×10-6 1.00×10-5 

Pa 3.30×10-4 1.00×10-5 

Pb 1.70×10-3 1.70×10-3 

Pd 3.90×10-3 4.00×10-3 

Pu 4.80×10-3 1.40×10-8 

Ra 9.10×10-4 4.20×10-7 

Se 6.70×10-6 5.90×10-6 

Sn 9.00×10-5 4.20×10-3 

Sr 3.70 2.00×10-2 

Tc 3.80×10-6 4.40×10-6 

Th 2.60×10-6 2.10×10-6 

U 9.50×10-7 8.70×10-6 

Zr 1.80×10-5 1.80×10-5 

Probabilistic analysis 

Element 
Solubility limits [mol/m 3] 

5% percentile Mean value 95% percentile 

Ac Totally dissolved. 

Am 1.18×10-4 2.56×10-3 9.14×10-3 

C Totally dissolved. 

Cl Totally dissolved. 

Cm 1.28×10-4 3.16×10-3 1.18×10-2 

Cs Totally dissolved. 

I Totally dissolved. 

Nb 1.92×10-2 9.78×10-2 3.17×10-1 

Ni 1.36×10-3 2.36 1.28×101 

Np 1.66×10-7 2.93×10-6 1.08×10-5 

Pa 1.18×10-4 3.92×10-4 8.93×10-4 

Pb 1.70×10-4 1.16×10-3 3.55×10-3 

Pd 4.03×10-4 1.02×10-2 3.96×10-2 

Pu 2.13×10-5 6.15×109 1.99×103 

Ra 2.07×10-4 5.99×10-3 2.35×10-2 

Se 3.28×10-7 3.06×10-5 1.22×10-4 

Sn 1.47×10-5 2.15×10-4 7.55×10-4 

Sr 2.28×10-1 1.82 5.48 

Tc 1.65×10-6 5.33×10-6 1.22×10-5 

Th 4.52×10-7 2.14×10-5 8.70×10-5 

U 8.75×10-11 1.33×10-5 4.67×10-5 

Zr 7.09×10-7 1.25×10-4 4.51×10-4 

Distribution As shown in Figure 8-2.  
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Table 8-9: Partition coefficients for each element of the system units (deterministic 

analysis). 

Element 

System unit 

Buffer and backfill  Host rock 

Current sea-level 
Sea-level falls to -

120 m 
Current sea-level 

Sea-level falls to -

120 m 

Partition coefficient [m3/kg] 

Ac 8.00 8.00 1.48×10-2 1.48×10-2 

Am 6.10×101 1.35×102 1.48×10-2 1.50×10-1 

C 0 0 0 0 

Cl 0 0 0 0 

Cm 6.10×101 1.35×102 1.48×10-2 1.50×10-1 

Cs 9.30×10-2 4.10×10-1 3.49×10-4 1.40 

I 0 0 0 0 

Nb 3.00 1.81 1.98×10-2 4.20×10-1 

Ni 3.00×10-1 3.15 1.10×10-3 3.00×10-1 

Np 2.00×10-2 6.30×101 4.13×10-4 4.00×10-1 

Pa 3.00 8.10×101 5.92×10-2 3.60×10-1 

Pb 7.40×101 7.40×101 2.52×10-2 2.52×10-2 

Pd 5.00 3.14 5.20×10-2 3.00×10-1 

Pu 2.00×10-2 2.40×101 9.14×10-3 6.00×10-1 

Ra 4.50×10-3 1.06×10-1 2.42×10-4 1.80×10-2 

Se 0 0 2.95×10-4 0 

Sn 6.30×101 1.14 1.59×10-1 1.80×10-3 

Sr 4.50×10-3 1.06×10-1 3.42×10-6 8.00×10-4 

Tc 0 2.00 0 4.00×10-1 

Th 6.30×101 6.30×101 5.29×10-2 4.00×10-1 

U 3.00 5.60×10-3 1.06×10-4 1.60 

Zr 4.00 6.30×101 2.13×10-2 4.00×10-1 

 

Table 8-10: Partition coefficients for each element of buffer and backfill (probabilistic 

analysis). 

Element Lower limit  

[m3/kg] 

Most probable value 

[m3/kg] 

Upper limit  

[m3/kg] 

Ac 3.00×10-1 8 2.33×102 

Am 1.00×101 6.10×101 3.78×102 

C 0 0 0 

Cl 0 0 0 

Cm 1.00×101 6.10×1001 3.78×102 

Cs 1.50×10-2 9.30×10-2 5.60×10-1 

I 0 0 0 

Nb 2.00×10-1 3 4.50×101 

Ni 3.00×10-2 3.00×10-1 3.30 

Np 4.00×10-3 2.00×10-2 2.00×10-1 

Pa 2.00×10-1 3 4.50×101 

Pb 1.20×101 7.40×101 4.57×102 

Pd 3.00×10-1 5 7.50×101 

Pu 2.00×10-3 2.00×10-2 2.00×10-1 

Ra 7.50×10-4 4.50×10-3 2.70×10-2 

Se 0 0 0 

Sn 2.30 6.30×101 1.76×103 

Sr 7.50×10-4 4.50×10-3 2.70×10-2 
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Tc 0 0 0 

Th 6 6.30×101 7.00×102 

U 5.00×10-1 3.00 1.80×101 

Zr 1.00×10-1 4 1.03×102 

Distribution The triangular distribution in log10 space. 

 

Table 8-11: Partition coefficients for each element of host rock (probabilistic 

analysis). 

Element Mean value 

[m3/kg] 

Standard 

deviation 

Lower limit 

[m3/kg] 

Upper limit 

[m3/kg] 

In log10 space 

Ac -1.83 7.20×10-1 -3.24 -4.17×10-1 

Am -1.83 7.20×10-1 -3.24 -4.17×10-1 

C 0 0 0 0 

Cl 0 0 0 0 

Cm -1.83 7.20×10-1 -3.24 -4.17×10-1 

Cs -3.46 5.10×10-1 -4.46 -2.45 

I 0 0 0 0 

Nb -1.70 6.40×10-1 -2.96 -4.52×10-1 

Ni -2.96 6.50×10-1 -4.22 -1.69 

Np -1.28 6.50×10-1 -2.55 -7.00×10-3 

Pa -1.23 4.80×10-1 -2.17 -2.86×10-1 

Pb -1.60 5.60×10-1 -2.69 -5.09×10-1 

Pd -1.28 8.30×10-1 -2.91 3.44×10-1 

Pu -1.83 7.20×10-1 -3.24 -4.17×10-1 

Ra -3.62 4.10×10-1 -4.41 -2.82 

Se -3.53 5.50×10-1 -4.60 -2.46 

Sn -8.00×10-1 2.80×10-1 -1.35 -2.53×10-1 

Sr -5.47 9.90×10-1 -7.42 -3.46 

Tc -1.28 6.50×10-1 -2.55 -7.00×10-3 

Th -1.28 6.50×10-1 -2.55 -7.00×10-3 

U -1.28 6.50×10-1 -2.55 -7.00×10-3 

Zr -1.67 3.50×10-1 -2.35 -9.91×10-1 

Distribution The normal distribution in log10 space. 
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Figure 8-2: The distributions of solubility limits for strontium, radium, zirconium, and 

niobium in probabilistic analyses. 

Note: The sample size of the solubility for each element is 6,916. 

 

 

Figure 8-3: The distributions of solubility limits for technetium, nickel, palladium, 

and tin in probabilistic analyses. 

Note: The sample size of the solubility for each element is 6,916. 
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Figure 8-4: The distributions of solubility limits for selenium, thorium, protactinium 

and uranium in probabilistic analyses. 

Note: The sample size of the solubility for each element is 6,916. 

 

Figure 8-5: The distributions of solubility limits for neptunium, plutonium, 

americium, curium and lead in probabilistic analyses. 

Note: The sample size of the solubility for each element is 6,916. 
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8.4.  Procedure for Assigning Values 

The input data parameters used in the models of safety assessment 

were mainly specified based on past research, i.e. Table I to Table III of 

the SNFD2017 reference case (ү еҨ , 2019). If  the design was 

modified or new evidence and evaluation data were acquired, internal 

experts would discuss the influence and applicabil i ty. Meanwhile, a 

conference with external experts was also held to review how input data 

parameters would be used in models. The values and their uncertainties 

in the safety assessment were determined according to the procedures 

stated above. 

For proper management of uncertaint ies of input data parameters, a 

standardized protocol (SKB, 2006b) wil l  be introduced in the future 

according to relevant references to determine the values of input data 

parameters and evaluate uncertainties.  
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9.   Evolution Analyses of the Repository 

9.1.  Introduction  

The overall evolution of the repository, which is the basis for 

establishing scenarios of safety assessment, wi l l  be mainly described in 

this chapter. Besides, the rationality of the repository evolution wil l also 

affect the definit ion process of the main scenarios. 

The discussion of this chapter wil l  mainly focus on the containment 

safety functions of the repository. Through evaluation of relevant safety 

functions over the assessment period, whether the containment safety 

functions can be maintained or not wi l l  be further discussed. Based on 

the evaluation results of this chapter and the development of assessment 

scenarios in Chapter 10, overall analyses for the failure of containment 

safety functions wil l be discussed in Chapter 11. Finally, a relevant 

assessment of the release of radionuclide is described in Chapter 12. 

In this report, repository evolution under two different kinds of 

cl imate evolution wil l be discussed: 

(1) Basic evolution: in which future climate conditions wil l evolve 

according to 120,000-year glacial cycle. 

(2) Global warming evolution: in which impact on climate evolution and 

the repository from greenhouse gases wil l  be discussed. 

 

The init ial state of the repository for the two evolution is based on 

the description in Chapter 4, and the management of relevant internal  

processes is described in Chapter 6. 

 

9.1.1.  Prerequisites 

The foundation of the evolution analysis of the repository is based 

on the description of Chapter 4 to Chapter 6, and it  is summarized as 

follows: 

(1) Init ial  state of the engineered barrier:  

Tolerance of each component of the repository should be included 

in considerat ion of the init ial  state. For example, the design 

requirement for the saturation density of the buffer is 2,000 kg/m3.  
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However, the allowable saturation density is 2,000±50 kg/m3 in the 

preliminary design. When discussing the evolution of the 

repository, the above-mentioned range of the saturation density 

should be taken into account. 

The init ial state of the engineered barrier system is described in 

Section 4.2. And the tolerance for each component has been 

considered in the design concept. For example, welding defect is 

included in the init ial state of the canister; geometry defect of the 

deposition hole, the composition of the bentonite, and flaws in the 

manufacturing are included in the init ial state of buffer density. 

Please note that, currently , not all  of the defects or deviat ions 

between design and manufacturing can be taken into account in the 

repository evolution analyses; however, possible deviations from 

the init ial  state of the components wil l be discussed in Chapter 10. 

(2) The init ial  state of the geosphere and biosphere: 

The init ial state of the geosphere and biosphere are described in 

Section 4.3.2, and the repository layout is described in Section 

4.4.2. 

(3) Internal processes: 

The internal processes of the repository dominate the evolution of 

the whole system. These processes are described in Chapter 6, 

categorized as SNF/canister, buffer/backfi l l ,  geosphere and 

biosphere. And the uncertainties for these processes wil l be 

evaluated based on relevant measures described in Chapter 8. 

(4) Basic evolution: 

Future climate evolution and the probabi l ity of a specific climate 

evolution are difficult  to be estimated. Assuming that climate 

evolution follows the same evolution cycle from the past is a more 

feasible way. Hence, the cl imate evolut ion of the repository is 

assumed to follow the climate evolution cycle described in Chapter 

5. The repository wil l  go through subtropical cl imate and temperate 

climate (including the sea-level evolution under this cl imate 

change) in a 120,000-year cycle. And the climate evolution cycle 
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will repeat to the end of the safety assessment t imescale (please 

refer to Table 5-1 and Figure 5-1). 

This cl imate evolution is one of the evolut ion that is more l ikely to 

happen during the glacial period. Please note that it  is not a 

prediction of future climate evolution but a reasonable estimation 

for the safety assessment of the repository based on scientific 

evidence. For the robustness of the assessment, extreme cl imate 

evolution wil l also be taken into account. 

(5) Global warming evolution: 

The greenhouse effect is another important factor influencing future 

climate evolution. Global warming caused by the greenhouse effect 

may induce a relat ively  warm climate over a long period, as 

described in Section 5.2.1 ( IPCC, 2017). Currently, the assessment 

of global warming evolution has not been yet completed, and this 

wil l  be one of the research objectives in the future. 

 

9.1.2.  Structure of the Assessment 

The basic evolution can be divided into four periods as follows: 

(1) The excavation and operation period: the research targets of this 

period are mainly focused on the state of the underground facil i ty of 

the repository, which includes the disposal tunnels and the canisters. 

During this period, the climate and the sea-level are assumed to be 

the same as nowadays (Table 5-1 and Figure 5-1). Relevant evolution 

analyses are described in Section 9.2. 

(2) The init ial period after closure (post-closure 1,000 years): the 

research targets of this period are mainly focused on the state of the 

repository from the t ime that the repository is closed to post-closure 

1,000 years. During this period, the cl imate and the sea-level wil l  

be similar to nowadays (Table 5-1 and Figure 5-1). Relevant 

evolution analyses are described in Section 9.3. 

(3) The remaining glacial period after closure (post-closure 120,000 

years): the research targets of this period are mainly focused on the 

state of the repository from post-closure 1,000 years to the end of a 
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glacial period. The climate is assumed to evolve from the current 

climate (subtropical cl imate) to a temperate climate then go back to 

the subtropical cl imate (Table 5-1 and Figure 5-1). And the sea-level 

wil l  fall to -120 m from the current sea-level and then rise back to 

the same as the current sea-level. Relevant evolution analyses are 

described in Section 9.4. 

(4) The subsequent glacial cycles: the research targets of this period are 

mainly focused on the state of the repository after the end of the 

first glacial period to the end of a one mill ion-year safety assessment 

t imescale. Relevant evolution analyses are described in Section 9.5. 

 

Discussion related to global warming evolution is described in 

Section 9.6. The possible impact of the repository under global warming 

evolution wil l be included in the section. 

In every section of this chapter, analyses of cl imate, biosphere, 

THMC evolution of the geosphere, THMC evolution of the engineered 

barrier system, and the state of the safety function indicators in each 

period are discussed, respectively. 

 

9.1.3.  Conceptual Hydrogeological Model 

Based on the reference case shown in Section 4.3.2, regolith (R0), 

rock mass (R), and major water-conducting zone (F#) are included in the 

hydrogeological conceptual model. And the fault  zone (F1) and fracture 

zone (F2) are assumed to only reveal on the island. 

For the evaluation of hydrogeological evolution, different model 

domains based on different sea-level conditions should be created. The 

DEM, which includes coastal areas of mainland China, Taiwan Straits, 

and Taiwan Island, is included in the estimation of different scale 

domains. The regional scale domains and their natural boundaries are 

chosen to define a natural-topography-based water divide and water 

shield. 

Based on the estimated climate and sea-level evolution in Section 

5.2, in the period of one glacial cycle, the topography of the reference 
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case is l ikely to evolve from island to plain gradually while the sea-level 

changes from 0 m to -120 m. After that, the topography wil l evolve from 

plain to island while the sea-level changes from -120 m back to 0 m. 

When the sea-level descends to -20 m, the topography wil l evolve from 

island to coastal area, and there wil l  be a huge impact on the groundwater 

flow f ield. In addition, when the topography becomes plain while the 

sea-level descends to -120 m, there wil l also be an impact on the 

groundwater flow f ield. Therefore, four specif ic t ime points were 

selected to develop model domains for the evaluation of hydrogeological 

evolution in one glacial cycle:  

(1) the site scale model (the sea-level is the same as nowadays);  

(2) the regional scale model (post-closure 16,700 years, the sea-level 

wil l  drop to -20 m, and the topography of the reference case wil l 

become a coastal area);  

(3) the regional scale model (post-closure 100,000 years, the sea-level 

wil l  drop to -120 m, and the topography of the reference case wil l 

become plain);  

(4) the site scale model (post-closure 120,000 years and the sea-level 

wil l  regain to the same as nowadays).  

 

The above-mentioned model domains are shown in Figure 9-1 to 

Figure 9-3. 

The infi l tration rate and recharge rate of the reference case are 

calculated by empirical functions using the meteorological data in 

Section 4.3.2.6. The annual average infi l t rat ion rate of the reference case 

was calculated to be 66.8 mm/yr. 

The parameters for hydrogeological models are shown in Table 9-1. 

During the excavation and operation period and the init ial  period after 

closure (post-closure 1,000 years), the climate and the sea-level wil l  be 

the same as nowadays, and the site scale model with salinity equal to sea 

water (3.2%) was used in the calculation. On the other hand, in the 

remaining glacial period after closure, the sea-level wi l l  gradually 

decrease from 0 m to -120 m, and regional scale models with salinity 

equal to freshwater were used in the calculation. 
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For the purpose of subsequent safety assessment, performance 

measures including f low -related transport resistance (F) and equivalent  

flow rate (1 ) were calculated using DarcyTools. 

Flow-related transport resistance (F) is a parameter describing the 

retention and retardation of radionuclides within rock mass: 

 

&
ὥ,

Ñ
 (9- 1) 

 

where, 

&=flow related transport resistance, [ÓȾÍ] .  

Á=the flow wetted surface per unit volume of rock, [ÍȾÍ ] .  

,=path lengths, [m].  

Ñ=Darcy f lux, [ÍȾÓ] .  

 

The hydraul ic conductivi ty in the deposit ion hole was assigned to 

be ρȢπ ρπ  m/s, which was based on the design requirements of 

hydraulic properties of buffer in Section 4.2.6. The equivalent flow rate 

is a fictit ious flow rate of water that carries a concentrat ion equal to the 

one at the compartment interface (Romero et al.,  1995): 

 

1 ς5(τ$ Ô Ⱦς  (9- 2) 

 

where, 

1 =equivalent flow rate, [Í Óϳ] .  

5=equivalent init ial flux in the fracture system averaged over the rock 

volume adjacent to the deposition hole, [ÍȾÓ] .  

(=height of the deposition hole, [m]. 

$ =diffusivity in the water, [ÍȾÓ] .  

Ô =the time that the water is in contact with the deposition hole within 

each fracture, [s]. 
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In summary, the hydrogeological models can be categorized into 

repository scale, site scale, and regional scale: 

(1) Repository scale model: this model was used to analyze the 

groundwater inflow rate of the disposal tunnels and deposition holes 

during the excavation and operation period. The model is scaled in 

a range from a few meters to hundreds of meters. 

(2) Site scale model: this model was used to analyze the steady-state 

groundwater flow field and salinity distribution of the repository 

and the adjacent area in the init ial  period after closure (post-closure 

1,000 years). The model is scaled in a range from hundreds of meters 

to a few kilometers, including the repository geometry, adjacent 

hydrogeological units and structures, and topology of the reference 

case and the adjacent sea area. 

(3) Regional scale model: this model was used to analyze the evolution 

of the groundwater flow field of the repository in the remaining 

glacial period after closure (post-closure 120,000 years). The model 

is scaled in a range from tens of ki lometers to hundreds of kilometers 

including coastal areas of mainland China and Taiwan Strait. 

  



   

 9-8 

 

 

Figure 9-1: Hydrogeological model with sea-level equals to 0 m. 

Note: the model domain includes land and the adjacent sea areas. 

 

 
Figure 9-2: Hydrogeological model with sea-level dropping to -20 m. 

Note: red line indicates the catchment area when sea-level drops 20 m, which also indicates the 

simulation area. 

 

unit: m 
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Figure 9-3: Hydrogeological model with sea-level dropping to -120 m. 

Note: red line indicates the catchment area when the sea-level drops 120 m, which also indicates the 

simulation area. 

 

Table 9-1: Parameters of the hydrogeological model at different evolution periods. 

Period Climate pattern Sea-level 
Hydrogeological 

model 
Salinity 

The 

excavation 

and operation 

period 

Subtropical 0 m Repository scale Sea (3.2 %) 

The initial 

period after 

closure 

Subtropical 0 m Site scale Sea (3.2 %) 

The remaining 

glacial period 
SubtropicalŸtemperature -20 mŸ-120 m Regional scale 

Fresh water 

(0.0105 %) 

The 

subsequent 

glacial cycle 

The initial cycle of 0.12 million years is repeated. 
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9.2.  Excavation and Operation Period 

The hydrological, mechanical, and chemical evolution of the 

repository during the excavation and operation period (this period takes 

about tens to a hundred years depending on the number of canisters that  

need to be disposed and the schedule of excavation and operation 

activit ies) is described in this chapter. According to Chapter 5, the 

climate during this period wil l be very similar to the present; hence the 

sea-level would most l ikely be the same, too. 

 

9.2.1.  Near-Field Thermal Evolution 

Based on the parameters of the reference case (i.e. the surface 

temperature is 23.8  and the geothermal gradient is 0.019 /m), the 

estimated ambient temperature at 500 m underground wil l  be 9.5  

higher than the surface temperature, which wil l be about 33.3 . This 

temperature wil l  be affected by venti lation design during the excavation 

period, but is supposed to be negligible compared to the influence from 

the decay heat of SNF. Since influence from the decay heat can last 

thousands of years, a detailed discussion is included in Section 9.3. 

When considering the safety of the repository, the most important 

factor is the change in maximum temperature in the repository over t ime. 

As excavation activi t ies and operation activit ies are done step-by-step, 

the activity of radionuclides can have a greater impact on thermal 

evolution. In addition, the disposal operation pattern (e.g,. simultaneous 

disposal or sequential disposal) wil l  also affect the change in maximum 

temperature. 

 

9.2.2.  Near-Field Rock Mechanical Evolution 

During the excavation and operation period, the main impact on 

near-field rock mechanics is shown below:  

(1) The development of excavation damaged zone (EDZ) and other 

impacts on rock hydraulic characteristics (safety function R2): 
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A relevant assessment has not been done yet. But excavation of the 

deposition holes is supposed to cause very l i tt le disturbance to the 

surrounding host rock, and the impact on the transmissivi ty is less 

than ρπ  ÍȾÓ (SKB, 2011). Therefore, i f the dri l l ing and 

blasting method is used for the excavation of tunnels, i t is assumed 

that the transmissivity of EDZ wil l be ρπ ÍȾÓ (SKB, 2008; 

Bäckblom, 2008; SKB, 2010i). 

(2) Spall ing (safety function R2, buffer density wil l  also be direct ly or 

indirectly affected, thereby affecting the safety functions of buffer):  

If  in -situ stress is high before excavation, spall ing may occur due 

to decompression after excavation. Spall ing of the disposal tunnels 

can be effectively reduced by making long axes of the tunnels 

parallel  to the maximum horizontal stress direction when designing 

the disposal tunnels. 

In addition, spal l ing can also be reduced by incorporating 

appropriate construction techniques, such as strengthening the 

support structure during excavation. When spal l ing occurs in the 

deposition hole before disposing the canister, and the spall ing depth 

is within 5 cm and has no impact on the density of the buffer after 

fi l l ing, this deposition hole wil l remain effective; otherwise, it  wil l  

be discarded (SKB, 2011). 

3DEC(3D Finite Difference Method Computational Mechanics 

Mode) numerical analysis model was used to analyze tunnel 

stabil i ty after excavation and during an earthquake by taking the 

influence of in-situ stress direction into account. The rock mass is 

assumed to be homogeneous, isotropic and without fractures, and 

the Mohr-Coulomb constitut ion law is adopted to quantitat ively 

calculate the safety factor of the rock mass. Table 2 of the 

SNFD2017 reference case (ү еҨ , 2019a) is referred to for 

relevant mechanical parameters. And the parameters are 

summarized in Table 9-2. In order to avoid the boundary effect of 

the numerical model, size of the model must be at least 5 times the 

tunnelôs cross-section. While the tunnelôs cross-section is 4.20 m 
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wide and 4.80 m high, the size of the model would be 21 m ×  24 m. 

In-situ stress in 500 m depth was adopted as the boundary condition 

of the model, and the absorption boundary was set to avoid wave 

rebound during the earthquake. Finally,  safety was confirmed by 

stabil i ty analysis of the tunnelôs cross-section. The analysis results 

are shown as follows: 

(a) Excavation stabil i ty of the disposal tunnel: 

Rock mass wil l  gradually decompress when excavating the 

disposal tunnel and affect the stabil i ty of the disposal tunnel. 

Principal stress distribution around the disposal tunnel was 

analyzed using the 3DEC numerical analysis model, and the 

safety factor was calculated based on the Mohr-Coulomb 

fai lure criterion. The results show that the minimum safety 

factor after excavation is 1.61, mainly located at the edge of 

the bottom of the disposal tunnel (as shown in Figure 9-4). 

(b) Seismic analysis of the disposal tunnel: 

Earthquake accelerat ion duration of the granite outcrop was 

obtained by seismic hazard analysis. The maximum 

acceleration is 0.288 g. And refer to the procedures required 

by U.S. nuclear energy regulation R.G 1.208 (US NRC, 2007) 

to carry out the ground response analysis. The ground response 

analysis to calculate the seismic waveform was performed, and 

transmit the outcrop earthquake (at 70 m underground) 

obtained by the seismic hazard to the depth of 500 m where the 

repository wil l  be located. 

The site response analysis is performed by Strata which is one-

dimensional wave propagation analysis software. The concept 

is to consider both the seismic wave propagation characteristics 

and the site vibration characteristics (including shear wave 

velocity, shear modulus, damping ratio versus shear strain, 

etc.) An earthquake wil l  be ampli fied or decayed after the 

interact ion of these parameters. The designed earthquake in the 

analysis was located in the outcrop of the rock base. A nd the 

location of the rock base of the reference case is 70 m 
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underground, where shear wave velocity wil l  be 3,000 m/s. 

Input earthquake of the tunnel stabil i ty analysis was generated 

through site response from 70 m underground to 500 m 

underground, and the maximum acceleration is 0.206 g. 

Then, the principal stress distribution around the tunnel at the 

time of maximum acceleration was analyzed using the 3DEC 

numerical analysis model. The safety factor was also calculated 

based on Mohr-Coulombôs  failure criterion. The results show 

that the minimum safety factor during the earthquake is 1.57, 

mainly located at the edge of the bottom of the disposal tunnel 

(as shown in Figure 9-5).  

From the results of excavation stabil i ty and seismic analysis of 

the disposal tunnel, it can be seen that the safety factor when 

encountering an earthquake wil l  only be slightly lower than the 

safety factor after excavation. It  is speculated that the induced 

stress increment has relatively l i tt le effect on stabil i ty because 

of the high in-situ stress deep underground. In addit ion, 

influence from an earthquake has also been considered, and 

additional stress from the remaining external load should be 

very small ; therefore, the safety factor should be 

conservatively sufficient. 

(3) Recovery of fracture reactivation (safety functions R2 and R3): 

A relevant assessment has not been done yet. However, 

redistribution of stress during the excavation and operation period 

may cause the existing near-field cracks to reactivate. 

According to the assessment results (SKB, 2011), this could be 

covered by assuming the transmissivity of the EDZ to be ρπ ÍȾÓ. 
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Table 9-2ȸMaterial parameters of the rock. 

Rock mass 

classification 

Unit Weight 

(kg/m3) 

Cohesion 

(MPa) 

Friction 

angle (°) 

Elastic 

modulus 

(GPa) 

Poissonôs 

ratio 

Granite gneiss 2,750 27.46 51.05 44.18 0.17 

 

 

Figure 9-4: Safety factors of the disposal tunnel after excavation. 
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Figure 9-5: Safety factors of the disposal tunnel during an earthquake. 
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9.2.3.  Hydrogeological Evolution 

During the excavation and operation period, the pressure of the 

repository is equivalent to the atmospheric pressure. The inflow of 

groundwater flowing into the repository depends on the hydraulic 

characteristics of water-conducting fractures. The possible impact of 

groundwater flow into the repository is shown as follows (SKB, 2010k): 

(1) Upconing of saline water from deep area. 

(2) Drawdown of groundwater table. 

(3) Inf i l t rat ion of near-surface groundwater into deeper parts of the 

bedrock. 

(4) Guiding seawater into the repository. 

(5) Guiding organic matter and oxides into the repository. 

(6) Interfering with excavation and operation of the repository.  

 

The hydrogeological evolution analysis model includes the near-

field region, which contains the repository. X and y dimensions of the 

model are both 2,000 m, and the z dimension of the model is 300 m from 

the center of the repository, which the z-coordinate direct ion is the 

region from the depth of 350 m to the depth of 650 m. In order to make 

the whole consistent, the FracMan program imports the fracture model 

and regional flow f ield of the near-field which is outputted by the 

DarcyTools program. The hydraulic boundary condit ion is the 

repository-scale f low field extracted from the site-scale flow field 

calculation results of the DarcyTools program. The pressure at the 

disposal facil i ty is equivalent to atmospheric pressure during the 

excavation and operation period. The DarcyTools program analyzes the 

regional-scale flow field of the equivalent continuous porous medium 

model and exports the fractures and flow field to the FracMan program, 

and the FracMan program analyzes the inflow of disposal facil i t ies in 

the near-field during the excavation and operation period (Figure 9-6).  

After importing the fractures in the near-f ield, which are exported from 

the DarcyTools program, the FracMan program analyzes the fractures 

connected to the disposal facil i t ies (Figure 9-7), constructs the 
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triangular finite element grids for all connected fractures, and the total 

water pressure of each node at fractures are interpolated by the total  

water pressure in the near-f ield which outputed from the DarcyTools 

program. Because the FracMan program calculates the water flow by the 

total head, the total water pressure in the near-field is converted into the 

total head (Figure 9-8). Then the FracMan program is used to calculate 

the repository inf low in the fractured section under steady-state 

conditions. 

In order to maintain high spatial resolution, the DFN model is used 

to describe the distribution of the fractures, connectivity of the fractures, 

and groundwater f low in a detailed fashion of fracture regions around 

the tunnels. The analysis results of deposition hole DH-61 are shown as 

an example to i l lustrate the inflow of the disposal hole during the 

excavation and operation period. Figure 9-9 shows the geometry of the 

fracture intersecting the deposition hole. According to the analysis 

results, the hydrostat ic pressure of the fracture is between 4.9 MPa and 

5.2 MPa (Figure 9-10), the velocity of flow in the fracture is between 

ρȢσρρπ m/s and ωȢρψρπ m/s (Figure 9-11), and the inflow rate 

from the fracture into the deposition hole is about ρȢπσρπ L/min to 

τȢςωρπ L/min (Figure 9-12). 

The results show that the inflow of the repository wil l  be relat ively 

large at the beginning of the excavation, and then it  wil l  decrease over 

t ime; finally the inflow wil l tend to a stable value. This is because the 

pressure difference of the groundwater in the fracture is an important 

factor in driving the groundwater flow. At the beginning of the 

excavation, the pressure difference of the groundwater in the fracture 

would be large; therefore, the inflow of groundwater into the tunnel 

surface would be large. As time goes by, the pressure difference of the 

groundwater in the fracture would decrease, and the inflow would also 

decrease correspondingly. 

According to the Cubic Law, flow in the fracture is proportional to 

the third power of the fracture aperture. One of the factors that affect 

the difference in inf low by up to 6 orders of magnitude is the fracture 
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aperture in the near-f ield region which is between the magnitude of ρπ 

to ρπ. The other factor is the difference in the regional groundwater 

flow.  

 

 

Figure 9-6: Total water pressure results in near-field outputted by DarcyTools. 

 

 
Figure 9-7: FracMan imports the near-field fractures exported by DarcyTools and 

analyzes the fracture connectivity. 
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Figure 9-8: Total head for each node on the fractures of FracMan. 

 

 

Figure 9-9: Deposition hole DH-61 and the intersecting fracture. 
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Figure 9-10: Hydrostatic pressure of DH-61 deposition hole and the fracture. 

 

 

Figure 9-11: Velocity and direction of flow in the fracture. 
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Figure 9-12: Flow rate in the fracture. 

 

  
























































































































































































































































































































































































































































































































































































































































































































































