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 ABSTRACT 

According to the Spent Nuclear Fuel Disposal Plan 

approved by the Atomic Energy Council  (AEC) in July, 2006, 

the Taiwan Power Company (TPC) should submit the 

“Prel iminary Technical Feasibil i ty Study Report for Final 

Disposal of Spent Nuclear Fuel” in 2009 (SNFD2009 report). This 

report should include three principal parts: “Disposal 

Environment Investigation,” “Development of Disposal 

Technologies,” and “Performance Assessment of Spent 

Nuclear Fuel Disposal.” 

In ″Disposal Environment Investigations,″ the tectonic 

setting of Taiwan, natural  events affecting the stabil i ty of 

geological environment, basic characteristics and 

understanding of potential  host rocks, and comments on 

development of further technologies for deep geological 

investigation are stated. Al l  the contents are based on 

l iterature review and previous achievements of the f inal 

disposal projects. According to conclusions of the study, 

granite is the best potential  host rock for repository in Taiwan, 

which is distr ibuted in eastern Taiwan, and in the offshore 

is lands. Even though Taiwan is under unstable tectonic 

environment, active structures, earthquake activi ties, 

volcanic activities and geological harzards took place in the 

restr icted regions. For the research on stabil i ty of potential  

host rocks in the future, we need to real ize the size and 

distribution of granitic bathol iths and the spread of main 



  
  

 

 ii

structures in detail . Furthermore, aeromagnetic survey is 

conducted for progressing three dimension and high 

resolution exploring techniques. Through the aeromagnetic 

survey, the characteristics of potential  host rocks for 

repository in Taiwan were well  studied. TPC has establ ished 

the basic techniques for deep strata investigation of 500m 

depth crystal l ine plutons and for data processing in the test 

site. Accordingly, related geological parameters of test si te 

are obtained and the prel iminary geological concept model 

is buil t up. These data could provide useful  information for 

developing and testing the performance assessment. I t is  

eventually appl ied to integrate the prel iminary technical 

feasibil i ty study for the overal l  process of host rock 

investigation and performance assessment for final  disposal. 

In “Development of Disposal Technologies,” i t defined the 

assessment area of spent nuclear fuel  final  disposal, i t also 

explained the basic concepts and functions of natural  and 

engineered barriers. Based on these achievements and 

findings, coupled with the researches worldwide, the disposal 

concepts and prel iminary design of a final  disposal site are 

establ ished. These findings wil l  be used to creat the database 

of safety assessment. 

In “Performance Assessment of Spent Nuclear Fuel 

Disposal,” the report compiled in-s itu characteristic data from 

test area for technology development. Also, i t i l lustrated the 

geological model, design concepts of a hypothetical site and 

a col lection of available data in the world. According to FEPs 

(Features, Events, Processes) and scenarios development, 

assessment models for near-field, far-field, biosphere and 

total  system assessment structure can be buil t. Through 

numerical calculations, it would demonstrate whether the 



  
  

 

 iii 

design concepts for hypothetical site is in compl iance with 

the regulations. Moreover, the calculation results could be 

the base to modify and improve the assessment models. 

Performance assessmenet is a series of recursive modification 

and i teration work. The assessment resul t wil l  feedback to the 

in-s itu work. Accordingly, goal of field investigation and 

laboratory tests could be adjusted to assure feasibil i ties of 

engineering and long-term safety. 

The report has successful ly demonstrated the prel iminary 

feasibil i ty, including the potential  of geological environment 

and disposal technology, of spent nuclear fuel  final  disposal 

in Taiwan. 

 

Keywords: Spent nuclear fuel , Final  disposal, Disposal 

environment, Performance and safety assessment, Granite 
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1、、、、Introduction 

1.1. Foreword 

During the period when the Spent Nuclear Fuel Disposal 

Plan (Taiwan Power Co., 2006) was examined by the 

competent authorities, the council  members requested that 

Taiwan Power Co. compile the f indings of studies on the 

Taiwan spent nuclear fuel  (SNF) f inal  disposal project of the 

past two decades into a stage report. After a thorough 

discussion, i t was resolved that by making reference to the 

spir it and contents of the H3 Report (PNC, 1992) of Japan, the 

proposal shal l  study the geological environment of Taiwan, 

complete compilation and analysis of the environmental 

information of existing vir tual  repositories, and conduct a 

prel iminary performance/safety assessment (PSA) case study 

on simpl ified si tuations within a hypothetical site to create a 

distinction between the proposal and the structural  H3 report 

of Japan. I t is mainly used to determine and explain the 

potential  repository host rocks site survey (granite qual ity), 

disposal concepts, and disposal PSA of the f inal disposal 

project for domestic SNF, and the situations surrounding the 

establ ishment of the prel iminary comprehensive 

technological process under the conditions of existing data. I t 

also explains the future development features and 

recommendations of domestic regional val idations tests of 

related technologies. 

In the el imination of the non-technical issues, this report,  

pursuant to the related technological data that the Taiwan 

Power Company (TPC) had developed and accumulated 

over quite a long period of time and the data obtained from 

domestic and foreign studies, conducted a prel iminary 
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self-assessment of the f inal  repository on the fol lowing 

subjects: 1) Under the status quo of the geological 

environment of Taiwan, are there potential  rock masses 

suitable for use as SNF disposal host rocks? 2) Have a deep 

layer feature survey and a data analysis technology been 

developed for crystal l ine rock masses? 3) I s the design 

founded on the fundamental disposal concepts? 4) Has a 

comprehensive evaluation technology for the geological 

survey data and disposal facil i ty PSA been establ ished? The 

assessment, through the deep granite geology characteristics 

survey and data compilation and analysis, as well  as a series 

of tests on a small -scale test si te, establ ished a 

hydrogeological concept model that would serve as the 

specif ic simulation model for the PSA. I t provided a complete 

contemporary stage fundamental concept on the disposal 

facil i ties and the multi-barrier system for Taiwan and 

information on the functions and characteristics of the 

different component object. Studies and designs of the 

disposal facil i ty layout and the component material  and 

dimensions of engineered barriers for Taiwan based on the 

foregoing information served as the foundation on which 

waste disposal concepts and scenarios developed. Moreover, 

near-field, far-field, biosphere, and total  system performance 

assessment (TSPA) codes were developed based on the 

environmental properties and survey data obtained on 

potential  repository host rocks. Basic scenario case studies 

and probabil istic analysis of uncertainty and sensitivity were 

conducted after data had been simpl ified to determine the 

safety of simulated Taiwan repository sites mainly using 

potential  repository host rocks. 
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The foregoing resul ts, not only explain the status quo of 

the research and development work conducted on SNF final 

disposal technology in Taiwan in the present stages, but also 

al low the compilation and analysis of phase f indings reports 

for an examination of the omissions or deficiencies of the 

scope of the various technology development work. The 

resul ts not only provide a reference for the more str ingent and 

thorough planning of future disposal technology 

development projects, but also provide a systematic and 

comprehensive reference for future publ ic communication 

and l iaison work, thus al lowing the real ization of long-term 

establ ishment and operation of SNF final  repositories in 

Taiwan. 

 

1.2. Development of SNF Geological Disposal Studies 

The SNF management pol icy employed in Taiwan at 

present is to fi rst insti tute dry storage and thereafter, final 

disposal. However, the authorities are not against the 

feasibil i ty of seeking the overseas reprocessing of SNF 

providing such would comply with the provisions of the 

international nuclear safeguard agreements. Moreover, 

under a plan for the continued implementation of SNF and 

High Level Waste (HLW) final  disposal projects, init ial  stage 

feasibil i ty studies and implementation projects (Executive 

Yuan, 1997) were proposed actively. Pursuant to Article 4 of 

the Enforcement Rules for the Nuclear Materials and 

Radioactive Waste Management Act (Atomic Energy Council , 

2003), “HLW: means the SNF for final disposal or the extraction 

residuals generated in reprocessing”. Since Taiwan is not 

employing any reprocessing measure, it may be said that the 

HLW referred in the regulation actually refers to SNF. 
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The final  disposal of SNF is a key issue in the latter-end of 

the nuclear power plant operations. The most important 

consideration in the entire disposal process is  the means by 

which SNF could be disposed without causing harm to publ ic 

safety and damage to environmental qual ity. In response to 

the problem of safe disposal of SNF in Taiwan, TPC completed 

a study in the yearend of 1983, A Study Proposal for the 

Disposal of Nuclear Reactor Spent Nuclear Fuel in Taiwan, and 

submitted it to the Executive Yuan for ratification and 

implementation in early 1984. Thereafter, several  industrial , 

government, academic, and research establ ishments in 

Taiwan had started to invest in the planning, management 

and study of SNF f inal  disposal related matters. 

The SNF disposal program development work conducted 

since 1986 has gone through the fol lowing four primary 

stages: learning, prel iminary stage planning, area survey and 

technology preparation, and survey implementation and 

technology development. (Taiwan Power Co., 2006, P.5-1): 

(1) Stage of prel iminary R&D of disposal concepts 

(1986/05~1988/06): 

Study and define site criteria, si te survey and design, and 

other basic concepts. Obtain a systematic understanding 

and knowledge of the feasible SNF final  disposal methods 

and technology used in other nations. 

(2) Prel iminary work planning stage (1988/11~1991/06): 

Finish the 1991 complete course work proposal and 

propose recommendations for potential  repository host 

rocks (e.g., granite, Mesozoic schist, mudstone, etc.). The 

recommendations shal l  serve as bases for subsequent 

work planning. 
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(3) Area survey and technology preparation stage 

(1993/08~1998/10): 

Complete the survey technology appl ication on the 

crystal l ine rock property test s ite. This wil l  serve as the 

basis for future host rock characterization survey 

technology. Whenever necessary, provide the required 

technology support for the related survey and evaluation 

work of a Low-Level Radioactive Waste final  disposal 

project candidate site. During which, an uncertainty and 

sensitivity analysis related PSA conceptual system may be 

simultaneously developed. 

(4) Survey implementation and technology development 

stage (1999/05~2005/03): 

In this stage, integrated surveys on deep geological 

cross-hole tests were conducted in the country, and the 

analytical proficiency was establ ished. Also, the 

prel iminary plan for the definition of repository design 

concepts and facil ity instal lation and the consol idated 

database for granite properties, bibl iography, 

parameters, and scenario analysis constructed provided 

a consol idated reference for future site survey, 

radionucl ide transport, and PSA work. 

Recent research and development projects had been 

aimed to respond to the regulations of the Enforcement Rules 

for the Nuclear Materials and Radioactive Waste 

Management Act (Atomic Energy Council , 2003). TPC 

completed its SNF Disposal Plan (2004 edition) and presented 

it to the approval of the competent authority, the Fuel Cycle 

and Materials Administration. The SNF Disposal Plan (July 2006, 

off icial  edition) (Taiwan Power Co., 2006, P.1-14) editions 

completed thereafter projected that repository operation 
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planning work shal l  commence in year 2055. Thus, in the 

period from 2005 to 2055, the entire process may be divided 

into the fol lowing: 1) the Investigation and Evaluation of 

Potential  Host Rocks Stage; 2) the Selection and 

Determination of Potential  Sites Stage; 3) the Detailed Site 

Investigation and In-situ Tests Stage; 4) the Repository Design 

and Safety Assessment Stage; 5) the Repository Construction 

Stage. Moreover, according to the SNF Disposal Plan ratified 

in July 2006 (Taiwan Power Co., 2006, P.2-2), the final  disposal 

plan should be re-evaluated and revised every four years. The 

revised proposal should describe the reasons and remedial 

measures, and then shal l  be submitted to the competent 

authority for ratif ication and implementation. 

The proposal is currently in the Investigation and 

Evaluation of Potential  Host Rocks Stage. The report aims to 

compile findings of studies on SNF f inal  disposal programs 

conducted in Taiwan over the past 20 years, conduct a 

review of the SNF disposal concepts developed in nuclear 

developed nations, and compile and analyze data on 

existing disposal environment focusing on the geological 

environment of Taiwan, as well  as to conduct a prel iminary 

PSA case study on a simpl ified scenario of a hypothetical site. 

An evaluation of the existing SNF final  disposal project of 

Taiwan and the feasibil ity of disposal technology 

development plans was conducted based on the analysis 

completed in this stage. The prel iminary assessment 

procedure merely studied the technological aspect of the 

process; i t did not tackle with the matters pertaining to 

non-technical aspects, such as, publ ic opinion and 

sentiments. The report specif ical ly manifested the geological 
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environment and status of the disposal technology currently 

existing in Taiwan. 

 

1.3. Characterization of Spent Nuclear Fuel 

Taiwan has four nuclear power plants; three of which are 

currently in operation, and one is sti l l  under construction. 

Each nuclear plant has two Light Water Reactors (LWR); 

operation-related information are as shown in Table 1-1. 

Pertinent locations are as shown in Figure 1-1. The Chinshan 

Nuclear Power Plant uses the GE BWR-4 reactor and the Mark 

I-type containment wall ; the Kuosheng Nuclear Power Plant 

uses the GE BWR-6 reactor and the Mark I I I -type containment 

wall ; the Maanshan Nuclear Power Plant uses the 

Westinghouse 3-loop PWR reactor; the Lungmen Nuclear 

Power Plant (formerly named Nuclear Plant IV) uses the GE 

ABWR. Al l  the power plants are run by the Taiwan Power Co. 

At present, the SNF extracted from reactors are stored in 

the SNF pool of the respective plants. The SNF pools of 

Chinshan Nuclear Power Plant and Kuosheng Nuclear Power 

Plant had undergone two previous pool re-racking; whereas, 

the Maanshan Nuclear Power Plant underwent one fuel pool 

re-racking to increase storage space. However, for Chinshan 

Nuclear Power Plant and Kuosheng Nuclear Power Plant, i t is 

projected that by 2010 and 2015, respectively, the plants 

would reach their respective storage capacities. Hence, at 

present, both plants are promoting actively the 

implementation of a dry storage program within the plant 

premise. On the other hand, after a fuel  pool re-racking 

procedure, it is projected that Maanshan Nuclear Power Plant 

would be able to store al l  the SNF it would produce in 40 years 

of operation. (AEC, 2006) 
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Considering the varying circumstances surrounding the 

four nuclear plant reactors, i t is  estimated that if plant 

operations were to be extended from 40 years to 60 years, the 

amount of SNF produced and the commensurate fuel uranium 

mass are as shown in Table 1-2 (Taiwan Power Co., 2006, Table 

4-1, p.4-2). I t is estimated that the SNF produced by the four 

nuclear plants after 40 years of operations would amount to a 

total  of around BWR 19,076 assembl ies, PWR 3,842 assembl ies, 

and ABWR 13,208 assembl ies, or a grand total  commensurate 

to around 7,347 tons of uranium fuel  mass (tU). After 

extracting from the reactor and 40 years of cool ing, the main 

type and calculated activity of radionucl ide produced by the 

SNF would be as shown in Table 1-3. Due to the absence of 

actual operating data, the data pertaining to the Lungmen 

Power Plant reactor stated in the table is a temporary data 

calculated from the reactor production data of the Kuosheng 

Power Plant (Taiwan Power Co., 2006, Table 4-2, p. 4-3). 
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Table 1-1: Operational information of the nuclear power plants 

Unit Reactor type 
Electric capacity 

(MWe) 

Year of 

commerical 

operation 

Status 

Chinshan #1 

(NPP1) 
BWR/4 636 1978 Operating 

Chinshan #2 

(NPP1) 
BWR/4 636 1979 Operating 

Kuosheng #1 

(NPP2) 
BWR/6 985 1981 Operating 

Kuosheng #2 

(NPP2) 
BWR/6 985 1983 Operating 

Maanshan 

#1 

(NPP3) 

PWR 951 1984 Operating 

Maanshan 

#2 

(NPP3) 

PWR 951 1985 Operating 

Lungmen #1 

(Lungmen 

power plant) 

ABWR 1,350 - 

under 

constructi

on 

Lungmen #2 

(Lungmen 

power plant) 

ABWR 1,350 - 

under 

constructi

on 
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Table 1-2: Invetroies of the spent nuclear fuel 

Unit #1 Unit #2 

Summary of 

six units 

(without 

Lungmen 

power plant) 

Summary of 

eight units 

(with 

Lungmen 

power 

plant) 

Oper

ation

al 

Perio

d 

Nuclear 

power 

plant 

Fuel 

assembl

y 

Mass of 

uranium fuel 

(KgU) 

Fuel 

assembl

y 

Mass of 

uranium fuel 

(KgU) 

Mass of 

uranium fuel 

(KgU) 

Mass of 

uranium fuel 

(KgU) 

NPP1 3,760 669,280  3,772  671,529  

NPP2 5,772 969,350  5,772  974,256  

NPP3 1,917 815,032  1,925  817,201  

40 Lungm

en 

power 

plant 

6,604 1,215,136 6,604  1,215,136 

4,916,647  7,346,919 

NPP1 5,152 917,056 5,164  919,347  

NPP2 7,932 1,332,101 7,884  1,330,741 

NPP3 2,685 1,141,555 2,693  1,143,232 

60 Lungm

en 

power 

plant 

9,244 1,700,896 9,244  1,700,896 

6,784,031  10,185,823 

(Taiwan Power Company, 2006, Table4-1, P.4-2) 
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Table 1-3: Primary radionuclide inventories and heat output of spent nuclear fuel of four nuclear power plant during each 

commercial operational period is 40 years 

NPP1 NPP2 NPP3 Lungmen power plant 
Unit 

Radionuclide 

Half life 

(year) 
Unit #1 

Activity(Ci) 

Unit #2 

Activity(Ci) 

Unit #1 

Activity(Ci) 

Unit #2 

Activity(Ci) 

Unit #1 

Activity(Ci) 

Unit #2 

Activity(Ci) 

Unit #1 

Activity(Ci) 

Unit #2 

Activity(Ci) 

C-14 5.73E+03 1.16E+03 1.16E+03 1.68E+03 1.69E+03 1.28E+03 1.28E+03 2.11E+03 2.11E+03 

Cl-36 3.01E+05 8.30E+00 8.32E+00 1.20E+01 1.21E+01 1.07E+01 1.07E+01 1.51E+01 1.51E+01 

Ni-59 7.6E+04 1.33E+03 1.34E+03 1.93E+03 1.94E+03 2.54E+03 2.55E+03 2.42E+03 2.42E+03 

Ni-63 1.001E+02 1.57E+05 1.57E+05 2.27E+05 2.28E+05 3.18E+05 3.19E+05 2.84E+05 2.84E+05 

Se-79 1.13E+06 3.10E+02 3.11E+02 4.50E+02 4.52E+02 4.84E+02 4.85E+02 5.64E+02 5.64E+02 

Rb-87 4.75E+10 1.55E-02 1.56E-02 2.25E-02 2.26E-02 2.55E-02 2.56E-02 2.82E-02 2.82E-02 

Sr-90 2.879E+01 2.04E+07 2.05E+07 2.96E+07 2.97E+07 3.37E+07 3.38E+07 3.71E+07 3.71E+07 

Mo-93 3.5E+03 5.59E-01 5.61E-01 8.10E-01 8.14E-01 2.12E+01 2.13E+01 1.02E+00 1.02E+00 

Zr-93 1.53E+06 1.88E+03 1.89E+03 2.72E+03 2.74E+03 2.47E+03 2.48E+03 3.41E+03 3.41E+03 

Nb-94 2.03E+04 7.83E+01 7.85E+01 1.13E+02 1.14E+02 1.16E+03 1.16E+03 1.42E+02 1.42E+02 

Tc-99 2.111E+05 9.83E+03 9.86E+03 1.42E+04 1.43E+04 1.53E+04 1.54E+04 1.79E+04 1.79E+04 

Pd-107 6.5E+06 9.93E+01 9.93E+01 1.43E+02 1.44E+02 1.30E+02 1.31E+02 1.80E+02 1.80E+02 

Sn-126 1E+05 6.28E+02 6.30E+02 9.10E+02 9.15E+02 9.05E+02 9.07E+02 1.14E+02 1.14E+02 

I-129 1.57E+07 2.50E+01 2.50E+01 3.61E+01 3.63E+01 3.65E+01 3.66E+01 4.53E+01 4.53E+01 

Cs-135 2.3E+06 4.14E+02 4.15E+02 6.00E+02 6.03E+02 5.79E+02 5.80E+02 7.52E+02 7.52E+02 

Cs-137 3.007E+01 3.19E+07 3.20E+07 4.63E+07 4.65E+07 4.92E+07 4.93E+07 5.80E+07 5.80E+07 
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NPP1 NPP2 NPP3 Lungmen power plant 
Unit 

Radionuclide 

Half life 

(year) 
Unit #1 

Activity(Ci) 

Unit #2 

Activity(Ci) 

Unit #1 

Activity(Ci) 

Unit #2 

Activity(Ci) 

Unit #1 

Activity(Ci) 

Unit #2 

Activity(Ci) 

Unit #1 

Activity(Ci) 

Unit #2 

Activity(Ci) 

Sm-147 1.06E+11 3.10E-03 3.11E-03 4.50E-03 4.52E-03 4.49E-03 4.50E-03 5.64E-03 5.64E-03 

Th-232 1.405E+10 3.71E-07 3.72E-07 5.37E-07 5.40E-07 6.36E-07 6.37E-07 6.74E-07 6.74E-07 

U-236 2.342E+07 1.75E+02 1.75E+02 2.53E+02 2.54E+02 3.01E+02 3.01E+02 3.17E+02 3.17E+02 

Pu-240 6.563E+03 3.79E+05 3.80E+05 5.48E+05 5.51E+05 5.71E+05 5.73E+05 6.88E+05 6.88E+05 

Th-229 7.34E+03 4.12E-04 4.14E-04 5.97E-04 6.00E-04 6.72E-04 6.74E-04 7.49E-04 7.49E-04 

U-233 1.592E+05 6.24E-02 6.26E-02 9.04E-02 9.09E-02 5.10E+02 5.11E+02 1.13E-01 1.13E-01 

Np-237 2.144E+06 3.19E+02 3.20E+02 4.63E+02 4.65E+02 5.50E+02 5.51E+02 5.80E+02 5.80E+02 

Pu-241 1.435E+01 1.73E+07 1.74E+07 2.51E+07 2.52E+07 2.08E+07 2.08E+07 3.15E+07 3.15E+07 

Am-241 4.322E+02 2.99E+06 3.00E+06 4.33E+06 4.45E+06 3.57E+06 3.58E+06 5.42E+06 5.42E+06 

Cm-245 8.5E+03 4.56E+02 4.57E+02 6.60E+02 6.64E+02 5.24E+02 5.26E+02 8.28E+02 8.28E+02 

Ra-226 1.6E+03 2.90E-03 2.90E-03 4.21E-03 4.23E-03 4.71E-03 4.72E-03 5.27E-03 5.27E-03 

Th-230 7.7E+04 3.12E-01 3.13E-01 4.52E-01 4.54E-01 5.05E-01 5.06E-01 5.67E-01 5.67E-01 

U-234 2.44E+05 9.50E+02 9.53E+02 1.38E+03 1.38E+03 1.53E+03 1.53E+03 1.73E+03 1.73E+03 

U-238 4.468E+09 2.11E+02 2.11E+02 3.05E+02 3.07E+02 2.53E+02 2.53E+02 3.83E+02 3.83E+02 

Pu-238 8.77E+01 2.45E+06 2.45E+06 3.54E+06 3.56E+06 3.89E+06 3.90E+06 4.44E+06 4.44E+06 

Pu-242 3.733E+05 1.67E+03 1.67E+03 2.41E+03 2.43E+03 1.96E+03 1.96E+03 3.03E+03 3.03E+03 

Cm-246 4.73E+03 1.06E+02 1.06E+02 1.54E+02 1.54E+02 1.32E+02 1.32E+02 1.93E+02 1.93E+02 

Pa-231 3.276E+04 2.54E-02 2.55E-02 3.69E-02 3.69E-02 3.99E-02 4.00E-02 4.62E-02 4.62E-02 

U-235 7.038E+08 9.03E+00 9.06E+00 1.31E+01 1.31E+01 1.42E+01 1.42E+01 1.64E+01 1.64E+01 
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NPP1 NPP2 NPP3 Lungmen power plant 
Unit 

Radionuclide 

Half life 

(year) 
Unit #1 

Activity(Ci) 

Unit #2 

Activity(Ci) 

Unit #1 

Activity(Ci) 

Unit #2 

Activity(Ci) 

Unit #1 

Activity(Ci) 

Unit #2 

Activity(Ci) 

Unit #1 

Activity(Ci) 

Unit #2 

Activity(Ci) 

Pu-239 2.411E+04 2.35E+05 2.36E+05 3.41E+05 3.43E+05 3.42E+05 3.43E+05 4.28E+05 4.28E+05 

Am-243 7.37E+03 2.40E+04 2.40E+04 3.47E+04 3.49E+04 2.77E+04 2.77E+04 4.36E+04 4.36E+04 

Total Activity 

(Ci) 
7.59E+07 7.62E+07 1.10E+08 1.11E+08 1.12E+08 1.13E+08 1.38E+08 1.38E+08 

Total Heat 

(Watt) 
5.43E+05 5.45E+05 7.87E+05 7.91E+05 6.34E+05 6.39E+05 9.87E+05 9.87E+05 

 

* Inventories of four nuclear power plants operating during 40 years: NPP1 unit #1 and #2 are about 669 and 671 

MTU(Metric Tons Uranium), NPP2 unit #1 and #2 are about 969 and 974 MTU, NPP3 unit #1 and #2 are about 815 and 817 

MTU, Lungmen power plant unit #1 and #2 are all about 1215 MTU. Reference fuel: NPP1 unit #1 cycle18,fuel16,initial 

enrichment 3.14%, burn-up 35900MWd/MTIHM；PWR：NPP3 unit #2 cycle13, fuel14B1, initial enrichment 4.40%, burn-up 

48268MWd/MTIHM. All calculated data are based on spent nuclear fuel cooled after 40 years. 

(Taiwan Power Company, 2006, Table4-2, P.4-3) 
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Figure 1-1: Locations of Nuclear Power Plants in Taiwan 
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1.4. Requirements of the Disposal Process 

Since disposed SNF is l ikely to pose long-term and 

persistent impacts on the human environment, it is imperative 

that SNF f inal  disposal facil i ties implement disposal work 

through systematic engineering methods (e.g., engineered 

barrier systems, etc.) and the corresponding management 

measures. At the same time as we thrive in the convenient 

and clean energy that nuclear power plants are currently 

supplying to us, we also produce SNF, and the processing or 

disposal of which is a problem that we need to face in the 

future. In view of the l ikely effects and impacts of the 

presence of SNF in our environment may have on the health of 

our future generations and safety of their l iving environment, 

the responsibil i ty of developing the related disposal 

technologies takes on greater signif icance. We should also 

study and establ ish related management systems, laws, and 

regulations to prevent passing on this generation’s problems 

to the next. 

The construction of SNF final  disposal facil i ties in Taiwan, 

as provided by law, should take into account the publ ic 

safety and environmental protection considerations. I t should 

also comply with the provis ions of related international 

treaties (Executive Yuan, 1997). Appl ication for the 

construction of radioactive waste f inal  disposal facil i ties 

should fi rst be processed with the competent authorities, and 

fol lowing due evaluation and approval, a construction 

l icense shal l  be issued according to the provis ions of Article 

17 of the Nuclear Materials and Radioactive Waste 

Management Act, after the fol lowing are met (Atomic Energy 

Council , 2002): 
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(1) Construction is consistent with the prescription of the 

relevant international conventions. 

(2) The equipment and the facil i ties are suff icient to ensure 

securi ty of publ ic health and safety. 

(3) Impacts on the environmental ecology comply with the 

prescription of relevant laws and regulations. 

(4) The appl icant possesses the technology, management 

capacity and finances required for the operation of such 

a facil i ty. 

 

Furthermore, as provided by law, al l  radioactive waste 

final  disposal facil ities should accommodate the radioactive 

wastes produced in the country. (Atomic Energy Council , 

2002) 

 

1.5. Geological Disposal Concept 

Final disposal of SNF in Taiwan is str ictly governed and 

l imited by law. The principal governing law, the Regulations 

on Final  Disposal of HLW and Safety Management of the 

Facil i ties, was promulgated on August 30, 2005 (Atomic 

Energy Council , 2005a). Essential  provis ions include the 

fol lowing: 

Article 3: Deep geological disposal should be employed for 

the final  disposal of HLW. 

Article 4: A HLW disposal facil ity si te should not be located in 

the fol lowing areas: 

(1) Active faul t or areas where geographical conditions 

may affect the safety of disposal facil ities; 

(2) Areas where geochemical conditions are not 

conducive for the effective suppression of 
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radioactive nucl ide contamination spreading, 

thereby affecting the safety of the disposal facil i ties; 

(3) Areas where hydrological conditions of surface water 

or groundwater could affect the safety of the 

disposal facil i ties; 

(4) Areas having high population densities; 

(5) Areas where development is prohibited by law. 

Article 8: HLW disposal facil ities should have a multiple barr ier 

design. 

Article 9: The design of HLW disposal facil ities should ensure 

that the radiation effect of the facil ities on people 

outside the facil i ties should not exceed the annual 

individual effective dose of 0.25 mSv/yr. 

Article 10: The design of HLW disposal facil ities should ensure 

that the radiation effect of the faci l ities on individuals of 

key groups outside the facil i ties should not exceed the 

personal annual r isk of 1 ppm. 

Article 11: The design of HLW disposal facil ities should ensure 

that HLW deposits may be extracted safely within fi fty 

years after emplacement. 

 

Pursuant to the requirements stated in the foregoing 

regulatory provisions, a deep geological disposal method 

using multiple barr iers should be employed in the final 

disposal of SNF in Taiwan. Deep geological disposal is 

internationally recognized as the appropriate disposal 

procedure for HLW. The term “deep geological disposal” 

means the burying of the HLW within a stable geological 

environment around 300 meters to 1000 meters underground 

(Figure 1-2). Procedure is coordinated with engineered 

facil i ties, such as, canisters, buffers, and backfi l l  materials, 
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artif icial  barr iers (canister, buffer, backfi l l  materials, and the 

waste form), and multiple barr iers consisting of repository host 

rocks and geosphere barrier, thus effectively isolating or 

retarding the release and migration of radionucl ides; in turn, 

adequate time needed to reduce radiation strength of HLW 

to almost ignorable proportions before HLW may reach the 

biosphere is gained. The artif icial  barriers used in this 

procedure could also be engineered barriers constructed 

through engineering methods. The environment of an SNF f inal 

repository may be divided into three parts: (1) near-field 

environment, (2) far-f ield environment, and (3) biosphere. The 

near-field mainly contains the engineered barr iers and the 

surrounding host rocks (or the excavation disturbed zone, 

EDZ) resulting from the excavation of the surrounding area. 

The far-field refers to the geological host rocks on the outer 

perimeter of the near-field; that is , the geosphere. The 

biosphere refers to the environmental region above the 

far-field which l iving organisms may come in direct contact in 

their regular activities. 

The specific approaches in deep geological disposal 

ensuring the safety of repositories include the fol lowing: 

survey, design, iteration of evaluation, and iterating analysis. 

The advantages of deep geological disposal are (JNC, 

2000a): 

(1) No long-term monitoring or management and voluntary 

maintenance work is necessary to check safety of deep 

geological repositories. 

(2) Many principal nuclear nations have found a suitable 

disposal site in the geological environment within their 

terr itor ies. 
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(3) The primary technology needed for the establ ishment of 

a repository is currently available and feasible. 

(4) The assessment and design technologies for which had 

already been certif ied to be feasible in many nations; 

such as, Sweden, Switzerland, Germany, European 

Community (predecessor of the European Union), the 

Netherlands, Belgium, the United States, and Finland. 

(5) In principle, the geological disposal concept does not 

recycle the useful  elements in the wastes; however, 

should such be necessary, recycl ing the useful  elements 

in the waste would be l ikewise feasible. 
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Figure 1-2: Concepts of SNF Final Disposal 
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1.6. Research and Development of Geological Disposal 

The nations currently implementing the geological 

disposal of HLWs, such as the United States, France, Sweden, 

Belgium, Switzerland, Japan, Finland, and the Czech 

Republ ic, have al l  selected suitable repository host rocks from 

the geological conditions existing in their respective 

terr itor ies, and used these rocks in their f inal  disposal research 

and development studies. Some of these nations, such as 

Canada, Germany, Spain, the UK, etc., have started strategic 

planning and studies on the means by which disposal work, 

such as s ite selection procedure and publ ic l iaison, may be 

conducted. 

In view of the far-reaching effects of HLW on the human 

ecological environment, many nations in the world had 

implemented meticulously cautious and conservative 

strategies in selecting repository sites. In addition to a 

thorough survey of the geological conditions and engineering 

technology available within their nations, they also actively 

developed si te survey technology and final disposal 

technology. After conducting stages of meticulous PSA, they 

began steadfastly implementing the final  disposal operations. 

To date, al though no operating SNF or HLW disposal 

facil i ties are internationally and commercial ly available, the 

disposal facil ities of the Waste Isolation Pilot Plant (WIPP) in 

New Mexico (United States) for the disposal of Transuranics 

(TRU), which, l ike the SNF, contains long half-l ife radionucl ides 

became operational on March 26, 1999. 

The repository host rocks of Sweden and that of the 

hypothetical site in Taiwan are categorized as granitic host 

rocks. The HLW management program for which is placed 

under the hands of the SKB (Swedish Nuclear Fuel and Waste 
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Management Company) organized in 1972. In three separate 

years, 1977, 1978, and 1983, SKB presented three reports 

KBS-1, KBS-2, and KBS-3 pertaining to the program for HLW 

management. Then, in 2006, SKB completed defining the laws 

and regulations on the SNF encapsulation plant. At the same 

time, it expanded the design and depth of the Forsmark final 

repository from 400 meters of the initial  plan to 450 and 500 

meters (SKB, 2007). Presently, SKB announced the f inal 

deposal site of SNF in Sweden on June 3, 2009, Forsmark. In the 

future, SKB shal l  apply for a repository construction l icense 

with the SKI . Furthermore, SKB shal l  continue to develop 

studies in the fol lowing fields of research: 

(1) Studies on the differences between post parti tioning and 

transmutation (P&T) reprocessing and direct disposal; 

(2) On the matter of cl imatic change issue, SKB shal l  work 

together with its neighboring country adjacent to the 

West Greenland Ice Sheet - Finland to study the effects of 

global warming, r is ing sea level, and freezing of backfi l l  

materials on the repository; 

(3) Effects of the increasing fuel  burnup of power plants; 

(4) The corrosion effect of canisters; 

(5) The material  deformation that may resul t from the body 

swell ing of the buffer materials within the repository host 

rocks after the buffer materials have undergone 

deposition and erosion, and the initial ly excavated soil  

and rock materials in the backfi l l  materials are mixed with 

varying proportions of bentonite; 

(6) A biosphere dosage evaluation to be conducted from the 

ecosystem perspective. 
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Another country using granite host rocks for repository 

host rocks is Finland. According to the 1994 nuclear energy 

law amendments passed by i ts parl iament, al l  the radioactive 

wastes of Finland should be directly processed, stored, and 

disposed of within Finland.  No radioactive wastes from other 

nations may be accepted into the country. IVO (Imatranv 

Voima Oy) and TVO are two companies that jointly 

incorporated the Posiva company, which special izes in the 

handl ing of sol id nuclear waste processing related problems. 

In May 1999, Posiva appl ied for a permit for the construction 

of a permanent SNF final  repository within the deep rock layer 

around 500 meters under the vicinity of the Olkiluoto Power 

Plant. The plant wil l  have an encapsulation si te and a storage 

site. The local council  had passed the proposal and the 

Finnish government defined a positive principle pol icy in 

December 2000. The Finnish parl iament also passed the bil l  in 

May 2001; construction work was slated to commence in 2010 

and plant was expected to be operational in 2020. Posiva is 

presently constructing i ts underground granite laboratory in 

ONKALO (2004-2009). I t is  constructing a transportation tunnel 

at a depth of 417 meters and wil l  be conducting experiments 

and exploration work at a depth of around 200 – 300 meters. 

To date, excavation depth achieved is 312 meters and 

excavated tunnel length is 3,297 meters. The Finnish disposal 

concept was mainly adopted from the Swedish KBS-3 

concept, and supported by the suitabil ity of its conditions. I t 

also has a three-shaft construction and interconnected 

underground network, segregated as personnel, operations, 

and sol id waste conveyance tunnels. A square-shaped main 

tunnel traverses the repository, and the repository tunnels 
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branch out from two sides of the main tunnel. Canisters wil l  be 

deposited vertical ly into the tunnel for disposal. 

The development of SNF f inal  disposal technology is 

currently underway in many nations. International 

cooperation and exchanges are truly needed in this area. 

Taiwan had previously joined international cooperative 

ventures in the development of related technologies; such as, 

PSA projects, including assessment and information research 

of technical reports (with Posiva of Finland), paral lel 

verification or technical consultation of PSA codes with GAI 

(the United States), and technology study exchanges with 

NAGRA (Switzerland), Posiva (Finland), and Sandia National 

Laboratories (SNL) (the United States). Moreover, exchanges 

with the foregoing nations, as well  as France and Japan had 

helped us accumulate technical experiences. On the matter 

of site survey and data interpretation techniques, we have 

been sending representatives to internationally renowned 

insti tutions to receive professional training on related survey 

technology and data analysis work; namely, SKB (Sweden), 

NAGRA (Switzerland), Solexperts (Switzerland), JP-Fintact 

(Finland), SNL (the United States), Century (the United States), 

OYO (Japan), Raax (Japan), Fugro (Austral ia), and Geosoft 

(Austral ia). In addition to active participation in various 

international conventions and maintaining close contact and 

communication with foreign experts and technologists of 

related fields, mutual personnel exchanges and technology 

exchanges also helped in gaining the latest updates in the 

development trends of related survey data interpretation 

techniques. Hence, the technical information exchanges with 

related international bodies, importation of integrated 

technology, technical personnel exchanges, hosting of 
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international seminars, and participation in international joint 

venture projects made it possible to keep future development 

of the SNF disposal program abreast with international 

development trends, as well  as enabled us to achieve our 

goals sooner. These pursuits raised the chances of making 

program implementation more transparent to other nations, 

thereby reducing the chances of nuclear prol iferation. 

To ensure the safe disposal of HLW, al l  nuclear nations 

massively invested manpower and material  power into 

research and development work. After the official 

implementation of the “Joint Convention on the Safety of 

Spent Fuel Management and on the Safety of Radioactive 

Waste Management” (IAEA, 1997) propounded by the 

International Atomic Energy Agency (IAEA) in 2001, R&D work 

on HLW disposal reached a new milestone. The Convention 

pushed each signatory state to face SNF safety management 

problems, and intensify planning and R&D work in this area. In 

May 2006, the Atomic Energy Agency (IAEA) and the Nuclear 

Energy Agency of the Organisation for Economic 

Co-operation and Development (OECD-NEA) jointly 

announced the standards for “Geological Disposal of 

Radioactive Waste: Safety Requirements” (IAEA, 2006a). The 

newly announced standards provided a common reference 

to which nations may refer to resolve problems regarding HLW 

geological disposal. 

Recently, the international R&D trends in geological 

disposal are veering towards safety, technology, and publ ic 

communication related issues; including the fol lowing (EC, 

2004; Chapman, 2006; IAEA, 2006b): 

(1) The means by which the fundamental scientif ic study 

resul ts of the disposal research and development lab may 
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be gradually converted into an appl ied technology for 

site operation use. 

(2) Since the HLW disposal should take into account for an 

extremely long time duration, it is not possible to actually 

verify safety of process. Thus, it is imperative to take into 

account the establ ishment of a repository safety case, 

and implement safety assessment procedures through 

rational radionucl ide transport scenarios and rel iable 

assessment codes, thereby enhancing the publ ic 

confidence on the safety of the disposal procedure. 

(3) The differences in the safety and technical criteria 

implemented in each nation would consequently create 

variances in the respective national repository safety 

standards. In l ight of the extremely long time duration 

required in HLW safety disposal processes, government 

administration and national boundaries would not pose 

any serious significance for this pursuit. The main 

consideration fal ls on the means by which commonly 

accepted international safety regulations and technical 

criteria may be establ ished for the reference and 

observance of al l  nations. 

(4) On the matter of nations producing minimal amounts of 

HLW or long half-l ife wastes (e.g., TRU), due to the small  

quantities and varying nature of the wastes, in view of 

safety and economic considerations, what the feasibil ity 

of establ ishing an international repository facil i ty for 

these nations. 

(5) What the effects of the construction of a repository to the 

residents of the s ite vicinity. What the means by which 

coordination and balance may be reached with residents 
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of the repository site vicinity areas on the repository 

effects and the moral and due obl igations to posterity. 

(6) With safety as a pretext, how would it be possible to 

construct an economically viable repository, thereby 

preventing the exorbitant cost of waste disposal from 

diminishing the benefits of nuclear power generation or 

from resul ting in a dilemma where the nuclear waste fund 

would not be sufficient to pay for the expenses. 

 

Furthermore, another matter deserving attention is the 

organization of al l  related nuclear nations for the 

development of a novel SNF reprocessing technology that 

Global Nuclear Energy Partnership (GNEP) proposed by U.S. 

Department of Energy on February 6, 2006 (DOE, 2007), to 

reduce nuclear weapon prol iferation and radioactive waste 

volume. However, under the l imitation of the “Sovereign 

States” condition, Taiwan could not qual ify for membership in 

the GNEP. On the other hand, in accordance with the 

changes in i ts energy resource pol icies, the United States 

canceled its budget al location for GNEP in June 2009. 

According to the U.S. Department of Energy, i t shall  no longer 

pursue commercial  reprocessing within the country. 

Moreover, s ince al l  the nuclear reactors in Taiwan were 

designed and suppl ied by the United States, majority of the 

nuclear fuel  therein used were purchased from the United 

States; hence, the United States is compelled to abide by the 

agreements it has signed with Taiwan and the IAEA, 

“Agreement for Cooperation between the United States of 

America and the Republ ic of China concerning the Civil ian 

Uses of Nuclear Energy”(The R.O.C. Government, 1955), and 

“The Agreement for the Appl ication of Safeguards between 
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the United States of America, the Republ ic of China, and the 

International Atomic Energy Agency” (The R.O.C. 

Government, 1964), and enforce control . 

The foregoing agreements stipulated that whenever 

Taiwan shal l  require SNF reprocessing, regardless such 

reprocessing is insti tuted within its terr itory or outside, Taiwan 

shal l  be obl iged to obtain the concurrence of the United 

States before instituting reprocessing. In order to cope with 

the changes in the nuclear pol icies of the United States, 

Taiwan is not against including the HLW of the reprocessed 

SNF in the i tems for geological disposal. The subsequent 

related research and development projects shal l  take into 

account the feasibil i ty of disposal of the post-reprocessing 

HLW as a substi tute plan for the SNF direct disposal. 

 

1.7. Assessment of the Feasibility of the Geological Disposal Concepts 

and Technology of Taiwan 

In addition to the fundamental analysis of the conditions 

of disposal environments which evaluates whether or not 

suitable rock mass possessing the potential  for SNF final 

disposal use could be found in Taiwan, this report also looks 

into the technology development and appl ication results of 

the past years to evaluate whether or not Taiwan possess the 

technology for the deep geological survey and data analysis 

of the crystal l ine mass located 500 meters below land surface. 

Moreover, according to the si te survey and data analysis 

resul ts obtained from the test site technology development 

work, a prel iminary assessment was conducted on the 

feasibil i ty of the disposal concepts and technology. The 

purpose of the assessment was to elaborate on the 

geological survey data that Taiwan had establ ished in this 
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current stage and fundamental technology for the 

assessment of the performance and integrity of the disposal 

facil i ties, thereby val idating the capacity of the existing 

assessment technology in Taiwan and inspecting the safety 

and feasibil i ty of prel iminary disposal in Taiwan. Findings shal l 

serve as reference for the study on the improvements to be 

conducted on the Taiwan SNF f inal  disposal technology 

feasibil i ty assessment report to be proposed in 2017, in 

subsequence to this Program. 

The scope of the evaluation focuses on the long-term 

safety assessment of closed disposal facil i ties located at 

undetermined virtual  sites. On the matter of the virtual  site 

disposal concepts, deep geological disposal shal l  be 

employed on the SNF; granite is chosen for potential  host 

rocks. As for the disposal facil ity, development work is 

conducted based on the multiple barrier principle. The data 

used in the assessment procedure are mainly local data, as a 

rule; where the needed data is unavailable at the present 

stage, the assessment refers to data of related foreign studies 

and through which defines a rational conservative 

assumptions. 

The assessment procedure studies the SNF after it has 

been closed in the disposal canister and placed into a deep 

underground engineered barrier system, and thereafter 

assesses the process by which radionucl ides would migrate 

into the human environment after the repository has been 

closed and the effects of the migration. In the process, 

groundwater becomes an important medium for radionucl ide 

migration. Under the different forms of destruction to which 

the disposal canisters may possibly be subjected (including 

corrosion, initial  manufacturing defects, etc.), groundwater 
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and its interaction with SNF (including dissolution, diffusion, 

etc.), radionucl ides are carried out of the repository then 

transferred (or dispersion, advection, or diffusion) through the 

fractures in the layer into the biosphere. Once humans extract 

groundwater for drinking, the radionucl ides would impose a 

radiation dose on the human body. Conceptual models, 

mathematical models, and computer codes based on the 

foregoing probable scenario and radionucl ide transport 

route, as well  as perceptions of the natural  environment have 

been establ ished. The proper computer programs wil l be used 

to run s imulations and analyses; thereafter, a comparative 

study between the analysis results acquired and regulatory 

requirements shal l  be conducted to verify the safety and 

feasibil i ty of the disposal technology. 

Final ly, a virtual repository and radionucl ide release 

concept model shal l  be establ ished based on the status quo 

of the research conducted on the test zone. Moreover, an 

assessment program and a repository ful l  system safety 

analysis capacity shal l  be formulated based on the 

radionucl ide release rates of the near-field and far-f ield and 

the human dose rate of the biosphere. A TSPA system 

centered on the computer codes of the three subsystems - 

near-field, far-f ield, and biosphere, equipped with a 

parameter sampling subsystem and an uncertainty and 

sensitivity analysis subsystems shal l  be constructed. This wil l  

al low a probabil istic assessment of the ful l  system safety of 

the repository for an understanding of the range of 

uncertainty and the degree of sensitivity of each parameter 

to the various safety analysis results. The data wil l  foster a 

reference for the future safety assessment direction. 

General ly, at this point (2009), this report had already 
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establ ished related analysis on the safety assessment 

techniques of the SNF deep geological disposal and a 

prel iminary feasibil ity assessment of the technology. 
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2、、、、Survey Research of Geological Disposal Environment and Conditions 

According to the definition of Taiwan’s regulation (AEC, 

2008), high level waste (HLW) means spent nuclear fuel  or 

residues from treatment of spent nuclear fuel  waiting for f inal 

disposal. As of now, Taiwan has no reprocessing facil ity for 

spent nuclear fuel , HLW only means spent nuclear fuel  in 

Taiwan currently.  

In the past decades, international cooperation for HLW 

final  disposal have been proposed several  times; none of 

them succeeded (TPC, 2006). Without the agreement of 

hostable country and the consensus of USA (Section 1.6), HLW 

produced in Taiwan can only be disposal in Taiwan’s terri tory 

currently. Therefore, the Nuclear Materials and Radioactive 

Waste Management Act (Article 49) expressly stipulates “the 

competent authorities shal l  supervise and urge upon the 

producer of radioactive waste to plan the prel iminary 

construction of the domestic final  disposal facil ities of 

radioactive waste, and ask the producer of radioactive waste 

to resolve the issues as to the f inal  disposal of radioactive 

waste.”  

A basic cri ter ion for HLW final  disposal is a proper 

environment for permanently storing HLW, to separate the 

waste and human l ife or any human contact. Possible disposal 

measures include seabed disposal, deep-well  injection 

disposal, ice sheet disposal, extraterrestr ial  disposal, and 

deep geological disposal. After many years study, most of the 

countries consider “deep geological disposal” is a more 

feasible measure for HLW final  disposal (Lin and Ho, 1992). 

HLW would be encapsulated in a combination of 

engineered facil i ties and materials (such as metal canisters, 
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buffer and backfi l l ing materials), and buried at a depth of 

300-1000 meters deep in the host rock. Such a “multi-barrier” 

system, comprising both artif icial  and natural  barrier, could 

efficiently retard the migration of nucl ides to retain sufficient 

time for decaying radiation to a safe level before reaching to 

biosphere. 

Due to high radioactivity and long half-l ife of HLW, the 

facil i ty of deep geological disposal needs to restr ict or retard 

the migration of nucl ides. As the time frame we consider here 

is tens thousand years, which exceed any experience of using 

engineering faci l ities, we can only learn from “Earth 

experience” over bil l ions years. We always can find deep 

rocks over mil l ion years old that are sti l l  very stable, even with 

continuous slow evolution. Therefore, choosing a good host 

rock is very critical  for deep geological disposal in the 

multi-barrier concept.  

Besides sufficient space for facil ity instal lation and waste 

storage, the ideal host rock for disposal shal l  be with the 

fol lowing characteristics:  

(1) Good features for retrading nucl ide migration and good 

engineering properties:  

(a) Low hydraul ic conductivity, low solubil ity, and high 

absorption capabil ity on nucl ides;  

(b) High thermal conductivity to prevent over 

temperature and disadvantage physical and 

chemical reactions after heat accumulation from 

nucl ides’ decay;  

(c) High plasticity to prevent the rock crack from stress 

change, and consequently avoid the migration of 

nucl ides;  
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(d) High rock strength to maintain the stabil i ty of 

underground facil i ties during the engineering period; 

and  

(e) Good chemical stabil i ty to prevent the impact of 

radioactive waste on the function of multiple barriers.  

The fact is no rock meeting al l  the requirements above, 

e.g. high plasticity rock would have low strength. From 

the point of view of “multi-barrier,” host rock lack of 

certain natural barrier can be sti l l  considered if 

engineered barrier can cover the deficiencies (Lin et al ., 

1987; Lin and Ho, 1992).  

(2) Low possibil i ty of future exploitation for underground 

resource:  

Deep geological disposal needs to be a good barr ier for 

tens thousand years, which exceeds human civil ization 

history. Primitives human wouldn’t imagine our interests 

and needs now on underground resource l ike coal and 

gas; decades ago, we wouldn’t imagine the 

development of geothermic gradient for hot spring use in 

Taiwan. In the near future, we may use underground 

sal ine formations or depleted oil -gas reservoirs for CO2 

geological sequestration (BOE, 2008). Al l  these examples 

remind us the potential  usage of underground resources 

(such as oil  and gas, mineral , groundwater resources, 

etc.), and we shall  avoid the possible confl ict of interest 

while selecting the host rock for repository.  

(3) Long-term geological stabil i ty:  

Repository host rock needs not only short-term functions 

l ike nucl ides’ encapsulation and engineering features, 

but also long-term geological stabil i ty. Considerations 

shal l  include effects of earthquake, fault, crustal 
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movement, igneous activities, cl imate change, and 

sea-level change.  

 

International experience (OECD, 2003) shows that the 

favourable properties for a potential  host rock are:  

(1) Long-term geological stabil i ty (e.g., low upl ift rate, low 

erosion rate, and insensitivity of geochemical and 

hydrogeological environment to geological and cl imatic 

changes). 

(2) Favorable physical, chemical and structural  properties 

(e.g., thick formation, slow groundwater movement, 

favorable geochemical environment for nucl ide retention 

and protection of the engineerred barrier, good rock 

mechanical properties for engineering construction). 

(3) Sufficient lateral  extent for the flexibil i ty in the location 

and layout of the repository. 

(4) Absence of, low l ikel ihood of, or insensitivi ty to 

detrimental phenomena and perturbations. 

(5) Explorabil i ty or the abil i ty to characterize the rock for 

providing sufficient evidence to support a decision to 

proceed (or not) to the next stage. 

(6) Predictabil i ty for the possible range of geological 

evolution over the time scale for which the geological 

environment plays a role in the safety assessment (e.g., a 

mil l ion years). 

 

Compl icated geological structure has l imited the 

development of deep geological disposal in Taiwan. 

However, countr ies l ike Japan and Switzerland have similar 

conditions are clearly aware of the significance of proper 

HLW final  disposal. They have continued their study efforts 
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actively to select the best measure and sites for final  disposal 

and further studies.  

According to the demands in the “Spent Nuclear Fuel 

Final  Disposal Plan” approved by Fuel Cycle and Materials 

Administration (FCMA) in July 2006 (TPC, 2006), SNF disposal 

plan wil l  be carried out in five phases – Potential  Host Rock 

Characterization and Evaluation (2005~2017), Candidate Site 

Investigation and Confirmation (2018~2028), Detailed Site 

Investigation and Testing (2029~2038), Repository Design and 

License Appl ication (2039~2044), and Repository Construction 

(2045~2055). Taiwan Power Company (TPC) is requested to 

submit the “Spent Nuclear Fuel Disposal Program - 2009 

Progress Report” (SNFD2009 report) to FCMA in 2009 (as this 

report).  

Since the final  disposal planning started (Section 1.2), 

granite, mudstone, and Mesozoic basement rock have been 

considered to be the host rock for Taiwan (Lin and Ho, 1992; 

TPC, 2006). Considering domestic R&D requirements (TPC, 

2008) and advanced studies worldwide for SNF final  disposal, 

the research and development efforts have mainly focused 

on granite as the potential  host rock for Taiwan. Regarding 

mudstone and Mesozoic basement rock, we consol idated 

previous study resul ts and keep fol lowing the new 

development data for the flexibil ity of future host rock 

evaluation.  

The arrangement of Chapters and Sections in this report is  

based on the recommendations of “Spent Nuclear Fuel Final 

Disposal Plan” approved by FCMA in July 2006 (TPC, 2006). 

Section 2.1 and 2.2 are overviews of geology conditions of 

Taiwan, including rock formations, hydrogeology, 

metamorphic complex, distr ibution of underground resource, 
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etc., especial ly on current studies of earthquake, fault, crustal  

movement, igneous activities, cl imate change, and sea-level 

change. The data from above sections were consol idated in 

Section 2.3 to discuss the potential  host rocks in Taiwan, in 

terms of the geological characteristics, underground 

resource potential , and geological stabil i ty. In addition, a 

brief introduction for the domestic capabil i ty on deep 

geological survey and establ ishment of the primary 

geological conceptual model through R&D works performed 

in a technology development and testing area (K-area, 

granite) are described in Section 2.1.6. In addition, 

suggestions for the future technology development on deep 

geological survey are also included in this section. 

Furthermore, in order to provide a complete f igure about 

procedures from in-situ investigation to performance 

assessment, a hypothesis case with simpl ification assumptions 

is used in this report (details in Section 4.6) to demonstrate the 

prel iminary capabil i ties of performance assessment which 

compiled geological data from the K-area, its  primary 

geological conceptual model, the prel iminary design of a 

hypothesis disposal site, and available data in the world. 
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2.1. Geological Background 

Taiwan is located on the convergent plate boundary 

between the Eurasian plate and the Phil ippine Sea plate, 

which is on the “Circum-Pacific Ring of Fire” and seismic zone. 

Mountains upl ift and southwest offshore subduction in Taiwan 

were resul ting from the “arc-continent col l is ion” between the 

Luzon Arc on Phil ippine Sea plate and the Eurasian 

continental  margin. Most of the earthquakes are related to 

the plate convergence. Arc-continent col l is ion can be 

observed from the stratigraphic deformation and the tectonic 

setting of Taiwan (NNE－ SSW direction). Besides the col l is ion, 

the longitudinal axis extending nearly NE-SW in northeastern 

Taiwan, and two rift val leys (Taipei Basin and Lanyang Plain) 

were developed. Moreover, Tatun Volcanic Group and 

Chilung Volcanic Group in the north Taiwan represent the 

extension of Ryukyu Arc and Okinawa Trough. Al l  these 

present the subduction of Phil ippine Sea plate beneath the 

Eurasian plate has also signif icant impacts on tectonic 

development in Taiwan.  

 

2.1.1. Geology Overview 

2.1.1.1. Geological Setting of Taiwan 

Taiwan lying off the southeast coast of the Mainland 

China; southwest of the Okinawa Islands of Japan, and north 

of the Islands of Phil ippines is an island on west of the Pacif ic. 

Taiwan (Republ ic of China) comprises Taiwan Province, 

Kinmen area, and Matzu area (Figure 2-1). Taiwan Province 

includes main is land proper, the Penghu Islands, and 21 is lets 

(Lutao, Lanhsu, Liuchouyu, etc), with total  area about 36,000 

km2. Average height of the Taiwan main is land is 660 m, 



  
  

 

 2-8 

average slope is 14°40', and average height variation per 

square ki lometer is 312 m. The area ratio of mountains (height 

>1000m), hil l s, and plains (height <100m) is 3:4:3.  

 

2.1.1.2. Geologic Provinces of Taiwan 

Based on geographic location, topographic differences, 

l ithology, and tectonic features, Taiwan can be divided to 

three major geologic provinces (F igure 2-2) (Ho, 1986) from 

west to east are the Western Foothi l ls, the Central Range, and 

the Coastal  Range, which with details as fol lows:  

(1) Western Foothil l s: 

The geologic province of the western foothil l s (Figure 2-2, 

I , I I , I I I ) is composed by sedimentary basins formed in 

Neogene, and the over 8000 m thick sedimentation in this 

basin began in Ol igocene, with mainly sandstone and 

shale interbeded, and partial ly thin layer of l imestone and 

tuff lenti l s. This geologic province has been extensively 

studied and mapped, because i t is the most important 

one economically, including al l  the leading coal and oil  

f ields of Taiwan. Therefore the western foothil l s make up 

the most well -known geologic province of Taiwan, and 

pertinent geologic data are much more abundant than 

those of the other provinces. Besides, the Penghu Islands 

(I ) and the Costal  Plain (I I ), two physiographic units,  can 

also be included in the western foothil l s province. 

(2) Central  Range: 

Central  Range (Figure 2-2, IV&V) comprises major 

mountains in Taiwan, which contains al l  the Tertiary 

sub-metamorphosed strata and pre-Tertiary metamorphic 

complex. I t can be divided to two subprovinces – eastern 

Central  Range (Figure 2-2, V) includes Tailuko belt (Figure 
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2-2, Va) and Yul i belt (Figure 2-2, Vb), and western Central 

Range (Figure 2-2, IV) includes western Hsuehshan Range 

(Figure 2-2, IVa) and eastern Backbone Range (Figure 2-2, 

IVb). 

(3) Coastal  Range: 

The Central  Range and the Coastal  Range (Figure 2-2, VI I ) 

are separated by the East Longitudinal Valley (Figure 2-2, 

VI), which is an important tectonic unit. East Longitudinal 

Valley, l isted individually as a subprovince, is general ly 

considered as the plate suture of the Eurasia plate and 

the Phil ippine Sea plate. The basement of the Coastal  

Range is Neogene strata, but very different l i thology from 

different sediments and environments compared to 

western foothil l s. Major components of this geological 

province are volcanic rocks, sediments of volcanic ash or 

sand, clastic sedimentary rocks and mélange. 

 

2.1.1.3. Tectonic Settings of Taiwan 

Taiwan is known as part of “Circum-Pacific Ring of Fire” 

and located on the convergent boundary between the 

Eurasian plate and the Phil ippine Sea plate (Figure 2-3). The 

subduction of the Phil ippine Sea plate beneath the Eurasia 

plate is along the Ryukyu Trench in northeastern Taiwan. On 

the other hand, the Phil ippine Sea plate is moving above the 

Eurasia plate, along with the Manila Trough in South of Taiwan 

(Figure 2-4). Since early Cenozoic, the Phil ippine Sea plate is 

moving to the Eurasia plate with the convergence rate about 

7 cm/year in a northwest direction.  

The Luzon Arc of the Phil ippine Sea plate lays from the 

southern Taiwan to Lanhsu and Lutao, and then to the north 

ti l l  eastern Coastal  Range. From the physiographic, 
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geological provinces and tectonic settings of Taiwan (Figure 

2-5), we can see the orogeny of Taiwan and the subduction of 

southwestern coast resulting from the “arc-continent 

col l is ion” of the Luzon Arc of the Phil ippine Sea plate and the 

divergent basin of the eastern Eurasian continent (Malavieil le 

et al ., 2002; Teng and Lin, 2004). The subduction of the Luzon 

Arc beneath the lower density Eurasian plate presents the 

arc-continent col l is ion and orogeny of Taiwan (Teng, 2002).  

Presently, the arc-continental  col l ision is sti l l  proceeding 

and moving further southward. Lutao and Lanhsu, the north 

end of the Luzon Arc is moving toward to Eurasian continent 

presents the col l is ions in central  and southern Taiwan. In 

northeastern Taiwan, fl ipping of the subduction polarity 

stopped the col l is ion, the mountains from the orogeny are 

breaking down, and extensive Yilan Plain is formed from the 

ri ft val ley (Teng, 2007).  

 

2.1.1.4. Tectonic Stress in Taiwan 

Taiwan has a serious of folds generated from the col l is ion 

of the Luzon Arc and the Eurasian Continent, which 

consequently increased the compl ications of the tectonic 

stress. The recent studies revealed the principal stress in 

Taiwan (Figure 2-6) is SE-NW direction (Suppe et al ., 1985; Yeh 

et al ., 1991; Cheng, 1995; Hu et al ., 1996). Max horizontal  stress 

in northeastern Taiwan is paral lel with the Okinawa Trough to 

E-W direction, resulting from the extension of the Okinawa 

Trough. Max horizontal  stress is NNW direction in northwestern 

Taiwan; WNW in southwestern Taiwan. In brief, the major 

principal stresses are distr ibuted sectorial .  
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Figure 2-1: Map of Taiwan 

Reference: Ministry of the Interior, 2005



  
  

 

 2-12 

 
 

 

Figure 2-2: Geologic Provinces of Taiwan 

Reference: Ho, 1986
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Figure 2-3: Tectonic setting around Taiwan 

Abbreviations: CEL—Celebes Sea; ECS—East China Sea; HB—Huatung Basin; JS—Japan Sea; MT—Mariana Trough; 

OT—Okinawa Trough; PVB—Parece Vela Basin; SB—Shikoku Basin; SCS—South China Sea; SL—Sulu Sea; WPB—West 

Philippine Basin.  

Reference: Teng and Lin, 2004 
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Figure 2-4: Schematic block diagram showing plate tectonic setting of Taiwan 

Reference: Ho, 1986 
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Figure 2-5: Tectonic setting and geology profile of Taiwan (and offshore) 

Abbreviations: HP—Hengchun Peninsula; MAW—Manila Accretional 

Wedge; LV—Longitudinal Valley; SLT—South Longitudinal Trough  

Reference: Malavieille et al., 2002
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Figure 2-6: Tectonic stress distribution around Taiwan since Quaternary 

(a) horizontal tectonic stress (bold lines are max principal stress 

direction, and dot lines are average stress direction); (b) major stress 

field and the collisions since Quaternary (dot lines means the same with 

(a)); average stress direction is 159 degree in northern Taiwan (NT), 122 

degree in central Taiwan (CT), 107 degree in southern Taiwan (ST), and 

128 degree in Longitudinal Valley (LV).  

Reference: Hu et al., 1996 
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2.1.2. Major Types of Rock in Taiwan 

Study of rock mass is very important for geology, as the 

l ithology and the distr ibution of rock mass can help us 

understand the previous tectonic evolution, the present 

topographic condition, and moreover, the evaluation of host 

rock for repository.  

The oldest rock mass, usually cal led pre-Tertiary 

metamorphic basement, consisting of common metamorphic 

rocks l ike gneisses, marbles, schists, and slates, formed in the 

eastern Central  Range (Figure 2-2, V) about the age of late 

Paleozoic or Mesozoic. West of this basement (Figure 2-2, IV) is  

the Tertiary strata, consisting of metamorphosed sandstones, 

hard shale and hard slates. After Miocene, except for the 

andesites of the Tatun and Chilung Volcanic Group in 

northern Taiwan and igneous rocks (mainly basalts) in Penghu 

Islands, western foothil ls (Figure 2-2, I , I I&II I ) are composed of 

sedimentary rocks l ike conglomerates, sandstones, shale, and 

l imestones. The Coastal  Range (Figure 2-2, VI&VII) rock mass 

includes igneous complex consisting of andesites, 

agglomerates, and basaltsic tuffs; and sedimentary rocks l ike 

sandstones, shale, conglomerates and few l imestones (Hsu, 

1992). The distr ibution of different rocks in Taiwan is i l lustrated 

in Figure 2-7. The other offshore is lands close to China 

(Kinmen, Matzu, etc), are majorly composed of granites.  

Basical ly, Taiwan is formed mainly by sedimentary rocks 

(about 2/3 of the total  area), secondary the metamorphic 

rocks, and minorly igneous rocks (Hsu, 1992). Al l  these rocks 

are detailed as fol lows.  
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2.1.2.1. Igneous Rocks 

Igneous rocks are rocks from cool ing of the magma, and 

dividing to two groups according to the cool ing environment. 

Extrusive rocks, or cal led volcanic rock, are the rocks formed 

by extrusive lava, such as basalts and andesites; plutonic 

rocks, or cal led inclusive rock, are the rocks formed by lave 

intruded underground and slowly cooled off, such as granites 

and gabbros. Cool ing time of the intrusive rocks is longer, so 

their mineral  particles are bigger. The mineral  particles of the 

extrusive rocks are not even, though general ly finer. Volcanic 

ashes form tuff, and bigger pyroclasts form agglomerate 

(Chen, 2002). Plutonic rocks are usually found in offshore 

is lands l ike Kinmen and Matzu, and extrusive rocks are found 

in Taiwan.  

Structure of igneous rocks is different with sedimentary 

rocks or metamorphic rocks. Mineral  particles are complete 

and inlaid in igneous rocks, but mineral  particles are worn out 

in sedimentary rocks, or with schistosi ty in metamorphic rocks 

(Chen, 2002). Igneous rocks are more considered as the host 

rock of deep geological disposal for SNF, because of its 

complete structure and mineral particles. Finland and 

Sweden also selected igneous rocks (granites) as the host 

rock, which wil l  be detailed in Section 2.3.1. Lithology and 

distribution of major igneous rocks in Taiwan are l isted in Table 

2-1. 

 

2.1.2.2. Sedimentary Rocks 

Sedimentary rocks are formed by depositing and 

consol idating of the residues from the weathered rocks. As 

the residues were moved and worn, the shapes of the 

minerals are no longer complete, but their grain sizes are 
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quite even. The feature of the sedimentary rocks is paral lel 

layers of bedding. The sedimentary rocks in Taiwan are 

different only in detail  composition and texture (Teng, 1997). 

The l ithology data of the sedimentary rocks are l isted in Table 

2-2. 

 

2.1.2.3. Metamorphic Rocks 

Plates col l is ion would make temperature and pressure 

change in a big scale, so the minerals changed and the rocks 

deformed. Eastern Taiwan is located on the col l is ion zone of 

the Phil ippine Sea plate and the Eurasia plate, so many 

metamorphic rocks found in the Central  Range (Figure 2-2, 

IV&V), such as gneisses, marbles, schists, s lates, etc (Chen, 

2002). Lithology data of the metamorphic rocks are l isted as 

Table 2-3. Gneiss has similar composition with granite, and its 

rock mass characters are also considered as a potential  host 

rock for SNF disposal. I t deserves further evaluation about i ts 

detail  distr ibution (Figure 2-8) and characteristic. 

 

2.1.2.4. Engineering Characteristics of the Rocks 

Engineering characteristics of the major rocks in Taiwan 

are l isted as Table 2-4, include lab analysis data of density, 

porosity, water content, Uniaxial  Compressive Strength (UCS), 

indirect tensile strength, P-wave velocity, shear wave 

velocity, and corrosion resistivity. Usually metamorphic rocks 

and igneous rocks have higher density than sedimentary 

rocks, and rock strength (UCS and tensile strength) has the 

same trends.  
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Figure 2-7: Geological Map of Taiwan 

Reference: CGS, 2000 
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Table 2-1: Distribution and lithology of igneous rocks in Taiwan 

Rock 

type 

 Major 

minerals 

Granularity Distribution 

Andesites 

(volcanic 

rock)  

feldspar, 

hornblende, 

augite, biotite, 

quartz 

Visible granules 

1~3 mm 

Guanyinshan, Tatun and 

Chilung Volcano Group, 

Coastal Range, Queishantao, 

Lutao, Lanhsu.  

basalts 

(volcanic 

rock)  

plagioclase, 

hornblende, 

augite, olivine 

<1 mm Penghu Islands, Coastal Range 

granite 

(plutonic 

rocks)  

quartz, orthoclase, 

biotite, muscovite 

0.5~50 mm Offshore islands like Kinmen, 

Matzu 

gabbros 

(plutonic 

rocks)  

augite, 

hornblende, 

plagioclase, 

olivine 

0.3~0.7 mm Eastern flank of the Central 

Range (Dungao, Wushibi, 

Datsoshuibeishi), southern 

Coastal Range (Guanshan, 

Lichi, Hutoushan) 

serpentine 

(plutonic 

rocks)  

serpentine  Very fine The Coastal Range and the 

Central Range  

tuff 

(volcanic 

rock)  

Volcanic ash, 

glassy tuff 

< 4 mm  Rarely in Chilung, Taipei, 

Taoyuan, Hsinchu and Taitung  

Note: volcanic rock also called extrusive rocks; plutonic rocks also 

called intrusive rocks. 
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Table 2-2: Lithology of sedimentary rocks in Taiwan 

Rock types Grain size 

(diameter) 

Major 

minerals  

Sedimentary 

environment 

Distribution 

conglomerates 

> 2 mm Depends on 

the 

conglomerate 

source 

Continental 

 (alluvial fan)  

western foothills, 

conglomerate 

tablelands (like 

Linko, Huko, 

Huoyenshan, 

Dadushan, and 

Baguashan), 

eastern Coastal 

Range 

sandstones 

1/16~2 mm quartz, 

feldspar, and 

mica 

Delta or littoral western foothills, 

coastal plain and 

the Coastal Range 

Shale 

< 1/256 mm Clay minerals 

or quartz 

sands 

Steady water 

like lake, 

wetland or 

ocean 

western foothills 

and the Coastal 

Range, usually 

interbedded with 

sandstones 

mudstones 

< 1/256 mm Clay minerals 

or quartz 

sands 

submarine South end of 

western foothills, 

hills in Tainan Hsien 

to Kaohsiung Hsien 

limestones 

 (raised coral 

reef)  

Very fine to 

visible 

Clay, CaCO3 

or MgCO3 

neritic Dakunshan, 

Xiaokunshan, 

Banpingshan, 

Shoshan, and 

Hengchun 

Peninsula 
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Table 2-3: Lithology and distribution of metamorphic rocks in Taiwan 

Rock 

types 

Original 

rock 

Metamorphic 

environment 

Major 

minerals 

Locations 

slate 

Shale, 

mudstone, 

fine tuff 

Low temp, low 

pressure 

Clay 

minerals, 

quartz, mica, 

and feldspar 

Western Central 

Range, Northern and 

New Central 

Cross-island Roads, 

western section of 

Central and Southern 

Cross-island Roads 

schist 

Shale, 

mudstone, 

basalts 

Mid-low temp, 

mid pressure 

Quartz, mica, 

and feldspar 

Eastern Central Range 

metamorphic 

complex 

gneiss 

Igneous 

rocks, 

siliceous 

sedimentary 

rocks 

High temp, high 

pressure 

feldspar, 

quartz, and 

mica 

Northern belt of 

eastern Central Range 

metamorphic 

complex 

marble 

Limestone  High temp, low 

pressure 

Calcite or 

dolomite 

West side of eastern 

Central Range 

metamorphic 

complex 

quartz 

Sandstone 

enriched of 

quartz 

High temp, low 

pressure 

Quartz  Northeast coast 

(Longdong), Shiling in 

Northern Cross-island 

Road, Central 

Cross-island Road 

(Yilan branch); Tienlin, 

Gouguan to Lishan in 

Central Cross-island 

Road 

serpentine 

Peridotite Low to high 

temp 

Serpentine, 

garnet, 

augite, and 

hornblende 

Shofeng, Wanjoung, 

Juisui, Joeshi in Hualin 

Hsien; Nanao in Yilan 

Hsien 
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Figure 2-8: Distribution of gneiss rock mass in eastern Taiwan 

Reference: Wang and Lan, 1995 
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Table 2-4: Engineering characteristics of rocks in Taiwan 

characteristics 

 

Rock type 
density 

Porosity 

(%)  

Water 

content 

(%)  

UCS 

 (kg/cm2)  

indirect 

tensile 

strength 

 (kg/cm2)  

P-wave 

velocity 

 (m/sec)  

S-wave 

velocity 

 (m/sec)  

Corrosion 

resistivity 

(%)  

Andesite  2.6-3.0 3.0-9.5 0.9-2.5 800-1500 30-90 >3000 1500-2500 95-97 

Andesite 

(weathered)  

2.0-2.5 4.0-10.0 5.0-9.0 150-350 8-15 2000-3000 <1500 75-85 

Basalt  2.7-3.1 0.5  700-3500     

Tuff   1-4  >1000     

Granite  >2.6   >2000  >2400 >1500  

Sandstone 

(Wuchishan)  

2.5-2.65 2.5-4.5  350-850 20-80   >96 

Sandstone 

(Mushan)  

2.5-2.8 4-6  300-650 30-60    

Sandstone 

(Daliao)  

2.5-2.8 Partially 

>15 

 210-600     

Sandstone (Shidi)  2.45-2.8 10-19  140-640     

Sandstone  

(Nangun)  

2.35-2.65 10-20  100-400 <30   <90 

Sandstone 

(Shianshan)  

   <120    0-30 
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Shale     <20     

Gneiss  2.8-30 <2  1000-1500 105-125   >96 

Quartz schist 2.6-2.9 1.0-3.0  1000-1800  2500-4500 1200-2100 97-99 

Slate     500-750 25-45    

Hornblende 

schist 

2.9-3.4 1.8-2.5  650-950 80-105   >96 

Granite gneiss*1 2.6-2.8 0.3-0.8 0.1-0.3 757-1687 69-146    

*1: Lin et al, 2005, Table 4-7, Table 4-8, Table 4-9 and Table 4-12 

Consolidated from: Hsu, 1992, Geology and Engineering, p494. (Chapter 6, p137-161)  
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2.1.3. Hydrogeology 

2.1.3.1. Groundwater Resources in Taiwan 

Water resources include surface water and groundwater. 

In hydrologic cycle, part of the precipitation is evaporated, 

most of it f lows into rivers, rest of it precolates underground to 

be groundwater, or the groundwater can recharge to rivers 

(WRA, 2005).  

Taiwan has plenty precipitation, average 2.45 m annually 

(1949~2003), about 90 bil l ions m3 water fal l s over Taiwan but 

more concentrated in May-Oct., and more in mountains than 

in plains (WRA, 2000). Rivers are short and steep in Taiwan with 

large runoff differences in wet and dry seasons. Discharges 

respond rapidly with precipitation intensity, so dams are buil t 

and groundwater resource has been used to supply the water 

demands.  

A natural  groundwater resource (Wu, 2003) is defined as 

the rechargeable groundwater flow from: (1) percolation of 

precipitation; (2) percolation of r iver water; (3) percolation 

from the water contained in the surroundings. Natural 

groundwater resources and so-called “safety yield” of 

groundwater can be presented as the fol lowing formula:  

 

Q
t

W
QQ GWS ∆+

∆
+=

 

 

QS is the groundwater safety yield (or groundwater 

sustainable yield); QGW is the natural  groundwater yield or 

groundwater recharge; W is the storage amount; ∆t  is the 

pumping time; ∆Q  is extra groundwater resources, such as the 

percolation of r iver water. For a long term (∆t→∞ ,  so W/∆t→0) 

and no ∆Q existed, QS  is  determined by QGW.  Therefore, QGW is 
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regarded as the l imit of the usage of groundwater resources, 

which is the groundwater safety yield (QS).  

QGW can be determined by 3 parameters (WRA, 2003): 

modulus of groundwater flow (M, ratio of QGW and flow area), 

coefficient of Groundwater flow (coefficient of groundwater 

flow recharged by precipitation, K1), coefficient of r iver 

recharge (coefficient of r iver recharged by groundwater 

flow, K2). For example, Figure 2-9 shows the distr ibution of M in 

Taiwan publ ished by the Water Resource Agency of Taiwan 

(WRA, 2003).  

 

2.1.3.2. Geochemical Properties of Groundwater 

Monitoring of groundwater qual ity has been undertaken 

by two organizations – the Environmental Protection 

Administration of Taiwan (EPA) and the WRA. Monitoring of 

groundwater qual ity by EPA is to prevent contamination, so 

wells are less deep (<~30 m); monitoring by WRA is to 

sustainably use groundwater resources, so wells are deeper 

(<~300 m). Deep geological disposal for SNF needs to be 

deeper (~500 m), but these water qual ity information is sti l l  

valued for safety assessment of nucl ide migration in the 

biosphere. Here we only col lect the data from WRA (WRA, 

2006a,b) to make diagrams (e.g. Figure 2-10&Figure 2-11) for 

future reference. 
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Figure 2-9: Groundwater resources map of Taiwan－modulus of 

groundwater flow 

Reference: WRA, 2003 
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Figure 2-10: Monitoring groundwater quality by WRA (pH/Redox potential/EC)  

Reference: WRA, 2006b; 2007  
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Figure 2-11: Monitoring groundwater quality by WRA (Pipper)  

Reference: WRA, 2006b; 2007 
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2.1.4. Products of Alteration 

The composition and structure of rocks may change after 

a long-term reaction with natural  environment l ike 

weathering, diagenesis and alteration. Especial ly the 

interaction with groundwater may generate adsorptive 

secondary minerals, so the products of geological alteration 

are usually critical study subjects for deep geological disposal 

(PNC, 1992).  

 

2.1.4.1. Weathering 

Weathering is the rocks (mostly the rocks on the surface), 

soil s, or minerals disintegrated on site by direct contact with 

atmosphere. In addition to the frequent earthquakes, the 

subtropical cl imate in Taiwan brings 4 typhoons and 2.5 m 

precipitation annually in average, so mountains are 

denudated and the rivers are eroded fast (Dadson et al ., 

2003). The immature sediments and sedimentary rocks, usually 

containing i l l ites, ottrel ites and unmetamorphosed feldspar 

and especial ly found in steep mountains with fast denudation 

and movements, obviously present the mechanical 

weathering and somewhat chemical weathering (l ike si l icate 

weathering) in Taiwan (Selvaraj and Chen, 2006). 

Some short-term studies l ike GPS observation for decades 

shows higher denudation rate in the eastern Central Range 

(Figure 2-2, V). However, the observations from different 

geological time present denudation rate about 3~6 mm/yr in 

the eastern Central  Range (Dadson et al , 2003). In general 

the denudation rate is determined by physiography and 

precipitation, but the case in Taiwan is not that s imple. The 

rivers in the Central  Range, with the height and more 
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precipitation, have the most weathering resistant rocks 

(Dadson et al ., 2003). The rock strength dramatically 

increased by vigorous metamorphism (0.1 to 253 MPa) in 

eastern Central  Range, and the highest denudation rate 

found in western foothil l s (Figure 2-2, I I I ) or 

earthquakes-attacked Hsuehshan Range (Figure 2-2, IVa) are 

the proofs. The weathering rate in Taiwan, is  affected not only 

by physiography and precipitation, but also the tectonic 

stress, tectonic activities and earthquakes.  

 

2.1.4.2. Diagenesis 

Diagenesis is the chemical, physical, and biological 

effects on the sediments to make them become the rocks. 

These underground effects with low temperature and 

pressure, are effective enough to change the mineral 

composition or rock structure, including compression, 

dissolution, consol idation, and precipitation. During the 

diagenesis process, the sediments, clastic and fossi l  debris are 

replaced by other minerals, and general ly related to the 

interaction between sediments and groundwater.  

Diagenesis affects the capacity of groundwater 

resources. Coefficient of permeabil ity data from 35 wells in 

Hsinchu and Miaol i are about 0.001~0.01cm/sec, and the 

coefficients are not affected by the grain s ize, but the 

fractures development among conglomerates and 

sandstones (Lu, 2002). In comparison, Pintung Plain has less 

affected by diagenesis, the strata l ike conglomerate, 

sandstones and fine sandstones have coefficient of 

permeabil i ty in a big range (0.001~1cm/sec).  
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2.1.4.3. Hydrothermal Alteration 

Hydrothermal alteration is the product of the 

underground thermal fluid (l ike hot water from the hot spring 

or magmatic area) reacted with the rocks. Taiwan and Japan 

are area for volcanic activities, thermal fluid around 

volcanoes physical ly or chemically changed the minerals and 

structure of the rocks, as a common metamorphism in the 

nature.  

The metamorphosed igneous rocks in Taiwan include 

metamorphosed mafic rocks (such as green rocks, green 

schists, glaucophane schists, amphibol ites, and serpentines) 

and metamorphosed granite (such as orthogneiss, 

paragneiss, and gneiss complex). The metamorphosed 

sedimentary rocks in Taiwan include crystal l ized l imestones or 

marbles and metamorphosed mudstones, metamorphosed 

sandstones, metamorphosed conglomerates and 

metamorphosed cherts. Thermal metamorphic rocks in Taiwan 

are mostly located close to volcanoes (Tatun Volcano Group, 

TVG), hot spring (Yilan Jiaoshi hot spring) and geothermal 

area (Yilan Chingshei geothermal field), as metamorphic 

rocks are related with hydrothermal activi ties and al teration.  
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2.1.5. Underground Resources and Their Distribution 

Taiwan is located on the plate col l is ion. The subduction of 

the Phil ippine Sea plate beneath the Eurasia plate (Tsai, 1978) 

fused the continental  and the marine crustal  and generated 

various igneous rocks flow, and consequently various mines. 

The andesites in Ginguashi and Chimei were al ternated to 

gold-copper deposits, and the r ichest copper-gold deposit in 

Far East is Ginguashi. The other metal l ic deposits are relatively 

poor. The most important mine resource in the Central  Range 

(Figure 2-2, IV&V) is the gold-quartz contained in the s lates or 

phyl l ite. The major mine resource in the Coastal  Range (Figure 

2-2, VI&VII) is the gold contained porphyry copper deposits. 

The major mine resource in the western foothil l s (Figure 2-2, 

I I&II I ) is the coal, oil  and nature gas stored in Miocene strata.  

 

2.1.5.1. Metallic Deposits in Taiwan 

The most valuable metal mining in Taiwan (Figure 2-12) is  

fi rstly the copper-gold deposits in Ginguashi, which yields the 

most in the Far East; and the potential  of the further 

exploitation is sti l l  high. The past exploitations in Taiwan 

include gold in the Central  Range, gold dust in the east coast, 

copper in Chimei, copper and pyrites in the Central Range 

massive sul fides deposits, Nickel  in Guanshan, Pb-Zn in 

Ginmienshan, enargites in Wanl i, pyrites in the TVG, mercury in 

Pingl in, magnetite in northwest coast, l imonite in the TVG and 

Taoyuan area, and Mn in Shimaoshan. Most of the mines are 

not high qual ity and only few yields (Yen, 1950; Cheng, 1993; 

Tan and Wei, 1997).  
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2.1.5.2. Non-metallic Deposits in Taiwan 

Non-metal l ic deposits in Taiwan (Figure 2-13) include 

marbles, l imestones, dolomites, serpentines, si l ica sands, 

clays, gypsum, feldspar, talc, mica, asbestos, sulfur, and 

graphite. Only produced in a very l imited scale currently (Liu 

and Wen, 1977; Wei and Tan, 1999; BOM, 2007). 

 

2.1.5.3. Energy Resources of Taiwan 

The natural  resources related to energy (Figure 2-14) 

include oil , natural  gas, coal, and geothermic hot spring (Wei, 

2000; BOM, 2007). Hot spings are very popular recreation 

resources for Taiwan people. Currently, only natural  gas is 

produced in a very l imited scale. 
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Figure 2-12: Metal mine resources in Taiwan 

Reference: CGS, 2006a 



  
  

 

 2-38 

 

 

 

Figure 2-13: Non-metal mines in Taiwan 

Reference: CGS, 2006b 
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Figure 2-14: Distribution of energy resources and groundwater resources 

in Taiwan  

Reference: CGS, 2006c 
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2.1.6. Development of the Survey Technology 

Geological characterization is a key requirement for 

evaluation/selection of the SNF final  disposal site. The 

stepwise survey of geological characterization is starting from 

the area covering potential  host rock, and then focus and 

detailed on some certain strata ti l l  the f inal  confirmation 

about the site location. The survey sequence could from 

airborne/marine survey for a bigger scale 

geological/hydrogeological figure, surface survey and 

dri l l ing/borehole survey for conceptual model building and 

feasibil i ty study, and then more intensive underground survey 

and study for the selected site.  

There are sophisticated for in-si tu survey and data 

analysis during the study of host rock characteristics. The 

expertise required for the survey is high, and the technology 

should be integrated in accordance with various geological 

conditions. S ince the preparation stage (Section 1.2), TPC has 

invested enormous R&D resources on surface and borehole 

survey technology in BS, PD, SL, HTL, PSH, W, and K-area. Those 

are purely technology development and study, so there was 

no civi l  protest on sites. However, the experiences hereunder 

are valued for the further considerations:  

 (1) The modules option should be considered for the mobil i ty 

of equipments, especial ly those big equipments (in tons 

scale) for the in-situ survey of deep geological 

characterizations. 

 (2) The professional personnel for the in-s itu survey of deep 

geological characterizations can’t be easily establ ished. 

A complete mechanism for technology inheritance 

should be developed for this long-term project. 
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 (3) Appl ications of borehole equipments are considered as 

high risk for insurancer, the budget preparation for the 

damage of these equipments would avoid the survey 

delay by reimbursement or f inancial problems.  

 

In response to the regulation request, TPC has proposed 

the “Spent Nuclear Fuel Final  Disposal Plan” in 2004, and 

suggested the prioritized study for granite rock mass 

according to the past study results and experiences (TPC, 

2006). Therefore, a granite testing area — K-area has been 

the focus of surface and borehole survey in the past decade, 

in order to establ ish a complete procedures as soon as 

possible – from in-situ geological survey, related data 

analysis, establ ishment of the primary geological conceptual 

model, and performance assessment of a hypothesis disposal 

site (see Section 4.6) which compiled geological information 

from K-area. 

In addition to the surface geological survey and l ithology 

dating, there were about 500 gravity/magnetic surveys, 16 km 

resistivity image profi l ing, 3000 m deep geological dril l ing 

study (6 holes), and borehole survey for 

geophysics/hydrogeology/geochemistry/rock mechanics 

(Figure 2-15, Figure 2-16, Figure 2-17, and Figure 2-18) done in 

K-area to demonstrate the domestic capabil i ties of deep 

geological survey to 500 m depth rock mass. The integration 

of data analysis buil t up the primary geological conceptual 

model of K-area, with faults and fracture orientations (Figure 

2-19), and geological characteristics (Figure 2-20).  

The recent inventory for geological survey technology of 

TPC shows the further development should focus on the 

fol lowing items:  
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(1) Geophysical Survey Technology:  

The further developments should include airborne 

electromagnetic survey, 3-D magnetotel luric survey, 

fractures micro-seismic monitoring, and multi-azimuth 

vertical  seismic profi le.  

(2) Hydrogeology Survey Technology:  

The further developments should include hydraul ic 

tomography method, large-scale tracer test, and fracture 

network analysis technology.  

(3) Geochemical Survey Technology:  

Long-term monitoring of groundwater qual ity and 

dissolved gases in fractures is  highl ighted for the future 

developments.  

(4) In-situ Rock Stress Survey Technology:  

In-situ rock stress survey technology l ike acoustic emission 

and deformation rate analysis should be buil t to cope 

with the design and engineering needs for repository. 
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Figure 2-15: Geophysics Borehole Logging 

 

 

Figure 2-16: Borehole hydraulic test 
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Figure 2-17: Groundwater packed-off monitoring and sampling 

equipment 

 

 

 

Figure 2-18: Borehole in-situ stress measurement 
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Figure 2-19: Study results for the granite testing area (K-area) – the primary geological conceptual model 
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Figure 2-20: Study results for the granite testing area (K-area) – geological characteristics 
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2.2. Nature Events Related to Geological Stabilities 

2.2.1. Seismic activities 

Fault activity, volcanic eruption, subsidence, landsl ide 

and meteorite impact could be the cause of earthquake. 

However, over 90% of earthquakes are induced by active 

faults. Fault activi ty is general ly caused by the plate 

movement. The plate col l is ion between the Eurasia plate and 

the Phil ippine Sea plate generated orogenic events in 

Taiwan, and many seismic activities as well  (Figure 2-21).  

Seismograph stations have been setup s ince 1897 in 

Taiwan, and the records maintained since 1900; about 

240,000 earthquakes (M>2) have been recorded in 1900~2004. 

According to historical  records,  there were at least 30 

earthquakes resulting at least 10 deaths, 14 earthquakes 

resul ting at least 100 deaths, and 4 earthquakes resul ting at 

least 1,000 deaths, which were Changhua earthquake in 1848 

(1,030 deaths), Meishan earthquake in 1906 (1,258 deaths), 

Hsinchu-Taichung earthquake in 1935 (3,276 deaths), and 

Chi-chi earthquake in 1999 (2,415 deaths). The distribution of 

these 30 disastrous earthquakes are 19 in western Taiwan, 9 in 

eastern Taiwan, 1 in northern Taiwan (Chilung), and 1 in 

southern Taiwan (Pintung).  

The most developed western Taiwan had 19 disastrous 

earthquakes, which made 10,819 deaths, over 98% of the total  

deaths in earthquakes. High casualty of earthquakes in 

western Taiwan is resul ting from high population density and 

shal low hypocenters. Earthquakes happen frequently in 

eastern Taiwan, and most of them have bigger scale (Hual ien 

earthquake M=7.5 in 1811, Hual ien earthquake M=7.7 in 1815, 

Taitung earthquake M=7.5 in 1882, Suao earthquake M=7.6 in 
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1922) but lower casualty. Besides, Chilung earthquake in 1867 

was the only earthquake incident with tsunami (Li et al., 2002).  
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Figure 2-21: Earthquakes and tectonic settings in Taiwan
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2.2.2. Fault Activities 

The definition of active faul ts is not yet consent 

worldwide, but the recent offset and the possibil i ty of 

recurrence are required. The definition of “recent” can be 

Ma, Holocene or Quaternary, and the different considerations 

are l isted as fol lows:  

(1) Definition from the USAEC:  

For the nuclear power plant si te selection use, capable 

fault with one or more than one of the fol lowing criteria 

(USAEC, 1973):  

(a) The faul t has had an offset near surface in 35,000 

years.  

(b) The faul t has had an activity near surface faul t in 

500,000 years.  

(c) The faul t has structure related to any active fault 

defined as above, and has the possibil i ty of an offset.  

(2) Definition from the IAEA:  

In addition to the 3 criter ia of the USAEC, there are two 

more criter ia as fol lows (IAEA, 1972):  

(a) The fault with the proof of creep, which means slow 

movement even without macro-earthquake.  

(b) The fault with topographic evidence such as surface 

fracture, deformation or offset.  

(3) Definition from the Japan Active Fault Academic (1980 

and 1992):  

The faul t has had an offset s ince Quaternary, and 

anticipated with possible activities in the future.  

(4) CGS of MOEA:  

Active faul t is defined as the faul t has had an offset since 

late Pleistocene (about 0.1 Ma) (Chang et al ., 1998). 
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With the updated information after Chi-chi earthquakes 

(1999) (Lin et al ., 2000), the active faults in Taiwan are 

classif ied with fol lowing cri ter ia:  

(1) Type I  active faults (Holocene active faults):  

(a) The faul t has had an offset since Holocene (about 0.01 

Ma).  

(b) The faul t on modern structure with offsets (or creeps).  

(c) The faul t generated from the earthquake (earthquake 

fault).  

(d) The faul t in modern al luvium with offsets.  

(e) Proved to be a fault with creep by geological 

monitoring.  

(2) Type I I  active faults (late Pleistocene active faul ts):  

(a) The fault has had an offset since late Pleistocene 

(about 0.1 Ma).  

(b) The faul t on terrace or tableland al luvium.  

(3) Suspected active faul ts (Quaternary active faul ts): 

possible to be active faul t, in the case of uncertainties for 

the existence, active age, and reactive possibil i ty for the 

fault.  

(a) The faul t with an offset of Quaternary strata.  

(b) The faul t with an offset of red soil  lateral .  

(c) Topographic feature with the indication of active 

fault, but no geological information for verification.  

(d) For some faults recognized as active faults but not yet 

verified to be Type I  or I I .  

 

After updating and re-categorizing some of the faults, 

there are 42 active faul ts in Taiwan (Figure 2-22), 12 of them 

are Type I  active faults, 11 are Type II  active faults, and 19 are 



  
  

 

 2-52 

suspected active faults (Lin et al ., 2000). 
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Figure 2-22: Active faults in Taiwan (Version B)  

Reference: Lin et al., 2000 
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2.2.3. Earth Crust movements and Denudation 

Vertical crustal movements (upl ift/subsidence) and 

denudation are long-term and gradually action, which may 

move the “deep” geological disposal site of SNF up or down 

in the strata, and therefore closer or away from biosphere, 

then wil l  affect and threaten human l ife. So, the impact of 

vertical  crustal  movements and denudation on strata shal l  be 

well  considered in terms of long-term effect. 

 

2.2.3.1. Quaternary Vertical Crustal Movements in Taiwan 

In summary, the longtime scale about the data of crustal 

upl ift and subsidence in Taiwan are consol idated as fol lows:  

(1) Based on Fiss ion Track dating, average upl ift rate of the 

Central  Range (Figure 2-2, IV&V) reached 10.7±2.2 

mm/year in Pleistocene orogenic events (0.58~0.128 Ma) 

(Liu, 1982), and maintained about 8.9±1.9 mm/year since 

0.6 Ma.  

(2) The study of Hsieh (2005) estimated tectonic upl ift rate 

and subsidence rate in Taiwan since Holocene as fol lows:  

(a) Upl ifting area:  

North coast and Hsinchu/Miaol i coast is  about 1~2 

mm/year; some of the Hengchun Peninsula is 3~4 

mm/year; southwestern hil l s coast and southeastern 

coast is about 5 mm/year (even 1 cm/year).  

(b) Subsidence area:  

Lanyoung plain is the most subsidence plain in Taiwan 

(maybe worldwide) since Holocene, over 1 cm/year; 

Pintung Plain is about 5~6 mm/year; Jhuoshuei River 

plain is more stabil ized, 1~2 mm/year; Chianan and 

Kaohsiung plain were obviously affected by tectonic 
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activi ties and series syncl ines and anticl ines 

(tableland) formed, syncl ine area has subsidence 

rate about 3~4 mm/year.  

 

2.2.3.2. Latest Vertical Crustal Movements and Denudation in Taiwan 

The Academia Sinica has set up over 100 GPS monitoring 

stations in Taiwan since 1990 which provide high resolution 

GPS data for researches on crustal  movements (horizontal 

and vertical). The resul ts in 1993~1999 is presented as vertical 

movement rate in Figure 2-23 (Kuo and Yu, 2002).  

Steeper topography, r ich precipitation, heavy 

weathering increased the denudation rate in Taiwan. 

Denudation rate is estimated as in Figure 2-24, 6 mm/yr 

erosion rate for mountains higher than 500 m (Dadson, 2004). 

From fission track dating resul ts of samples from reverse fault 

zones and metamorphic rocks to present the latest orogenic 

events since 5 Ma in eastern Taiwan, exhumation rate of the 

Eastern Central  Range (Figure 2-2, V) is measured as 3~6 

mm/yr (Dadson, 2004), which is sti l l  comparable to the erosion 

rate 6 mm/yr discussed here above, and higher than many 

places worldwide.  

The upl ift rate has gradually decreased since the late 

Pleistocene, and even the same with latest erosion rate, wil l  

create the land’s height of Taiwan in the near future without 

remarkable change. As the crustal upl ift/subsidence rate is 

around -10~+5 mm/yr since Holocene, the anticipated crustal 

movement wil l  be -1000~+500 m in 100,000 years, which is very 

different with Japan (-100~+100 m) (JNC, 2000). There are sti l l  

vigorous crustal  movements in Taiwan, so the disposal site 

selection for SNF should avoid those risk area. The regional 

upl ift/subsidence and erosion rates of potential  host rocks 
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should be surveyed, monitored and assessed to take their 

long-term effects into accounts.  
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Figure 2-23: Vertical crustal movements rate in Taiwan 

 (Penghu S01R is the reference as zero rate, isograms with spacing 

5mm/yr)  

Reference: Kuo and Yu, 2002 
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Figure 2-24: Erosion rate in 1970-1999 

Not: Black arrows indicate suspended sediment discharge from rivers 

drainingareas greater than 400 km2. Coastal sediment discharges are 

reported from hydrometric stationsclosest to coast. Black circles 

indicate hydrometric stations ; triangles indicate locations of reservoirs ; 

no data are available within the grey shaded area. 

Reference: Dadson, 2004 
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2.2.4. Igneous Activities 

Igneous activi ties have significant impact on the site 

selection of SNF repository. The assessment for the Yucca 

Mountain repository is a good example. I t was f irs tly assessed 

no impact of igneous activities, as the USDOE was using the 

incident probabil ity proposed by the USEPA, no eruptions in 

10,000 years. However, in 2004, the US Court asked the USDOE 

to review the cri teria not only for 10,000 years, so the safety of 

repository for mil l ion years may need to be ensured. In 

addition to the probabil i ties of volcanic activities, igneous 

activi ties (intrusions and eruptions), lava characteristics, lava 

source depth shal l  be taken into accounts in the assessment 

(Smith and Keenan, 2005). 

Igneous activi ties in Taiwan can be traced back to 

Mesozoic, from the formation of the rock basement, major 

tectonic events to latest volcanic events and geothermic 

resource. Mesozoic igneous activities in western 

Circum-Pacific Ring of Fire (including Japan, Korea, 

southeastern China, Taiwan, the Phil ippines, and Vietnam) 

were much related to the interactions between the ancient 

Pacif ic plate and the Eurasia plate. Cenozoic igneous 

activi ties in Taiwan were related to the subduction of the 

ancient Pacific plate beneath the Phil ippine Sea plate, and 

the subduction of the Phil ippine Sea plate beneath the 

Eurasia plate.  

 

2.2.4.1. Volcanic Activities 

 Volcanoes in Taiwan are l imited by plates activities. 

Dating of volcanic activities in southeast China and Taiwan 

since late Tertiary (22 Ma) are l isted in Table 2-5Table 2-5. 

Most of the volcanic activi ties have been long time ago, but 



  
  

 

 2-60 

there are some later records in northern and southern Taiwan 

(Figure 2-25) (Chen and Shen, 2005).  

A series of late Piocene-Quaternary volcanic activities in 

northern Taiwan and offshore is lets created the “Northern 

Taiwan Volcanic Zone”(NTVZ)(Figure 2-25), including Tatun 

Volcano Group (TVG), Chilung Volcanic Group, Guanyinshan, 

Tsaol ingshan and offshore is lets (Pengjiayu, MienHuahsu, 

Huapingyu, Huangweiyu, Chiweiyu and Queishantao) (Chen, 

1990). Volcanic activi ties in northern Taiwan started about 

late Piocene (2.8 Ma), and kept ti l l  about 0.1 Ma. The earl ier 

ones is the offshore is lets (Chiweiyu and MienHuahsu), and the 

TVG, and al l  about the same timing of eruption from different 

dating information (about 2.6~2.8 Ma). The l imitation of 

dating technology misled the latest eruption of TVG and 

defined i t as a dormant volcano (over 0.2 Ma). However, well 

logging of Taipei Basin found volcanic ashes in the sediments 

about 0.01 Ma, and the wild fire track from volcanic activi ties 

(Chen and Lin, 2002). 

The Coastal  Range (Figure 2-2, VI I ) is the north end of the 

Luzon Arc which is out of subduction zone now due to the 

activi ties of arc-continent col l is ion. The convergence of the 

Coastal  Range and Dananao schist complex (Figure 2-2, Va) 

indicated no more volcanic activities. Lutao and Hsiaolanhsu, 

the latest generated small  islets of the eastern Luzon Arc, are 

sti l l  in the subduction zone with the eruption possibi l ities. For 

the western Taiwan, the arc-continent col l is ion reversed the 

extension basin to be convergence environment since 12 Ma 

(Teng, 1990), so the volcanic activities were terminated in late 

Miocene.  
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2.2.4.2. Hot Springs and Geothermic Activities 

Hot springs and geothermic activi ties related to 

Quaternary volcanic activities, are majorly in the TVG, with a 

belt shape distr ibution and l imited by strata and faul t zone. 

The latest geophysical micro-seismic monitoring and 

geochemical analysis of hot spring also proved the lava 

storage under the TVG.  

The geophysical micro-seismic (Lin and Yeh, 2001), and 

geochemical analysis of hot spring and geothermic steam 

(Hsieh, 2000), both proved geothermic and hot spring source 

of Chingshei and Tuchang geothermic f ields are related to 

the underground magma reservoir. There are active 

geothermic and hydrothermal events under the sea around 

Queishantao. The extension structure of Chingshei and 

Tuchang geothermic fields, and the extension basin of 

Queishantao are al l  related to the extension of the Okinawa 

Trough. The subduction of the Phil ippine Sea plate beneath 

the Eurasian plate proved to be the reason of lava generation 

of Queishantao (Chu, 2005). The lave storage about 40km 

under Queishantao crust (Lin et al ., 2004) may be the major 

source of hot spring and geothermic activi ties in this area. 
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Table 2-5: Dating of volcanic activities in southeast China and Taiwan 

since late Tertiary 

Location Dating of volcanic 

activities (Ma)  

Cherchiang*1 10.5~2.5 

Fujian*1 5.0~0.7 

Outer Fujian (including Kinmen island) *1 19.2~11.7 

Northern rock zone*2 2.8~<0.007 

Eastern rock zone*1, 3 24.55~0.02 

Gongguan*1 23.0~16.3 

Guanshi-Chutung 

and Panshan*1 

14.1~7.1 

Taiwan and 

Taiwan Strait 

 

Western 

rock 

zone Penghu Islands*1 17.6~8.2 

Okinawa Trough*2  

Volcano islands on north Luzon Arc*3 22.4~0.02 

South China Sea*3 29~16 

Raychung Area*1 7.5~<0.01 

Indochina Peninsula*1 3 Ma (since 16 Ma)  

Reference:  

*1 Lee, 2003 

*2 Wang, 2000 

*3 Yang et al., 1996 
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Figure 2-25: Taiwan offshore volcanoes eruption records 

Abbreviations: QRVF-Quaternary Ryukyu Volcano Front; NTVZ- North 

Taiwan Volcano Zone; OT-the Okinawa Trough; NPP-Nuclear Power 

Plant; K-Queishantao; Y-Yonaguni Island; I-Irimote Island; H-Hsiaolanhsu 

Island. Coding based on Simkin and Siebert (1994)  

Reference: Chen and Shen, 2005 
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2.2.5. Climate and Sea-level Change 

The deep geological disposal concept requires the SNF 

should be buried in a stable geological environment to ensure 

the isolation of radionucl ide from human l ife longer than 

10,000 years. There are four possible factors affecting the 

long-term stabil i ty of a deep geological repository; they are 

cl imate and sea-level change, faul t activities, volcanic 

activi ties, crustal  vertical  movements and denudation. Global 

cl imate change has driven the changes of sea level, and 

consequently affected groundwater flow pattern, chemical 

characteristics, erosion, depositions, etc. Al l  these changes 

may be the impacts on the stabil ity of a deep geological 

repository.  

 

2.2.5.1. Present Climate in Taiwan 

Taiwan is located on the west of the Pacific Ocean and 

the south-east of Eurasian continent. Most of Taiwan, 

especial ly in the central  and southern Taiwan, has heavy rains 

in summer. The northeast wind in winter brings precipitation 

only to northeastern Taiwan.  

Annual mean temperature of the plain area is about 

22~25 °C. Mean temperature in summer (July) is the highest, 

over 28 °C in the plain area, and not much difference (<1°C) 

between the north and the south of Taiwan. Mean 

temperature in winter (Jan.) is over 15 °C in the plain area, 

and 5 °C difference between the north and the south of 

Taiwan.  

Uneven precipitation are caused by plenty mountain 

area, the Central Range in the middle, and the effect of 

monsoon. In about 2.5 m of annual average precipitation, 

about 78% of the precipitation is concentrated in May to Oct. 
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Mountains in central  Taiwan have precipitation about 3,000 

mm/year and 4,000~5,000 mm/year on aweather side. Eastern 

coast has about 1,500~3,000 mm/year, and western plains has 

about 1,500~2,000 mm/year. The precipitation tends to lower 

from the Central  Range to western plains, only 1,000 mm/year 

in Penghu.  

 

2.2.5.2. Past Climate in Taiwan 

(1) Cl imate Change in Taiwan since 2 Ma: 

The cl imate change in Taiwan is the same with the other 

global area since Quaternary (in the past 2 Ma). The 

cl imate in early Pleistocene (1.95~1.75 Ma) may be colder 

and drier (Liew, 1982, 1984), and there was an obvious 

change to cold events later (0.7~0.9 Ma) indicating a 

warm-cold cycle then (Liew, 1986; 1988). 

(2) Cl imate Change in Taiwan since 150 ka: 

Global cl imate changes s ince 150 ka include the last 

interglacial  (125~71 ka ago), the last glacial  period 

(about 70~10 ka ago, and the global temperature 

reached the lowest 18 ka ago), and Holocene warm 

period (about 10 ka ago, temperature is about as today). 

This is a complete warm-cold-warm previous cl imate 

change. Global sea-level change is very similar with the 

temperature change, and the sea-level decreased 130 m 

since the last interglacial  (about 125 ka) to the last glacial 

period (about 18 ka ago) (Shinn, 2001).  

I t was very warm in Taiwan during the last interglacial 

(125~71 ka ago), with the temperature 3 °C higher than 

today. The mean temperature of 70 ka ago was 8~10 °C 

lower than today, and the snow l ine was under 3,400 m. 

The mean temperature of 20 ka ago was 5 °C lower than 
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today, and the snow l ine was under 3,500 m. The summer 

monsoon raised and temperature increased since about 

10 ka ago, after getting out of the glacial  period. 

(3) Cl imate Change in Taiwan since 18 ka: 

After the Last Glacial  Maximum (LGM, about 18 ka ago), 

the global temperature increased dramatical ly, and the 

cl imate was out of the glacial  period into the warmth of 

the Holocene (10 ka). The temperature curve since the 

last glacial  period is as in Figure 2-26.  

In general , Taiwan Megathermal occurred around 9,500 ~ 

4,000 years ago, among them, 9,500 ~ 8,500 years ago, 

and 7,000 ~ 5,000 years ago, the most flourishing, when 

the cl imate even warmer than today. The temperature 

dropped a bit after the Megathermal ti l l  2,000 years ago, 

and then the temperature again sl ightly raised about 1~2 

°C.  

Taiwan Holocene changes in sea-level studies：  Based 

upon the south-western plain rock core data, the 

absolute sea level curve in Taiwan since Holocene (20 ka) 

is estimated as Figure 2-27 (Hsieh, 2005). The sea level has 

been changing ti l l  now, over 13 mm/yr during 11~10 ka 

ago, 8~9 mm/yr during 10~6.5 ka ago, and no obvious 

change since 6.5 ka. 

(4) Cl imate Change in Taiwan for Hundred Years 

Global temperature increased about 0.6°C in the last 

century, which is the biggest range for the northern 

Hemisphere in the last thousand years. Mean temperature 

in Taiwan also increased about 1.0~1.4 °C/100yr, which is 

higher than the global temperature change 0.6℃ /100yr. 

Compared to the global, the warming is obvious in 

Taiwan, especial ly in summers and the plains. Regarding 
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the precipitation, northern Taiwan has increased annual 

precipitation, but less rainy days, that is , there is gradually 

increasing the intensity of rainfal l  trends. Mountain 

precipitation in spring is a long-term decreasing trend. 

 

2.2.5.3. Possible Future Climate Change in Taiwan 

(1) Possible Cl imate Change in the Next 100 years 

Under development for the future a hundred years of 

cl imate change caused by global warming forecast 

(IPCC, 2001), expected within a century the world and 

Taiwan is also a significant change in sea-surface 

unavoidable. The sea level change scenario 

(accumulated probabil i ty 99%) at specif ic locations in 

Taiwan in the next 200 years has been estimated as Figure 

2-28 (Yang, 2002). 

(2) Possible Cl imate Change in Taiwan in the Next 150,000 

years 

Paleocl imate studies from Taiwan showed that glaciers 

did not occur in this area (Liew and Tseng, 1999). The 

global sea level down wil l  be the major factor to impact 

the changes in the Taiwan coastl ine. With assumptions: 

The sea level was about 130 m lower than today in the 

LGM (Yokoyama et al ., 2000; CLIMAP, 1981), and  the 

sea level change of the next interglacial  period (100,000 

years from noew roughly) wil l  fol low the same trends as 

the last interglacial , future sea level in Taiwan is 

estimated as in Figure 2-29 (Yang, 2002). 
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Figure 2-26: Global climate change for 18,000 years 

Reference: Jenkins, 2001; Kuo , 2002 

 

 

Figure 2-27: Absolute sea level in Taiwan since Holocene (0.02 Ma) 

Note: Black curve is the absolute sea level; sea level for 5,000 years are 

records from the Penghu Islands; sea level for 11,000~20,000 years are 

records from Sunda Shelf (gray area is uncertained)  

Reference: Hsieh, 2005 
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Figure 2-28: Specific locations in Taiwan the next 200 years of sea level 

rise scenarios 

Reference: Yang, 2002 
 

 

Figure 2-29: Illustration of sea level natural change in Taiwan in 150,000 

years 

Reference: Yang, 2002 
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2.3. Characteristics of the Potential Host Rocks 

2.3.1. Granites 

Final disposal of SNF in many advanced countr ies is 

proposing granites as host rocks, such as in Finland, Sweden, 

Canada, UK, Japan, Spain and Switzerland. As the worldwide 

experience (e.g. Finland and Sweden) and technology 

development are more in granites, and Taiwan is a part of the 

Mesozoic Circum-Pacif ic Granitic Belt; granites is l isted as the 

potential  host rock in the “final  disposal plan for spent fuel” 

approved by FCMA in July 2006.  

 

2.3.1.1. Distribution of Granites 

Distr ibution of granites in Taiwan is mainly in the Central 

Range (Figure 2-2, V and Figure 2-8) and western offshore 

is lands l ike Kinmen, Matzu and Wuchu (Figure 2-1). These two 

regions present two metamorphism belt in eastern Eurasian 

Continent: (1) Dananao metamorphic belt in eastern Taiwan 

and close to the convergence of the Phil ippine Sea plate and 

Eurasia plate; and (2) Changle-Nanao metamorphism 

complex close to Fujian coast (l ike Kinmen, Matzu and 

Wuchu). The scale, aging and tectonic settings of these 

granites are compared as in Table 2-6.  

(1) Granite rock mass in eastern Taiwan:  

Granite rock mass in Dananao metamorphic belt overlaid 

Chiyaogu, Yuantoushan, Dajueshei, Fanbaojienshan, 

Shipan and Kainankun (Figure 2-8). The accessibil ity of 

eastern Central  Range (Figure 2-2, V) l imited the ground 

survey, but hopeful ly the airborne magnetic survey in 

progress currently can provide further information.  

(2) Granite rock mass in offshore is lands:  
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Granite rock mass in offshore is lands are located close to 

China and belongs to the Eurasia plate rock mass. This is  

the southeastern Huanan granite complex as a part of the 

famous Mesozoic Circum-Pacific granite complex. This is a 

stable area hasn’t been affected by orogenic events 

since Cretaceous Yanshanian Orogeny (140~100 Ma).  

Stratigraphy s ince Cenozoic revealed this area is only 

affected by the l ifting of marine extension, denudation 

and sea-level change.  

 

2.3.1.2. Characteristics of Granites 

(1) Granite rock mass in eastern Taiwan:  

Granite rock mass in eastern Taiwan is divided to s ix rock 

mass bel ts (Figure 2-8), and each belt has the same 

granite features l ike quartz monzonites and granodiorites, 

which are not affected by metamorphism. However, 

in-s itu surveys of rock mass have named the rocks by their 

occurrence as granites, gneisses (orthogneiss and 

paragneiss) and migmatites. Most of the rock mass is  

homogenous except for amphibol ites xenol iths found in 

Yuantoushan rock mass.  

Wal l  rocks here are majorly schists, marbles, amphibol ites 

and metamorphosed sandstones as in the Dananao 

metamorphic rocks. Yuantoushan rock mass connects 

with marbles and amphibol ites on the north side; schist 

and metamorphosed sandstones on the south side. 

Fanbaojinshan rock mass intruded to schists  and 

metamorphosed sandstones. Kainankun and Dajhuoshuei 

(Herping) rock mass connects with marbles and schists or 

metamorphosed sandstones. Wal l  rocks of Shipan rock 

mass are al l  marbles.  
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The study of isotopes revealed that granite rock mass in 

eastern Taiwan were intruding to marbles from the lower 

crust (Yui and Lo, 2002). The thermal evolution of 

Dananao metamorphic belt presented rock mass intruded 

into the Central  Range (Figure 2-2, Va) strata in Penglai 

Orogeny, and metamorphism spreaded out from the rock 

mass (Beyssac et al ., 2007). 

Granite rock mass in eastern Taiwan is a product 

experienced Cretaceous Nanao activi ties and Penglai 

Orogeny since Piocene, the minerals changes reflected 

these two metamorphism, e.g. bioti tes transformed to 

ottrel ites in green schist facies metamorphic grade and 

anorthites transformed to sericites and albites.  

Comparing the Fujian granite rock mass of the same age 

(100 Ma), Kinmen granites (101 Ma), and granite rock 

mass in eastern Taiwan (90~80 Ma), their major chemical 

compositions, e.g. (K2O+Na2O) vs. SiO2 and minor 

elements configuratoin (Figure 2-30) both indicated the 

same source, the same tectonic environments and the 

same magmatic evoluation to be “post-orogeny” granites 

(Lin, 2001). 

The Granite rock mass in eastern Taiwan presented 

features of the metamorphism and tectonic activites, 

including fol iations of bioti tes and muscovites, 

development of mylonite belt, bioti tes changed to be 

ottrel ites in mafic dike,  and anorthites changed to be 

albites and sericite (Yui et al ., 2001). 

Using pressure-temperature-time path (P-T-t path) to 

estimate the metamorphism evolution of the Dananao 

metamorphic belt before and after the arc-continent 

col l is ion (Figure 2-31), we can see the granite rock mass in 
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eastern Taiwan had been on the ground before Miocene 

and sank under the sea in late Miocene, and then 

another metamorphism started ti l l  Penglai orogeny and 

arc-continent col l is ion. 

(2) Granite rock mass in offshore is lands:  

Located out of the Xiamen Bay, the Kinmen Islands 

belong to the geologic province of southeastern Fujian, 

which is affected by the Changle-Nanao deep fault zone. 

Taiwushan rock mass and Doumen rock mass, are the 

larger ones.  

Taiwushan rock mass contains more granite gneiss, 

prophyri tic gneiss, and amphibol ite dike, which are highly 

metamorphosed rocks. Doumen granite rock mass 

contains mainly deep intrusive granites with schistosi ty 

texture and mafic enclaves. 

The texture of Taiwushan granite gneiss includes 

porphyroblast, augen, layers, and weak schistosity to 

strong schistosity. Usually elongated felsic minerals can 

be found in the layers and strong schistosity texture due 

to the activi ties of ductile shear zones, and mylonite belt 

is also found here as the deformed granites. Wall  rocks of 

Taiwushan rock mass may be metamorphosed 

sedimentary rocks and volcanic rock (e.g. Jingueishan 

schist). 

Doumen rock mass intruded into Taiwushan rock mass and 

generated migmatization in the wall  rocks. There are 

many small  ductile shear zone and mafic enclaves in the 

Doumen granite rock mass. There is no instrusive structure 

on the edges of the Doumen rock mass, and only 

gradually deformation to Taiwushan granite gneiss. The 

internal flow texture or gnesis texture in the Doumen rock 
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mass indicated the intrusions through the shear zones and 

subsol idus deformation.  

Furthermore, petrochemistry study revealed the high K-Ca 

granites in Taiwushan rock mass (Lin, 1994) should be 

formed in a ri fting continent (Lin, 2001). In contrast, the 

low K-Ca granites features from tonal ites in Doumen rock 

mass, which is the same with the features of tonal ites in 

Changle-Nanao metamorphic complex (Chen et al ., 

2004). 

 

2.3.1.3. Structure Features of Granites 

Since the formation in Cretaceous, granite rock mass in 

eastern Taiwan experienced the continental  margin 

extension, the subduction of the South China Sea plat 

underneath the Phil ippine Sea plate, and the latest 

arc-continent col l is ion, so i ts struction features are 

compl icated. In contrast, granites of Fujian offshore is lands 

were only affected by the Yanshanian Orogeny, and few 

development of normal faults in the extension of the Taiwan 

Strait, so the structure of rock mass and the sequence 

remained.  

(1) Granite rock mass in eastern Taiwan:  

Although geological structures such as fol iations, folds 

and faul ts exist throughout the Dananao metamorphic 

belt (Figure 2-2, Va) in eastern Taiwan(Figure 2-8), these 

structures weakly develop in the granitic rock mass in 

general , indicating influences of terrane tectonics (Pulver 

et al ., 2002), sequential  defomation stages (Lee, 1997), 

and macrofolding (Lo and Yang, 2005; Yui and Lo, 2002) 

predominantly occurred in surrounding rock of the 

granitic rock mass. 
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In granitic rock mass, most str ike-sl ip shear zones and/or 

folding regions developed early at deep crustal  levels 

present crystal l ine features.  Groundwater seepages 

along faul ts are caused by latest normal faulting due to 

gravitational mountain col lapse (Crespi et al ., 1996; Lee, 

1997).  In Shipan tunnel, for instance, groundwater 

presents dripping from the joints and normal faul ts within 

granite rock mass; however, stalactites are found due to 

precipitation of calcites in water-conductive fractures 

(Figure 2-32), representing that carbonate minerals play 

an important role in retardation and sorption for 

groundwater flow in fractures. On the other hand, in a 

traffic tunnel of the Dajueshei granite rock mass, rare 

seepage of groundwater from granitic fractures has been 

reported for at least two years, indicating less 

groundwater contained within fractures in this region. 

 (2) Granite rock mass in offshore is lands:  

Kinmen is located on the middle section of the 

Changle-Nanao deep fault zone, and tectonic effects 

are common found in granite gneiss basement. The 

generation of ductile shear zones in lateral  faults are also 

found. After granite rock mass intrusions, the extensive 

structure generated joints and normal fault zones. Final ly, 

the upl ifting of rock mass and denudation created 

denudation joints (Figure 2-33).  

 

2.3.1.4. Geological History of Granites 

As the granite rock mass in eastern Taiwan and Kinmen 

have different tectonic settings, the tectonic evolution and 

geological history are discussed seperately.  

(1) Granite rock mass in eastern Taiwan:  
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The arc-continent col l is ion (Figure 2-5) process has been 

explained as in two different structures, passive continent 

margin structure (Teng and Lin, 2004), and detachment 

and subduction zone (Lu and Hsu, 1992) in Miocene (8 

Ma). One is assuming the extensive condition generated 

by the pushing of the Phil ippine Sea Plate and the 

sedimentary rocks of the north arc upl ifted; the other is 

assuming the Dananao schist bel t is detached from the 

eastern continent before Miocene. 

For the arc-continent col l is ion process in the Penglai 

Orogeny, the extensive structure in Dananao schist bel t 

has been studied. Many radioactive dating resuls 

revealed the reset age (Figure 2-31), i t is proposed that 

Dananao schist belt was buried by arc-continent col l is ion 

(Teng and Lin, 2004) or subduction before arc-continent 

col l is ion (Lu and Hsu, 1992) to be green schist facies 

metamorphic grade (6~12 km), and then upl ifted after. 

The structure evidence from field observations 

demonstrated the extension (even subsidence) s ince 1.5 

Ma. I f the extension is considered, then the upl ifting rate 

wil l  be dramatical ly decreased. 

(2) Granite rock mass in offshore is lands:  

The granite rock mass in the islands of Fujian offshore 

(Kinmen, Matzu, and Wuchu) is very related to granite 

rock mass in eastern Taiwan. They both are affected by 

the subduction of the Pacific plate beneath the Eurasia 

plate (Teng, 2002; Teng and Lin, 2004). Study of magmatic 

activi ties presented the intrusion and metamorphism of 

Kinmen granite rock mass during 140~110 Ma, and the 

intrusion and metamorphism of eastern Taiwan granite 

rock mass during 90~80 Ma. This migration magmatic 
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activi ty indicated the retreat of the Pacific plate ti l l  

Miocene (Figure 2-34) (Lin, 2001). 

 

2.3.1.5. Long-term Stability of Granites 

(1) Granite rock mass in eastern Taiwan:  

Granite rock mass in eastern Taiwan (Figure 2-8) is located 

near the convergence of the Eurasian Continent and the 

Phil ippine Sea plate (Figure 2-4), which is the most active 

seismic zone in the world. However, seismic activit ies in 

the eastern Central  Range (Figure 2-2, Va) are l imited in 

the deep structure of the plate activi ties, with deep 

hypocenters and the less impacts even in a big scale. 

Thus, the detail  surveys in eastern Taiwan is worthwhile to 

assess i f i t is real ly improper for the potential  host rock. 

The consol idation and analysis of the studies revealed the 

lateral  fault features of granite rock mass in eastern 

Taiwan, aseismic regions in the deep strata (Figure 2-35), 

the extension/subsidence trends for mil l ion years, and 

greadual decrease of denudation rate. 

From the resul ts of fission-track dating, granite rock mass 

in eastern Taiwan estimated with high cool ing rate or high 

denudation rate since 1 Ma, which could be the evidence 

of fast upl ifting from the arc-continent col l is ion (Liu et al ., 

2001; Huang et al ., 2006). On the other hand, the more 

data incorporated to the upl ifting model and the change 

of denudation rate is found to be droping (Ful ler et al ., 

2006). The denudation has been stabil ized since 2 Ma, 

and there is no condition to increase the denudation rate 

(Ful ler et al ., 2006). GPS simulation also anticipated the 

subsidence trend of the Central  Range and granite rock 
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mass in eastern Taiwan in the next 10 years (Johnson et 

al ., 2005). 

(2) Granite rock mass in offshore is lands: 

The tectonic activi ties in Kinmen since Cenozoic are 

mainly in extensive environment. Normal faul ts l ike 

Jingueshan faul t and Taiwushan faul t buil t up the upl ifting 

and subsidence model. The faul ts are not active for 30 

Ma. The sedimentary environment about 30 Ma was 

continental  facies, because of the exposed Kinmen 

basement. The global sea ingression in 15 Ma stopped the 

sedimentation of Kinmen strata as the conections with 

rivers were covered by the sea l ike today. Sea 

transgression during 15-10 Ma made continental  facies in 

Kinmen again. The sea level hasn’t changed since basalts 

flow in 13 Ma. In a word, Kinmen is a geological stable 

area as Penghu Islands. 
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Table 2-6: Comparison of occurrence, scale, aging and environments of 

granites 

Distribution Occurrence  
Scale 

(length/width) 

Age 

 (Ma)  
Environment 

Eastern 

Taiwan 

Rock mass in 

metamorphic 

complex 

>10 km/<10 

km 

90~80 

Ma 

Boundary of 

convergent 

plate 

Kinmen 

Intrusions/ 

metamorphosed 

granites 

<10 km/<10 

km 

140~100 

Ma 

Continental 

margin 

rifting 

Matzu 

Intrusions Nangan and 

Peigan islands 

100 Ma Continental 

margin 

rifting 

Wuchu 

Intrusions/ 

metamorphosed 

granites 

Dachu and 

Hsiaochu 

islands 

120 Ma Continental 

margin 

rifting 
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Figure 2-30: Petrochemistry of granites in Eastern Taiwan and Fujian 

(A) Granites of Fujian igneous rocks (Changchou rock mass, 100 Ma); (B) 

Granites in Kinmen (101 Ma; Lin, 2001); (C) Granites of Dananao 

metamorphic belt in eastern Taiwan (90-80 Ma; Wang and Lan, 1995). 

Petrochemistry analysis indicates similar lithology of these three granites. 
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Figure 2-31: Pressure-temperature-time evolution of the Dananao 

metamorphic belt in eastern Taiwan 

Reference: Yeh, 1997 

 

 

Figure 2-32: Fracture zone are the mainway groundwater flow in granite 

rock mass of eastern Taiwan  

Location: Shipan Tunnel in eastern Taiwan; fracture zone contains 

calcites.  
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Figure 2-33: Common cooling joints and diabase dike in Kinmen granite 

rock mass 
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Figure 2-34: Magmatic activities and tectonic evolution of the Taiwan 

Strait  

Reference: Lin, 2001 

(A) Jurassic to early Cretaceous (140 Ma): subduction of the ancient 

Pacific plate underneath the Eurasian Continent, and the riffing 

magmatic activities in the continent; (B) Early Cretaceous (120 Ma): 

huge basalts eruptions in the west Pacific Ocean, and the Yanshanian 

Orogeny on the margin of the Eurasian Continent; (C) Late Yanshanian 

Orogeny (110-100 Ma): extensive post-orogeny granite rock mass 

(Fujian and Kinmen) formed in the orogenic region, and high 

pressure-low temperature facies metamorphism happened on the 

margin of the orogenic region (Eastern Taiwan Dananao metamorphic 

belt); (D) Late Cretaceous (90-80 Ma):  extensive volcanic activities 

took place in the orogenic region, and post-orogeny granite rock mass 

formed on the margin of the orogenic region (granite rock mass in 

eastern Taiwan); (E) Late Cretaceous-Eocene: subduction stopped, 

rifting basalts eruptions on the continental margin, and magmatic 
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activities in Eastern Taiwan Dananao metamorphic belt; (F) Miocene 

continental rifting and the South China Sea plate. 
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Figure 2-35: Hypocenter distribution in Taiwan and aseismic regions 

Reference: Lin, 2000; p. 191, Fig. 2 

A-A’ and B-B’ are Benioff zone  

Dotted line and question mark indicate the aseismic regions in C-C’. 

 (Data from the CWB “earthquakes (M>3) in 1992-1996”; Lin, 2000)  
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2.3.2. Mudstones 

With low permeabil i ty and high apsorption rate, 

mudstones are selected as the disposal host rocks in Belgium, 

France, and Switzerland. Mudstones in Taiwan are also 

considered as the potential  host rocks in the assessment (Lin 

et al ., 1991). 

 

2.3.2.1. Distributions of Mudstones in SW Taiwan 

Mudstones in Taiwan are mainly distr ibuted in 

southwestern plain and foothil l  (Figure 2-36), and Coastal  

range (Figure 2-2, VI I ); in addition, those under low-grade 

metamorphism, i .e. argil l ite and slate, are in the Hsuehshan 

range (Figure 2-2, IVa) and the Central  range (Figure 2-2, 

IVb). In general , the thickness of mudstones increasing toward 

south and west direction is more than 2,000 m in the exposed 

area, over 4,000 m in southwestern plains, and even over 

7,000 m in the Kaohsiung offshore (Lin et al ., 1991). 

 

2.3.2.2. Characteristics of Mudstones in SW Taiwan 

Southwestern mudstones are interbedded with many thin 

layer sandstones, which are mainly from the r iver facies 

sediments. The exposure of mudstones has experienced 

strong errosions, and the affected area is over 25 km2 and 

extending. The erosion rate is 6~8 cm/year (Chen et al ., 1984). 

The slope of affected area is general ly 35°~50°, and about 

50~100 m above sea level. In dry seasons, mudstones grow 

cracks to deeper, so the erosion affects more.  

The fine particles in mudstones l imit the permeabil i ty. For 

the mudstones in southwestern Taiwan, the coefficient of 

permeabil i ty is about 0.9~1.5×10 -6  cm/sec from the resul ts of 

in-s itu borehole testing (<200 m depth)(Lin et al ., 1991), and 
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5.98×10 -6~6.97×10 -9 cm/sec from lab analysis (Cheng, 1996; 

Lin, 1998). Al though the permeabil i ty of southwestern 

mudstones is close to the general  requirement for barrier 

material  (< 10 -7 cm/sec), i t is sti l l  much higher than Opal inus 

clays in Switzerland (10 -13 cm/sec), and Mol-Dessel  clays in 

Belgium (10 -12 cm/sec).  

The mudstone in southwestern Taiwan is a massive 

sequence with predominantly s i l t and clay. Quatrz, i l l ite, 

minor chlorite characterize the composition of the mudstone 

(Lin et al ., 1991; Chen and Ray, 2007). CEC of the 

southwestern mudstone is about 8~14 meq/100g (Yen and 

Tsai, 1985; Chen, 2002; Lan, 2005) which is lower than 

Mol-Dessel  clays in Belgium (CEC about 24.0 meq/100g). 

Regarding pH for the southwestern mudstone, it is  about 8~9 

(Yen and Tsai, 1985; Lin, 1997; Chen, 2002; Qiu et al ., 2007).  

The interbedded sandstone layers are major aquifers in 

the southwestern mudstone, 2~3 layers sandstones are 

presented in mudstone formation down to 300 m depth, but 

vertical  groundwater flow is l imited by mudstone (Figure 

2-37)(Lu et al ., 2008). The survey of groundwater qual ity 

indicated that the overuse of groundwater for residential  and 

aquaculture uses enhance the movement of groundwater 

and the intrusion of sea water into the f irs t aquifer around the 

coastal  region (Lu et al ., 2008).  

 

2.3.2.3. Structures of Mudstones in SW Taiwan 

Southwestern mudstones have the structures mainly as 

NNE or NE direction (Lin et al ., 1991). The major faults (Figure 

2-36) here from north to south are Wushantou faul t (N30E), 

Juojeng fault (N40W), Longchuan fault (N20E), and Chishan 

Fault (N40E). There are also minor fault causing the leacking 
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during the well  dri l l ing. Long-term stabil ity of repository should 

also consider these minor faul ts. Fold structure of mudstones 

are nearly paral lel  to the major faults, al l  are NNE or NE 

direction. 

 

2.3.2.4. Geological Evolution History of Mudstones in SW Taiwan 

Overthrusting of the Luzon arc on the northern South 

China Sea margin since the late Miocene has exhumed 

material  that was previously located in the outer part of the 

ri fted margin. The strata of foothil l s, tablelands and plains in 

western Taiwan are mainly late Tertiary, such as Miocene 

sedimentary rocks, and some sedimentary rocks since 

Quaternary orogeny. Coastal  plain is upl ifted by orogenic 

activi ty to form tableland which is mainly composed of 

conglomerate and sandstone. According to well  loggings, the 

strata underneath the plain in the foothil l  s ide are thick 

conglomerates and those in the coastal  side are sandstones 

with mud layers. The sedimentary environment in northwestern 

Taiwan is deeper to southwestern Taiwan because of the 

extension of the South China Sea since 30 Ma. Therefore, 

late-Tertiary and Quaternary sediments are mainly muddy in 

southwestern Taiwan. 

 

2.3.2.5. Mudstone Long-term Stability 

The overuse of groundwater resul ts in subsidence in 

southwestern Taiwan. Moreover, the data from the 

groundwater monitoring also confirmed that the evaporation 

of lagoon caused the high sal inity of groundwater and the 

daily use of deeper aquifer. This situation made the fast flow 

of groundwater. The hydraul ic conductivity identified from 
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C-14 dating is about 10 -5~10 -3 m/sec, which are much higher 

than in-situ pumping tests (Lu et al ., 2008).  

The events should be considered in the assessment of 

long-term stabil i ty of mudstones in southwestern Taiwan 

including numbers of active faults, high upl ifting rate of 

strata, high denudation rate, shal low hypocenters of 

earthquakes, high frequency of disastrous earthquakes, the 

abundant methane and gas in mudstones, and mud volcano 

eruption in main fault zones. 
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Figure 2-36: Geological map of southwestern plain and foothill 
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Figure 2-37: Illustration of groundwater flow directions from well loggings 

of southwestern Taiwan plain 

Reference: Lu et al., 2008 

Profiling III, IV are the wells from the north and south side of the Jenwen 

River. C14 dating indicated 3-4 aquifers, and the vertical flow of 

groundwater is limited by mudstones.  
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2.3.3. Others 

The third potential  host rock is the Mesozoic basement 

rock under Cenozoic sediments in Taiwan Strait and western 

plain in Taiwan (Figure 2-38), which are metamorphosed 

sedimentary rocks or volcanic rocks with less earthquakes, 

and better stabil i ty.  

 

2.3.3.1. Distribution of the Mesozoic Basement 

In general , orogenic events in late Miocene decl ined the 

basement eastwards, so the basement in Penghu is less deep, 

and deeper in western Taiwan (Figure 2-38), and most of them 

are deeper than 2000 m. 

 

2.3.3.2. Features of the Mesozoic Basement 

(1) Penghu Islands: 

Huahsu islet in Penghu Islands is the only exposed 

Mesozoic basement in Taiwan Strait. I t is mainly 

composed of andesite lava (Figure 2-39), and some 

rhyol ites, dacites and basalts dike, and few 

metamorphosed sedimentary rocks (Yang, 1989). Some 

rock samples are affected by thermal alteration and have 

rich content of potassium (Chen et al ., 2010) (Figure 

2-39a). These volcanic rocks are later than Mesozoic, 

dated by andesite Fission Track dating as 65-61 Ma (Yang, 

1989), or U-Pb dating of andesite and rhyol ites as 63-59Ma 

(Chen et al ., 2010).  

(2) Taiwan Western Plain 

The well  loggings data by CPC (China Petroleum 

Company) in 1956-1961 found Mesozoic or Paleocene 

strata, consisting of feldspar and stone, shale and 
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l imestone in western Taiwan (Peikang). Especial ly the 

Cretaceous ammonite fossi l s Holcophyl loceras aff. 

Mediterraneum (Newmayr) in the rock core of Peikang-2 

well  (depth 1,691 m) proved the existence of the 

Mesozoic strata (L in and Chou, 1984).  
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2.3.3.3. Structure of Mesozoic Basement 

The thickness of sedimentation has been affected by 

Mesozoic basement normal fault s ince Cenozoic (Mouthereau 

et al ., 2002), so thick Eocene r if t-basin sedimentation or thick 

Miocene forearc-basin sedimentation were formed. The 

density of normal fault is higher in eastern part and the strata 

decl ined eastwards, so the Mesozoic basement under Taishi 

basin is deeper than 2000 m. The Mesozoic basement under 

Tainan basin is even deeper than 4000 m, because of higher 

density of normal faults (Figure 2-40).  

 

2.3.3.4. Long-term stability of the Mesozoic Basement  

For mil l ion years, sea area of Penghu is no longer affected 

by extensive faul t activities since Pl iocene. The current 

seismic study also indicated the long-term stabil i ty of this area 

(Chen, 1993). There is no crustal  upl ifting since Holocene as 

no upl ifted coral  reef found; the Holocene sediments 

maintained at 5 m above sea level ti l l  now indicated no 

subsidence, and the sea level is affected only by global 

sea-level change (Chen, 1993). C-14 dating of seashells and 

coral  residues near-shore revealed sea level was 2.3m higher 

4000 years ago (Chen, 1993). The above evidence proved 

that Penghu has been the most stable crust around Taiwan. 

Baisa in Penghu is also defined as the reference point for the 

GPS study. 

OECD (2003) postulated that the favorable 

characteristics of the geosphere, which can be cited as the 

HLW repository as a safety case based on experiences of 

international cooperation for decades by the NAGRA, 

includes briefly: (1) long-term geological stabil i ty; (2) 
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favorable physical, chemical and structural  properties; (3) 

sufficient lateral extent and absence of detr imental 

perturbations; (4) explorabil i ty; (6) predictabil i ty. Recently, 

the comparison of long-term stabil i ty of the domestic 

potential  host rocks presents in Table 2-7, showing that 

formation age of mudstones is the youngest as well  as the 

most unstable potential  host rocks. Accordingly, further 

investigation for the mudstones wil l  meet toughest 

challenges. On the other hand, the offshore is lands and the 

eastern Taiwan granites potential ly inhibit tens-of-mil l ion-year 

and more than mil l ion-year long-term stabil i ty, respectively. 

Their explorabil i ty and predictabil ity are also better than 

other potential  host rocks. Therefore, the granites mentioned 

above are suggested to be targets as domestic potential 

repository host rocks for further investigation. 

This project has been developed in-situ investigation and 

techniques, mainly focusing on hard-rock (e.g. granites) for 

deep geological characterization and data interpretation. I t 

has buil t up fundamental needs of further program plan for 

investigation on the eastern Taiwan granites. Detailed 

suggestions of research development for geophysical, 

hydrogeological, geochemical and in-s itu geostress surveys 

have been i l lustrated in section 2.1.6. On the other hand, this 

project had also buil t up dri l l ing and sampl ing techniques for 

soft-rock (e.g. mudstones); however, downhole 

measurements i f needs in the future should been developed 

domestical ly or imported from France, Switzerland, Belgium, 

etc. Therefore, in this report, compil ing recent documents 

about mudstones and the Mesozoic basements, we kept 

studying comparative reports for evaluation of repository host 

rocks in the future. In short, th is project have set up 
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characterization and interpretation techniques, which have 

been appl ied at a granitic test site (section 2.1.6), for 

crystal l ine rocks to a depth of 500 m. Such achievement 

provides domestic resul ts for prel iminary development of 

performance/safety assessments (see section 4.6) to present 

whole procedure integrating geological investigation, data 

analysis and performance/safety assessments.  
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Table 2-7: Comparison of long-term stability of the domestic potential host rocks 

Granites Mudstones Mesozoic basement Potential repository host rocks 

Western offshore 

islands 

Eastern Taiwan Southeastern 

Taiwan 

Taiwan Strait-Western Taiwan 

Lithology Granite/Gneiss Granite/Gneiss Siltstone/Mudstone Volcanics/Metasedimentary rocks 

Age 100-140 Ma 80-90 Ma 1-2 Ma 60 Ma 

Tens-of-millio

n-year scale 

13 Ma 

(Coastal 

environment) 

10 Ma (Deep sea) Shallow sea or 

coastal 

environment 

10 Ma (Coastal environment) 

6.5-3.5 Ma (Rapid 

uplift and mountain 

building) 

6.5-3.5 Ma 

(Rapid uplift) 

? 3.5~0.5 Ma 

(Subsidence) 

Million-year 

scale 

Non-subsidence 

(coastal 

environment) 

1.5 Ma  

(Extensional 

subsidence) 

0.5 Ma  

(Rapid uplift) 

Non-subsidence (Penghu Islands in 

Taiwan Strait);  

Rapid subsidence (Mesozoic 

basement beneath Western 

Taiwan at depths > 2000m) 

Stability 

based on 

geohistory 

Tens-of-thous

and-year 

scale 

? ? Active Faults No movement since 5 ka (Penghu 

Islands) 
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Within Plate Plate margin Within Plate Within Plate 

Extensional Compressional 

transition to 

extensional 

Compressional Extensional 

 

Tectonic setting 

(Far away 

deformation front) 

(Deformation Zone) (Deformation front) (Far away deformation front) 

Seismicity Aseismic Aseismic? Seismic zone Aseismic 

Active faults ? ? Densed activity None 

Sea-level/climate changes Sea-level uplift/island; 

Sea-level 

subsidence/land 

Mountain Sea-level 

uplift/beach; 

Sea-level 

subsidence/land 

Sea-level uplift/island; 

Sea-level subsidence/land 
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Figure 2-38: The depth of the Mesozoic basement in western Taiwan and 

Taiwan Strait 

The top of the Mesozoic basement is indicated by the thickness of 

Cenozoic basement. The red line is the twisting front of basal-foreland. 

Abb: PHP-Penghu plain; KYP-Kuanyin plain; PHB-Penghu basin; 

NJB-Nanjer basin; TB-Taishi basin; TNB-Tainan basin. Reference: Lin et al., 

2003.  
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Figure 2-39: Geochemistry analysis and sampling position of Penghu 

Huahsu igneous complex 

Figure (a) K2O vs. SiO2: volcanic rocks include A-andesite, D-dacites and  

R-rhyolites. Rocks with rich content of potassium and calcium are 

circled as Hsiao-Chin Yang (1989). Some samples have rich content of 

potassium due to the thermal alteration (e.g. L-07, as the picture 

HY-L-07) (Chen et al., 2010).  

Figure (b): Sampling locations in Huahsu. Rhyolite dike and dacite dike 

intrusions are northwestwards. After andesite flow in Paleocene is 

cooled, tectonic stress in this region is northeast extension, and then 

rhyolites intrusions following the joints. Reference: Chen et al., 2010.  
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Figure 2-40: Seismic profiling and tectonic analysis of the Mesozoic 

basement in western Taiwan 

Figure (a): The depth of the Mesozoic basement (as Figure 2-38), red or 

white spots are survey wells. 

Figure (b): Seismic profiling of Southwestern Taiwan (Lin, 2001), red lines 

are foreland-basin unconformity.  

Figure (c): Geological profiling indicated the depth of the Mesozoic 

basement is over 2000m.  

Reference: BOE, 2008 
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3、、、、Research and Development of Disposal Technology 

This Chapter explains the scope of the SNF final  disposal 

technology evaluation, the basic concepts of disposal 

facil i ties, and the development trends in disposal technology. 

 

3.1. Evaluation Assumptions 

At present, al l  the nuclear power plants in the world 

produce an annual average of 12,000 tons of SNF. On the 

matter of nuclear industry development, SNF management 

and disposal has always been an important challenge to face 

(El  Baradei, 2004). SNF is highly radioactive. The radionucl ides 

it contains have longer half-l ives; hence it is always an 

important aspect of nuclear technology development to 

ensure that long-term isolation of SNF from the biosphere 

environment it is l ikely to affect could be sustained. 

 

3.1.1. The SNF Disposal Procedure 

Three types of management techniques are involved in 

the SNF management measures employed in the world: 

(1) Prior to final  disposal, SNF is placed under wet storage or 

dry storage 

(2) Reprocess firs t; after uranium, plutonium, and other 

usable substances have been recycled, HLW disposal is 

commenced. 

(3) Partition and transmutate the radionucl ide clusters fi rst 

before conducting disposal. 

Two types of disposal methods could be used: 

(4) Implement direct disposal or reprocessing in the country 

before insti tuting disposal procedures. 
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(5) Implement direct disposal or reprocessing under an 

international cooperation setup before instituting 

disposal. 

 

As for Taiwan, two disposal techniques are used after 

direct disposal and reprocessing had been implemented: 

(1) Direct disposal: 

(a) After interim storage, conduct final  disposal 

procedures within the country. 

(b) After interim storage, conduct final  disposal 

procedures overseas (international cooperation). 

(2) Reprocessing: 

(a) Shipment to an overseas destination for reprocessing. 

(Taiwan has no plans, at present, for the 

development of reprocessing technology in the 

country.) 

(b) After interim storage, reprocess or coordinate with 

the reprocessing research and development for 4th 

generation nuclear reactors. 

 

3.1.1.1. The Interim Storage Plan 

The interim storage of SNF prior to disposal is not only an 

excellent method in terms of safety and short-term cost 

efficiency, but also affords us the waiting time needed to 

acquire more SNF disposal or reprocessing technology 

development and plan implementation. In terms of safety, 

current technology for the different storage methods - wet, 

dry, and long-term storage - of SNF has been ful ly developed. 

Moreover, the U.S. Nuclear Regulatory Commission (NRC) has 

propounded a conclusion that use of dry storage technology 

al lows safe storage for 100 years (Bunn et al ., 2001). 
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Dry storage is not a substi tute plan for SNF disposal; 

hence, when implementing the dry storage procedure, i t is  

also imperative to conduct, s imultaneously, SNF disposal 

technology development. As for the planning of the 

operating l imits for dry storage, it is recommended that it 

should be better to set the l imit at 30 to 50 years of normal 

reactor operations (Bunn et al ., 2001). 

In a prel iminary assessment of the Chinshan Nuclear 

Power Plant, total  SNF at the expiration of its operating l icense 

in 2018 was estimated to be around 7,532 bundles; as for the 

Kuosheng Nuclear Power Plant, total  SNF at the expiration of 

its operating l icense in 2022 was estimated to be around 

11,544 bundles. I t was initial ly planned that, by 2009, Chinshan 

Nuclear Power Plant would start i ts SNF dry storage, and that 

1,366 bundles of spent nuclear fuel would be transferred out 

of wet storage; thereafter, the plant may put to use the 

resul ting space vacancy in wet storage unti l  the expiration of 

its operating l icense. Chinshan Plant fi led an appl ication for 

its dry storage operation l icense in 2007, and l icense is under 

processing. On the other hand, the Kuosheng Nuclear Power 

Plant planned to institute a similar transfer procedure (around 

2,049 fuel  bundles) in 2014), whereas, wet storage in the 

Maanshan Nuclear Power Plant may continue to be run unti l  

i ts decommissioning (Taiwan Power Co., 2006). 

 

3.1.1.2. Reprocessing 

A reprocessing procedure is used on SNF that had been 

cooled for at least 5 years. SNF is del ivered to the 

reprocessing plant, and then cut, dissolved, extracted, and 

partitioning; from which renewable raw materials, such as 

uranium and plutonium, are extracted. At present, the 
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re-fabricated fuel  is made by combining plutonium with 

recycled depleted uranium, or the so-called “mixed oxide 

(MOX) fuel”. The reprocessed recycled uranium may also be 

condensed and then re-fabricated into new fuel  for use. In 

France for instance, for each ton of reprocessed SNF, around 

0.115 m3 of HLW and 0.234 m3 of medium- to low-level 

radioactive waste is produced (INER, 1998). These sol id wastes 

should be shipped back to the country from where the SNF 

had come. The total  amount of SNF that the eight nuclear 

reactors in Taiwan wil l  produce in 40 years of operation is 

estaimated at 7,350 tons. I f reprocessing were to be used for 

treatment, around 8,600 canisters of medium- to low-level 

radioactive waste and around 4,200 canisters (average of 

around 200 l iters per canister) of HLW would be produced. In 

short, less HLW (long half-l ife) and more medium- to low-level 

radioactive waste would be produced after reprocessing; 

and al l  of which are to be shipped back to Taiwan for 

disposal. 

At present, Taiwan has no SNF reprocessing faci l ity; 

however, the UK and France are providing other nations with 

the SNF reprocessing services. The nuclear reactors of TPC 

were designed and suppl ied by the United States; and 

majority of its nuclear fuel  had also been purchased from the 

United States. Thus, in compl iance with the provisions 

stipulated in the “Agreement for Cooperation between the 

United States of America and the Republ ic of China 

concerning the Civil  Uses of Nuclear Energy” (The R.O.C. 

Government, 1955) that Taiwan had signed with United States 

and the IAEA, and “The Agreement for the Appl ication of 

Safeguards between the United States of America, the 

Republ ic of China, and the International Atomic Energy 
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Agency” (The R.O.C. Government, 1964), should Taiwan 

require SNF reprocessing, regardless such reprocessing is 

insti tuted within its terr itory or outside, Taiwan shal l  be obl iged 

to obtain the concurrence of the United States before 

insti tuting reprocessing. 

 

3.1.1.3. Radionuclide Cluster Partitioning and Nuclear Transmutation 

Radiotoxicity of SNF mainly emanates from plutonium and 

americium radionucl ides; hence, the partitioning and 

transmutation of plutonium and americium radionucl ide 

clusters is the main focus of research studies today. 

Radionucl ide cluster parti tioning and nuclear transmutation 

possess the fol lowing characteristics (Taiwan Power Co., 

2006): 

(1) They reduce the long half-l ife radionucl ide content levels, 

thus preparing the SNF for a future disposal procedure. 

(2) They require more SNF reprocessing work and thus, may 

lead to the production of new types of sol id waste. 

 

The radionucl ide cluster partitioning and transmutation 

procedure is sti l l  in the technology development stages. I t is a 

principal concern in the radioactive waste management 

studies conducted in the European Union (EU). Focal point of 

current studies are founded on the parti tioning method of 

trace radionucl ides, such as americium (Am), and 

fundamental studies such as the development of the 

radionucl ide Accelerator-Driven System (ADS) transformation 

method and equipment as well as other nuclear fuel 

characteristics related studies. In theory, the technology 

could effectively reduce content levels of the long half-l ife 

radionucl ide as well  as the radiotoxicity of the HLW. 
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3.1.1.4. Direct Disposal in Domestic Territory 

International studies on direct disposal of SNF have been 

ongoing for decades. The studies primarily focus on the 

fol lowing: repository s ite survey and selection; development 

of disposal technologies and repository conceptual designs; 

evaluation of repository safety, etc. Specifical ly, repository 

site survey and selection studies involve the fol lowing tasks: 

col lection of long-term geological environmental data; 

formulation of the cri ter ia for candidate area survey and 

selection; survey of s ite characteristics. Studies on the 

development of disposal technologies and repository 

conceptual designs involve the fol lowing tasks: measurement 

techniques; analysis techniques, verif ication techniques, 

design concepts, and formulation of the various designs 

needed in construction permit appl ication processing. Studies 

on repository safety assessment include the fol lowing tasks: a 

study of the retardation effect of repository host rocks on 

radionucl ide transport; a study of the characteristics and 

adhesion capacity of engineered barrier materials; thermal 

conduction studies; evaluation of the environmental effects; 

etc. The tasks involved in these studies require long period of 

continued work to achieve thorough results and to ensure 

that safety is not compromised. At present, the nations 

employing direct disposal of their SNF are the United States, 

Sweden, and Canada. The development of their final 

repositories, from research and development of technology 

and si te survey to the acquisition of a construction permit 

took a protracted period of thirty to forty years. 

In an effort to upgrade safety of repositories and 

rel iabil i ty of technology, various nations have formulated 
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plans from site selection, characteristic survey, repository 

design, construction and operation to final  disposal (IAEA, 

2003a). In terms of budget evaluation, according to a study 

report analysis (OECD, 1993; MIT, 2003; Bunn et al ., 2003) on 

the costs of SNF reprocessing and direct disposal, the cost of 

reprocessing is about 1.5 to 2.5 folds of that of direct disposal 

(Bunn et al ., 2003). Moreover, even if the f inal  disposal 

expense of the HLW parti tioned out during reprocessing, in 

the short run, reprocessing remains a less economical disposal 

option (MIT, 2003). 

Majority of the geological constitution of Taiwan is 

composed of Mesozoic and Cenozoic rocks; thus, direct 

disposal of SNF shal l  require meticulous geological 

exploration and a long period of technology development in 

order to obtain al l  the data required in the safety assessment 

of repositories and to enable evaluation resul ts to achieve the 

needed rel iabil i ty. Pursuant to the SNF Final  Disposal Proposal 

(2006 edition), TPC continued to search for the suitable deep 

geological repository site within the country; in the mean 

time, it would be constructing an SNF dry storage facil ity for i ts 

dry storage needs. Prior to the construction and operation of 

a final  repository facil i ty in Taiwan, should a reprocessing be 

feasible, SNF may just be taken out of the dry storage facil i ty 

for reprocessing, thereby recycl ing the uranium and 

plutonium resources therein contained. This procedure wil l  

maintain a flexibil i ty in the disposal options; that is , a choice 

between reprocessing or direct shipment to repositories for 

disposal. 
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3.1.1.5. Disposal Programs through International Cooperation 

As indicated by the Power Reactor Information System 

(PRIS) of the International Atomic Energy Agency (IAEA), to 

date there are 436 operational nuclear generator sets in the 

world (IAEA, 2009) located in 31 nations. In November 2003, 

IAEA Chairman Dr. Mohamed El  Baradei openly 

recommended that al l  the SNF produced in the world be 

stored temporari ly in over fi fty transient storage facil ities to 

await reprocessing or direct deep geological disposal. 

Moreover, he suggested that not every nation has the suitable 

geological conditions and financial  capacity for deep 

geological disposal; hence the regional or international 

management and disposal of the SNF and HLW of different 

nations should be included in the consideration of future 

development studies (UIC, 2003; El  Baradei, 2004). 

Disposing SNF through international cooperation ventures 

provide nations with more chances in choosing a more 

suitable disposal site. This wil l  prevent the problem of 

constructing geological repositories in areas with unsuitable 

geological conditions and spending overlapping investments 

in HLW disposal matters. Moreover, since the repository would 

be a common repository used by several  nations, and 

international sites are few, in terms of technology, 

environmental conservation, and economics, i t would provide 

more effective construction of repositories and safer use and 

monitoring. Not only would it increase the transparency of 

disposal procedures, but also reduce the probabil i ty of 

nuclear diffusion. 

Although the IAEA has defined regulations governing the 

transnational shipment of radioactive waste, and 

transshipment of radioactive waste between nations had 
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been practiced, a f inal  repository for SNF and HLW disposal 

construction under an international cooperation venture is 

sti l l  a concept under development in many countr ies. No 

actual practice or operations of this nature had been done. 
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3.1.2. Scope of the Disposal Technology Evaluation 

3.1.2.1. Geological Environment Survey Technology 

The development of geological environment survey 

technologies mainly focus on two essential  aspects: (A) an 

evaluation of the long-term stabil i ty of the geological 

environment of a disposal facil ity site, and (B) a study of the 

characteristics of repository host rocks. In the former, study 

should focus on the natural  phenomena affecting the 

long-term stabil i ty of the geological environment within the 

survey zone; such as, earthquakes, active faults, volcanic 

activi ties, continental  r ise, subsidence, cl imatic changes, and 

geological evolution, etc. After an observation, survey, and 

analysis of the foregoing, and determination of the scope and 

extent of the effects, data should be subjected to 

comprehensive analysis and determination, thereby 

obtaining an explanation of the evolution history of repository 

host rocks rock masses and evolution of the site geological 

environment. Also, the study evaluated the probable effects 

of the event and the long-term stabil i ty of the geological 

environment. On the other hand, the study on host rocks 

characteristics mainly delved into the analysis techniques of 

experiment or measurement resul ts of the development of a 

comprehensive geology evaluation, hydroelectricity, 

hydrochemistry, rock mass stress, and solute transport. The 

study constructed the parameters of representative host rock 

characteristics for an accurate description of the disposal 

rock mass and other geological conditions, characteristics, 

and behavior. I t also constructed several  concept models to 

provide the basic information needed in performance and 

safety assessment. 
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3.1.2.2. Engineered Barrier and Disposal Facilities Technology 

The deep geological disposal technology mainly employs 

the multiple barriers concept; that is, using multiple layers of 

barriers to impede the radioactive nucl ides (radionucl ides) in 

SNF from transferring. Thus, when radionucl ides reach the 

biosphere, radiation levels have been attenuated to within 

safety l imits. Multiple barr iers may be classified into natural 

barriers and engineered barr iers. The former refers to 

repository host rocks and rock sphere; the latter refers to 

waste forms, canisters, buffers and backfi l l s; the different 

barriers play different roles. In Sweden, Switzerland, and 

Finland, nations using granite as repository host rocks, the 

study findings indicated that granite play the role of a passive 

shield obstructing the release of radionucl ides. I ts role is to 

provide a geologically and physicochemically stable 

environment. On the other hand, the engineered barriers 

have more active adhesion and obstruction effects on 

radionucl ide release. In l ight of the regional conditions 

existing in the Taiwan, natural  barr iers are l imited by the 

natural  environment, and thus areas available for site opinion 

are quite l imited. I f granite or other suitable host rocks would 

be used in the priority survey on host rocks, studies on 

engineered barrier facil i ties should be enhanced to ensure 

the safety of repositories. 

Engineered barr iers and repository host rocks are the 

principal components of the multiple barr ier concept of deep 

geological disposal. When crystal l ine rock mass (e.g., granite) 

was considered for use as repository host rocks, the 

engineered barr iers would consequently take on a more 

significant role in the adhesion capacity of radionuclides and 

the safety of retardation radionucl ide transports. Functions of 
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the engineered barrier are divided into three aspect: (1) 

waste form, (2) canister (the term “canister” in this report 

refers to the SNF overpack) and al l  the structural  composition 

and stable objects within the canisters, and (3) buffer and 

backfi l l . These three aspects plus the EDZ (may vary 

according to the excavation procedure and equipment used, 

usually it is between 0.05m to 3m) consist what is general ly 

referred as the “near-field”. 

 

3.1.2.2.1. Waste form 

The present concern in Taiwan is the direct disposal of 

SNF; hence, the term “waste form” herein refers to SNF. Once 

radionucl ide consistency, scale of activation, and decay 

heat of SNF is obtained, radionucl ide consistency data are 

combined with radionucl ide half-l ife and annual l imit on 

intake data to construct the key index. Key radionucl ides, 

then selected based on this key index, serve as the bases of 

the source term and radionucl ide migration/retardation 

experiment of the safety assessment procedure. 

In order to load the SNF bundles into the overpacks, 

Sweden employed the overpacking which directly loaded the 

entire SNF bundle into the overpack. Then, sol id stabil izers 

(such as lead and copper) are used to f i l l  the gaps inside the 

canister. The overpacking practiced in the United States 

tends to densify the fuel  rods, and thereafter fi l l  gaps with gas 

stabil izers (such as, nitrogen and hel ium). Fuel bundles inside 

the overpacks are tightly piled. This not only affords the 

optimization of space but also increases the mechanical 

stabil i ty of fuel  bundles and reduces the r isks of accidental  

damaging of the fuel  rods during processing and 

transportation. 
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3.1.2.2.2. Canisters 

No standard had been set for the service l ife of canisters; 

service l ife requirement is determined by the role of the 

canisters in the multiple barr ier concept. Under a 

hydro-thermal environment, chemical durabil i ty of SNF is very 

poor (in short, leaching rate wil l  be raised); hence, in order to 

reduce the volume of released radioactive nucl ides, it is  

imperative to protect SNF under hydro-thermal conditions 

from having any contact with groundwater. The fiss ion 

products in the SNF are: the Sr-90 and Cs-137 (half-l ife period 

of around 30 years) serve as the primary hydro-thermal 

radionucl ides. Therefore, if canisters could hold for 300 years 

(10 times of half-l ive of 30 years) or more without breaking or 

cracking, the entire SNF residual decay heat at this point 

would drop to the initial  level  of around 1%. This would 

el iminate the probabil i ty of a hydro-thermal reaction. The 

service l ife required for closed canisters in the United States 

and Canada are from 300 to 1,000 years and 500 years, mainly 

due to the considerations stated in the foregoing. (Taiwan 

Power Co., 2006). 

When choosing canister material , f irst, i t is  imperative to 

ensure that material  meets regulatory requirements. Next, 

price and industry source of the material  should be 

considered. Contact with oxygen and sulfur can cause 

canister corrosion. This substance is found in the repository 

passages and disposal pits; some in dissolved states are 

carried in by groundwater. Some oxidants are produced 

when water is hydrolyzed by radiation. Material  and thickness 

of the canister directly affect their corrosion rates and barr ier 

efficiency. Among the many types of corrosion mode, the 
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fol lowing modes l ikely pose probable threat to canister l ife: 

general  corrosion, partial  corrosion (crevice corrosion and 

pitting corrosion), and stress corrosion cracks. Moreover, the 

hydrogen embrittlement that usually accompanies a 

corrosion reaction is also another problem deserving 

attention. Hence, the purpose of canister studies is to find the 

canister materials most suitable to the nature of the 

repository. In order to achieve this goal, i t is imperative to 

study, as well , the repository environmental characteristics, 

conduct studies on the different corrosion model of multiple 

materials, and classify these materials into at least two types 

of varying materials, thereby preventing the experiment from 

fal l ing into the common failure mode. 

 

3.1.2.2.3. Buffer and Backfill Materials 

Clay, natural  and synthetic zeol ite, active carbon, metal 

powder, and desiccants had been previously considered as 

materials for buffer and backfi l l . According to the findings of 

studies conducted on buffers and backfi l l s in many countries 

for a number of years (Smell ie, 2001), the bentonite which 

primary mineral  ingredient is montmoril lonite possesses fine 

permeabil i ty, ion exchange, and swell ing properties; hence, it 

was recommended that montmoril lonite may serve as the 

primary buffer and backfi l l  materials. 

In l ight of the massive buffer and backfi l l  materials 

needed in the underground tunnel backfi l l ing, the study and 

development of local materials becomes imperative. As 

shown in the data of past surveys conducted in the country, 

regions containing montmoril lonite clay are mainly distr ibuted 

along the weathered clay of the eastern coastal  mountain 

range of Taiwan. At present, the only company in Taiwan 
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engaging in the commercial  mining of bentonite is Zhis in 

Mining Co., Ltd. in Chang-Yuan Vil lage of Taitung County. 

In consideration of the more sophisticated engineered 

barrier design, the concept design of KBS-3 of Sweden (SKB, 

1999) proposed the use of bentonite and quartz sand mixture 

as buffer and backfi l l  materials. The Atomic Energy of Canada 

Limited (AECL) sol id waste disposal program also used 

bentonite mixed with excavated crushed granite, and then 

mixture is compacted on site to achieve the design required 

functions. The H12 report of Japan (JNC, 2000b) also 

proposed use of a mixture containing 70﹪bentonite and 30﹪

quartz sand for buffer and backfi l l  materials. Related 

bentonite studies are also being actively conducted in the 

research insti tutes of other nations. In summary, the buffer 

and backfi l l  material  studies conducted in the different 

nations today focus on the fol lowing essentials: 

(1) Formulation of tests for the functions and constitution 

specif ications of buffer and backfi l l  materials. 

(2) Studies on the long-term stabil i ty of buffer and backfi l l  

materials cover the fol lowing matters: chemical stabil i ty 

of buffer and backfi l l  materials, swell ing properties, 

radionucl ide sorption and transport characteristics, 

mechanical properties, thermodynamic properties, 

permeabil i ty, and block fabricate abil i ty. 

 

3.1.2.2.4. The Near-field Environment 

The near-field environment consists of the fol lowing 

conditional factors: waste form per se, canisters, buffer and 

backfi l l  materials, and the surrounding EDZ. Since the 

repository construction process and the heat and radiation 

generated during the SNF disposal period could affect some 
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physical and chemical changes on the surrounding 

environment, the predicted probable consequential  effects 

should be included the rock physical changes caused by the 

excavation procedure, the physical and chemical changes 

occurring in rock and groundwater due to radiation exposure, 

the heat-induced mechanical changes in canisters and host 

rocks, changes in the rock – groundwater system and the 

groundwater flow field as a resul t of the SNF generated heat 

and excavation activities. In an attempt to understand 

whether the actual effects were indeed as they were 

predicted, it also delves into the consequential  effects of 

which on the near-f ield environment; hence the fol lowing 

studies conducted: stabil i ty of disposal tunnel; a study of the 

repository hydro-thermal-mechanical coupl ing effects; an 

analysis of the radiation effects; a study of the near-field 

groundwater chemical properties; a study of the near-field 

hydrological-geochemical reactions; a study of the backfi l l  

/block tests. The foregoing studies need to be conducted 

within an underground laboratory facil i ty in order to represent 

actual conditions. 

 

3.1.2.3. Performance and Safety Assessment Technology 

The safety of an SNF repository is related to the selected 

site, the repository system design, the functions and qual ity of 

the engineered barriers, and the geological structure and 

conditions of repository host rocks. The objective of a PSA 

procedure is to conduct a quantitative simulation and 

analysis of the performance and safety of a repository, thus 

ensuring that the repository complies with regulated safety 

requirements and standards. 
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In addition to developing the simulation technology 

needed in PSA procedures, a more signif icant concern of PSA 

work is to establ ish the scenario analysis techniques affecting 

repository radionucl ide release, as such would serve as a 

basis of comparison during evaluation. Scenario analysis is  

mainly aimed to inspect the attr ibutes that may affect the 

Feature, Events, and Process (FEPs) of the repository 

performance and safety. Through the various analysis 

combinations of FEPs, al l  the possible scenarios that may 

occur during the safety val idity period of a repository may be 

constructed. Moreover, quantitative simulation technology 

should be used to evaluate the scenario events, and their 

probable effects on repository performance and safety. 

 

3.1.2.4. Verification of the Underground Laboratory Facility and 

Technology 

The development of the multitude of technologies stated 

in the foregoing actually require a site on which operations 

training may be conducted to ensure the real ization of 

technology development work. On the other hand, some 

necessary attr ibute parameters or the precis ion and scale 

requirements of data would require that experiments be 

conducted on site to obtain the representative or significant 

characteristics. The need to overcome these difficulties and 

l imitations further enhances the importance of constructing 

an underground laboratory facil i ty. 

The primary objectives of constructing an underground 

laboratory facil i ty are to gather detailed site data, verify the 

survey and disposal technologies, and conduct publ ic 

communication work. Hence, prior to the construction of the 

final  repository, a necessity for its establ ishment is al ready 
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evident. In the “Detailed Site Survey and Tests” stage 

(2019~2028), it is recommended that planning and 

construction of the underground laboratory facil i ty should be 

commenced, and related underground site tests should be 

conducted. The essential  tasks prior to this would be to 

conduct some international experience sharing and 

technology exchanges on related planning and construction 

experiences of other nations, especial ly, the repository PSA 

and underground laboratory facil ity planning and 

construction of nations, such as Sweden, Finland, and Japan, 

where granite host rocks are mainly used. 
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3.1.3. Assumptions of Evaluations on Engineered Barriers and Disposal 

Facility Technologies 

For the need to implement related technology studies 

and case analyses, s ince the domestic laws, regulations and 

requirements on the matters are sti l l  insuff icient, i t is assumed 

that a reference to international practices and requirements 

shal l  be made on such matters. A brief introduction of the 

related laws, regulations and requirements of Taiwan and 

other nations is presented in the fol lowing. 

 

3.1.3.1. Criteria of the Disposal Facilities Functions 

The functional requirements for disposal facil i ties should 

satisfy pol icy and regulatory requirements. National Laws 

governing the overal l  functions of disposal facil ities general ly 

contain the fol lowing essential  points, as stated in SR-97 

report of Sweden (SKB, 1999) and H12 report of Japan (JNC, 

2000a): 

(1) Once disposal facil ities are closed and monitoring and 

management operations have ceased, the safety of 

isolated sol id waste should not be something left to the 

care and maintenance of the next generation. 

(2) Disposal emplacement should be deep enough to retard 

effects of surface events and to increase difficulty of 

accidental  human encroachment. 

(3) The facil i ty should have a multiple barrier concept 

design, and the repository overal l  safety should not 

depend on only a single composition. 

(4) A site survey plan should be implemented to obtain the 

information needed in the design work and safety 

assessment. 
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(5) The facil i ty should be properly designed, constructed, 

operated, and closed in order to prevent some 

detrimental effects on the isolation functions of the 

disposal system. 

(6) A set of sol id waste acceptance criter ia meeting the 

evaluation functions and the operating and 

transportation requirements of the system should be 

establ ished. 

(7) A surveil lance plan should be implemented to monitor the 

changes in the repository construction and sol id waste. 

(8) A recording system should be establ ished and 

maintained. Safety-related information should be 

recorded in detail  and properly fi led. 

(9) As for behaviors affecting safety, a qual ity assurance 

plan including the related research and development 

programs should be defined. 

 

Article 7 of the Joint Convention on the Safety of the 

Spent Nuclear Fuel Management and on the Safety of 

Radioactive Waste Management (IAEA, 2001) promoted by 

the International Atomic Energy Agency provided some 

guidel ines on the matter of facil i ty design and construction 

work. I t required al l  s ignatory nations to institute proper 

measures to ensure the fol lowing: 

(1) Design and construction of SNF management facil ities 

should be able to provide the right measures, l imit the 

probable radiation effects, including radiation effects 

due to emiss ions or uncontrol led release, which the 

facil i ties would have on humans, the society, and the 

environment. 
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(2) During the design stage, it is imperative to take into the 

account the concept plan for the decommissioning of 

the SNF management facil ity, as well  as, where 

circumstances require, the related technical standards. 

(3) Technology employed during the designing and 

construction of SNF management facil i ties should be 

supported by experience, tests, or analysis. 

 

The purpose of the design criteria is to define the plan for 

a safe facil i ty and system. The feasibil i ty, safety, and financial 

viabil i ty of the geological and engineering technology should 

be considered. The necessary advance technology should be 

used in the construction and management of the facil ity; 

evaluation should be repeatedly conducted. 

The Regulations on Final  Disposal of HLW and Safety 

Management of the Facil i ties (Atomic Energy Council , 2005a) 

of Taiwan has stipulated the fol lowing provis ions governing 

repository design criteria: 

(1) Deep geological disposal should be employed for the 

final  disposal of HLW. 

(2) HLW disposal facil ities should have a multiple barr ier 

design. 

(3) The design of HLW disposal facil i ties should ensure that 

their radiation effects of the facil i ties on people outside 

the facil i ties should not exceed the annual individual 

effective dose of 0.25 mSv. 

(4) The design of HLW disposal facil i ties should ensure that 

HLW deposits may be retr ieved safely within f if ty years 

after emplacement. 

(5) The essential  structure, system, and component design of 

HLW disposal facil i ties should meet the fol lowing 
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regulations: (a) Inspection, maintenance, and tests could 

be conducted, and the HLW disposal facil ity should meet 

nuclear safeguards operating requirements. (b) I t could 

prevent predictable natural  disasters. (c) I t is  equipped 

with the capacity to cope with unexpected emergency 

situations. (d) I t could ensure that al l  HLW related 

operations could be maintained at sub-critical  status 

under normal operating conditions and predicted event 

situations. (e) I t is protected from fire or explosion 

disasters. (f) I t meets al l  the requirements defined by the 

competent authorities. 

(6) The design of the closed HLW disposal facil i ty should 

ensure that it wil l  not become a primary route for 

radioactive nucl ide transport after the underground 

channel and bore hole had been fi l led and closed. 

 

3.1.3.2. Control/ Evaluation Time and Space Considerations 

To understand the safety status of disposal facil i ties, i t is  

imperative to col lect al l  the site characteristics, disposal 

system concepts, scenarios, etc., and then simulate 

radionucl ide release characteristics and institute val idation 

procedures. Since the radionucl ides contained in the SNF may 

have a half-l ife of a mil l ion years. Hence, the means by which 

the time scale calculated in the functions evaluation should 

be placed under control , an essential  consideration in the 

laws and regulations formulated. 

The time scale considerations of the evaluation 

procedures conducted in the different nations are mainly in 

the fol lowing three categories: 

(1) A consideration of the probable natural  cycle of 

geological, cl imatic, and geomorphological changes 
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and an assessment of the rel iabil i ty of the disposal system 

evaluation; an evaluation of the radionucl ide dose 

changes based on the reference period of 10,000 years, 

as shown in reports from Canada, Finland, and France 

(NEA, 1997). 

(2) A consideration of the SNF decay time equivalent to the 

background radiation of the natural  uranium deposit. 

Evaluation time is from 100,000 years to a mil l ion years; as 

evidently shown in the respective national case study 

reports; e.g., H12 report of Japan (JNC, 2000a), TILA-99 

report of Finland (Vieno et al ., 1999), Kris tal l in-I  report of 

Switzerland (NAGRA 1994), and the SR-97 (SKB, 1999) and 

SITE-94 (SKI , 1996) reports of Sweden. 

(3) In consideration of the radiation r isks, the specif ic time 

period is not regulated by law, but it is required to 

evaluate the occurrence time of maximum exposure risk. 

 

In the case of the United States, the 1985 standards of the 

U.S. Environmental Protection Agency assessed the 

complementary cumulative distr ibution function (CCDF) after 

waste repositories have been permanently closed for 10,000 

years using the probabil i ty method to indicate that an 

accumulation of normal releases to humans could reach 

environmental radiation levels (NEA, 1997). 

The United States Nuclear Regulatory Commission 

regulation 10 CFR 60.113 (USNRC, 1997) also previously set a 

quantitative time criteria on particular repository subsystems, 

such as: 

(1) Sol id waste packages closed inside the repository should 

be able to sustain integri ty within a period of 300 – 1000 

years. 
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(2) Velocity of radionucl ide release from the engineered 

barrier should be control led (e.g., annual release rate 

during the first thousand years after repository is closed 

should not exceed 1/100,000 of the sol id waste residual 

inventory). 

(3) Groundwater movement time prior to disposal should be 

at least a thousand years. 

 

Furthermore, in September 2008, the U.S. Environmental 

Protection Agency presented its 40CFR197 report, which 

defined a set of further quantitative time criteria for Yucca 

Mountain. The NRC standard should be amended to meet EPA 

standards. (EPA, 2008): 

(1) Within a 10,000-year period after repository is closed, 

maximum dose should be 150 µSr/yrs. 

(2) Within the period from 10,000 years to one mil l ion years 

after repository is closed, maximum dose should be 1 

mSr/yrs. 

(3) The DOE should take into account the seismic and 

volcanic activities and the canister corrosion effects 

within a period of one mil l ion years to maintain the safety 

of the repository. 

(4) I t should be ascertained that release dose within the 

period of one mil l ion years after repository is closed is 

consistent with the l imits of the radiation safeguard 

standards and the National Academy of Sciences (NAS). 

 

On the time scale safety assessment matter, the Japan 

Atomic Energy Agency (JAEA, 1997) stressed that the next Ice 

Age is projected to happen 10,000 years later, and this effects 

of the glacier on the long-term stabil ity of human environment 
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and geological environment should be included in the 

evaluation and estimates. 

According to the reference repository evolution 

conditions of the French DSIN ／ IPSN fundamental safety 

criteria (RFS), the minimum evaluation time is at least 10,000 

years (Raimbault et al ., 1997). Under a hypothetical condition 

wherein evaluation exceeds 100,000 years, the probable 

resul ting irregular exposure event could be represented 

through r isks concepts. Moreover, the repository monitoring 

and management conducted after repository closure could 

effectively prevent human intrusion. Removal of the 

monitoring and management system and time which 

repository is relegated to obl ivion had been placed at 500 

years after repository closure. The concept assumed that no 

human intrusion would be probable within this period. 

Under German laws, no special  regulation had been 

stipulated to regulate the safety assessment time scale. 

However, the German nuclear safety authorities are under the 

opinion that evaluation should exceed 10,000 years, since 

geological changes such as the glacier, structure movement, 

or volcanic activity need not be taken into account if 

evaluation period is less than 10,000 years. In evaluation 

periods exceeding 10,000 years, i t is necessary to prove the 

absence of unacceptable risks (Arens, 1997). 

Disposal space control  is rarely mentioned in laws and 

regulations. I t has two essential  aspects: One is the scope of 

site survey and evaluation; the other is depth and control  

sphere of the repository. The objective of the evaluation 

scope for the former general ly covers an entire geological 

structure zone hydrogeological zone. On the other hand, the 

latter, as recommended in the French DSIN/IPSN fundamental 
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safety criteria (RFS) (Devil lers, 1997), in view of safety factor 

considerations, the future deep geological repository should 

be constructed at a depth below 200 meters, thus reducing 

the chances of interference from surface activities. In view of 

economic and safety considerations, the depth of the 

repository location should, at best, not exceed 600 meters. 

The postclosure control led area defined in the U.S. 10 CFR 60 

report (USNRC,1997) should have a maximum range or scope 

of 10 km. 

 

3.1.3.3. Radiation Dose and Risk Limitations 

Radiation dose and risks are the foremost considerations 

in the disposal related laws and regulations of al l  nations. In 

principle, most nations refer to the standards defined in the 

related criteria of international institutions, such as 

International Atomic Energy Agency (IAEA, 1995a,b) and 

Nuclear Energy Agency (NEA, 1999), on matters of control 

objectives. For instance: 

(1) The potential  radiation effects to which the future 

generation may be exposed should not exceed the 

acceptable standards for the present generation. 

(2) Disposal safety should be determined based on al l the 

radiation effects and should transcend constraints of 

national boundaries. 

(3) Sol id waste should be safely disposed; long-term 

monitoring, management, and restoration should not be 

the additional burden of posterity. 

(4) The radiation effects of waste disposal on the publ ic 

should contemplate on the reasonably achievable social 

and economic factors. 
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(5) Evaluation of the radiation effects of the facil i ty prior to 

the termination of monitoring and management 

operations should meet the sol id waste and site related 

dose l imits; after removal of the monitoring and 

management systems, al l  r isks indicators should be met. 

(6) I t is imperative to prove that radionucl ide releases of 

disposal facil i ties would not significantly increase the 

acceptable environmental radiation exposure of humans. 

 

On the matter of dose and r isk l imits, most nations refer to 

the standards of the International Commission on 

Radiological Protection (ICRP). Thereafter, each nation would 

adapt them to national sentiments and define their own 

standards. According to the Report No. 81 on long half-l ife 

sol id waste disposal (ICRP, 1998) released by the International 

Commission on Radiological Protection in 1998, under the 

regulated normal exposure levels, the annual human dose 

l imit is  3.00E-01 mSv/yr; the corresponding radiation r isk is 

1.00E-05 /yr. 

At present, there are no existing laws and regulations 

governing HLW disposal in the United Kingdom; however 

regulations on low- and intermediate-level radioactive wastes 

define that prior to the removal of the monitoring and 

management systems, al l  the dose l imits of the entire site, to 

which the representative individuals of a key group expose, 

should not exceed 0.5 mSv/yr. After the removal of the 

monitoring and management systems, the potential  exposure 

of the representative individuals to the radiation r isks imposed 

by disposal facil i ties should meet the risk standard of 1.0E-06 

/yr (Duncan, 1997). 



  
  

 

 3-28 

In France, under the reference repository evolution status, 

the effective radiation dose equivalent per person should not 

exceed 0.25 mSv/yr (Raimbault, and Barber, 1997). 

Finland has regulated that the maximum dose l imit for the 

probable personal exposure within a reasonably predictable 

time frame (around 10,000 years) is at 0.1 mSv/yr, and that a 

regular discussion should be conducted on the events leading 

to the possible increase in radiation exposure, and where 

possible, a quantitative evaluation of the pertaining risks 

should be conducted (Ruokola, 1997). 

In Germany, the maximum annual individual dose l imit 

after repository closure is 0.3 mSv/yr (Arens, 1997). 

Taking its cue from the IAEA Safety Standards SS 111-F 

(1995), Switzerland establ ished the Technical Guide HSK-R-21, 

regulating the individual dose l imit after closure at 0.1 

mSv/yr., and the maximum probable risks at 1.0E-06 /yr 

(Zurkinden, 1997). 

The U.S. Nuclear Regulatory Commission (NRC), in 

moderation of the suggestions of the National Academy of 

Sciences (NAS) and the International Commission on 

Radiological Protection (ICRP), is considering setting the l imit 

for the effective equivalent dose of key cluster radiation 

exposure at 0.25~0.3 mSv/yr (Knapp, 1997). 

Aside from the of radiation dose and risk l imits, other 

safety indicators proving isolation capacity range from the 

concentration of radionucl ides in the environment, biosphere 

flux, and radiotoxicity to groundwater flow velocity, etc. 

At present, most nations are using dose and r isk l imits to 

control  disposal safety, and Taiwan is no exception. The 

repository design criteria related provisions of the Regulations 
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on Final  Disposal of High Level Waste and Safety Management 

of the Facil i ties of Taiwan are as fol low:  

(1) Design of the SNF disposal facil i ty should ensure that the 

annual individual r isks created by the radiation effects of 

the facil i ty on the individuals of key groups outside the 

facil i ty should not exceed 1 ppm. 

 

Since the time considerations in SNF disposal procedures 

exceed 10,000 years, the val idation of their safety heavily 

depends on the performance and safety assessment 

technology. A computer program should be used to conduct 

a simulation, and enhance verif ication through a rational 

evaluation of the probable changes that the disposal system 

may undergo as it endures time, and in consideration of the 

time duration, the heterogenous and environmental viaration, 

and the uncertainties. 

 

3.1.3.4. Pre-closure and Post-closure Considerations 

The l ife cycle of a repository is general ly divided into two 

principal parts: pre-closure and post-closure. Controls during 

the operational period before closure mainly focus on 

worksite radiation control , industrial  safety, environmental 

protection, and qual ity control . After closure, safety 

consideration focuses on the long-term stabil i ty of the 

disposal system, and whether the disposal system could 

ensure its stabil i ty and thus, effectively isolate sol id wastes 

from the human activity environment. 

The function evaluation proves whether the disposal work 

satisf ied the systematic analysis method of the regulated safe 

radiation prevention cri ter ia or not. The disposal concepts 

and system should be establ ished; moreover, al l  the probable 
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changes that the disposal system may undergo as it endures 

time should be evaluated. The function evaluation process 

includes the fol lowing: system determination, scenario 

construction, and program simulation. In a f iner classification, 

program simulation technology includes two methods, the 

deterministic method and probabil istic method. These two 

methods should complement each other. Although we seek 

to achieve quantitative evaluation resul ts, these results need 

to be founded on a massive amount of qual itative 

assumptions and expert judgements. On the matter of the 

uncertainty and sensivity analysis, studies are mainly 

quantitative and aimed to clarify the probable changes in 

the repository functions as the repository endures time. 

The technical safety principles of the post-closure 

evaluation are as fol low: 

(1) Different types of conservative methods should be 

employed in the evaluation procedures. 

(2) A general  evaluation of the disposal system should be 

conducted. 

(3) Data closest to actual environment conditions should be 

used. 

(4) An analysis of uncertainties and sensitivity should be 

conducted. 

(5) Risk evaluation concepts and natural  analog results 

should be incorporated. 

(6) Human intrusion should be included in the evaluation 

factors. 

 

The long period of disposal safety analysis work 

conducted after repository closure circumvents two main 

concerns: the treatment of uncertainty and time frame 
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requirement. After the closure of a repository, the 

characteristics of the function evaluation would undergo 

some changes as time passes; at the same time, uncertainty 

factors would also increase. Hence, the results of an 

evaluation using a protracted time scale may be regarded as 

a form of safety indicator rather than a prediction of real 

effects. Therefore, i t is imperative to develop an 

internationally recognized formatted method for the 

evaluation of long-term effects, such as, the reference key 

group and the biosphere concept. 
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3.2. Basic Concepts of Engineered Barriers and Disposal Facilities 

3.2.1. Basic Concepts of Engineered Barriers 

The purpose in defining the engineered barrier system 

concept is to provide the requirements of the function 

evaluation. The evaluation resul ts could be used to amend 

the repository design and host rock screening conditions, etc. 

The repository design and function evaluation procedures 

should be coordinated with the site survey data gathering 

procedure and repeatedly evaluated. General ly, the 

engineered barrier system would contain the fol lowing: the 

SNF, canisters, buffer materials, and backfi l l  materials (Chi 

Li-Min, 2002); a specific explanation is provided in the 

fol lowing sections. 

 

3.2.1.1. Spent Nuclear Fuel 

(1) Functional Requirements 

The functional requirement of an SNF disposal process 

mainly includes that the short half-l ife radionucl ides 

which undergo proper decay and decay heat should be 

reduced in temperature so as to facil i tate the execution 

of disposal operations; that the released heat should not 

have any detr imental effects on the long-term 

performance of the repository engineered barr ier system; 

and that the SNF should, at best, be able to withstand the 

dissolution effects of groundwater. 

(2) The Disposal Design, Quantity, and Concept 

Among the six operational reactors in Taiwan, four are 

boil ing water reactors (BWR) and two are pressurized 

water reactors (PWR). The Lungmen Nuclear Power Plant 

that is currently under construction would have an 
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advance boil ing water reactor (ABWR). The BWR units 

contain either an 8 × 8, a 9 ×9 or a 10 ×10 fuel  rods. The 

PWR is a 17 ×17 fuel  rod (Figure 3-1 is the nuclear fuel 

structural  schematics). The volume of SNF for disposal in 

Taiwan is temporari ly based on the SNF produced during 

the 40-year operations of the Chinshan Nuclear Power 

Plant, Kuosheng Nuclear Power Plant, Maanshan Nuclear 

Power Plant, and Lungmen Nuclear Power Plant (Chi 

Li-Min, 2002). 

 

3.2.1.2. Canisters 

In Taiwan, stainless steel  canisters are used for interim 

storage. Taiwan is currently studying the reference design of a 

disposal concept using the Swedish canisters having the KBS3 

copper exterior l ined with cast i ron (SKB, 1999). 

A comparison of the SNF component specif ications of 

Taiwan and Sweden would reveal that except for the height 

of the BWR fuels used in Taiwan, which is sl ightly higher, the 

dimensions and specifications of the rest of the fuel  assembly 

are almost s imilar to specifications used in Sweden. I f we were 

to s ingularly focus on the dimensions and specif ications of the 

canister, and ignore the canister heat transfer, corrosion, 

stress, and other problems, dimensions of the canister would 

have a height of 491 cm, outer diameter of 105 cm, copper 

shel l  thickness of 5 cm, and inner l ining would be a cast i ron 

mold with enough space to hold a fuel  assembly. Twelve BWR 

fuel  assembl ies or four PWR fuel  assembl ies would be placed 

inside each canister. The sectional model of the canister 

would be as shown in Figure 3-2; component structure would 

be as shown in Figure 3-3. 
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3.2.1.3. Buffer Material 

The purposes of the buffer material  are to protect the 

canister surround and prevent groundwater from flowing into 

the canisters, keep the canisters in place, and retard 

radionucl ide migration. 

The reference disposal concept of Taiwan uses pure 

bentonite as the buffer material . The determination of 

bentonite thickness is based on the mechanical, chemical, 

hydrological, thermal, and gas transfer properties and 

functional requirements. A study of the proposed concept of 

the Swedish SR97 report (SKB, 1999) revealed that in order to 

position canisters outside the excavation disturbed zone, in 

the 2.5-meter gap from the top of the canister to the 

repository tunnel base, under the consideration that hydraul ic 

conductivity coefficient and operating barriers are low, 

thickness of the bentonite above the canister should be 1.5 

meters. Under the consideration that the radionucl ide barr ier 

and bentonite might support the canister load, base 

bentonite thickness should be set at 0.5 meters. Since the 

buffer material  would have weaker heat conductivity than 

the surrounding rocks, a thicker buffer material  would mean 

that a lesser amount of SNF would be loaded into the canister. 

In l ight of the foregoing factors and the consideration that 

the diffusion barrier surrounding the canister should be 

maintained during the entire disposal period, thickness of the 

lateral  buffer materials of the canister should be set at 0.35 

meter; the entire disposal hole emplacement diameter should 

be set at 1.75 meters, or the sum of the canister diameter and 

the initial  bentonite thickness. I t is necessary to take into 

account the needed gap between the bentonite and 
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canister and the gap between the bentonite and rock wall  

during emplacement. 

 

3.2.1.4. Backfill Materials 

The backfi l l  materials of reference disposal concept are 

mixtures of bentonite and granite crush rocks. At the end of 

the disposal operation, backfi l l  materials are backfi l led into 

the repository tunnel, caves, sloping paths, and shafts as 

indicated in the design, thereby preventing groundwater flux 

from causing the repository barr ier to undergo chemical 

changes. 

The backfi l l  material  of reference disposal concept is a 

mixture containing the suitable proportions of bentonite and 

crush rocks. From the environmental and economic 

standpoints, employment of the granite crush rocks obtained 

from the site could put to good use of the massive crush rocks 

produced during the repository excavation operations, and 

l ikewise reduce the supply cost of backfi l l  materials. After 

they have been mixed with the right proportions of bentonite, 

they can be used to fi l l  the gaps between the rocks, thereby 

obstructing the penetration of groundwater flux. Moreover, its 

swell ing pressure could adequately stabil ize the tunnel walls. 

The grade compatibil i ty between bentonite and crush rocks is 

closely related to the site groundwater flow and groundwater 

chemistry. The chosen backfi l l  material  of the Swedish SR97 

(SKB, 1999) was a mixture of 10〜 30% bentonite and crush 

rocks. After a s ite compaction, it was estimated that the 

hydraul ic conductivity coefficient would not exceeded 

1.0E-10 m/s, almost s imilar to the hydraul ic conductivity 

coefficient of the impermeable wall rock. 
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3.2.2. Basic Concepts of Disposal Facilities in Taiwan 

The facil i ty premises of the reference disposal concept of 

Taiwan may be divided into three principal parts: ground 

facil i ties, interconnected facil i ties, and underground facil i ties 

(Figure 3-4). The basic concept of the facil i ty is briefly 

introduced in the fol lowing sections. For details on the facil i ty 

design, see of Section 3.4.1. 

 

3.2.2.1. The Ground Facility Concept 

As proposed in related international studies (BfS, 1994; 

Simmons et al ., 1994; Baumgartner et al ., 1996; SKB, 1996), the 

main ground facil ities of the reference disposal concepts are: 

transportation facil ities, sol id waste receiving treatment 

plant, tight-seal ing plant, administration center, shaft 

facil i ties, buffer/backfi l l  materials plant, temporary material 

storage place, environmental monitoring and test facil i ty, 

publ ic facil i ties, and other facil i ties. For details of the ground 

facil i ty features defined in the reference disposal concept, 

see of Section 3.4.1. 

The actual location of the respective ground facil ities 

does not affect the post-closure safety assessment; hence, no 

studies on the design details had been conducted at this 

stage. 

 

3.2.2.2. The Interconnected Facility Concept 

The underground facil i ty of the repository extended from 

a depth of 300 to 1,000 meters, and shafts or incl ines should 

be constructed to connect this section with the ground 

facil i ties. The reference disposal concept of this study shall  

have four connecting shafts l inking the underground and 

ground facil i ties. The four shafts have their dedicated 
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purposes; that is , the personnel entry and exit shaft, the 

material  and equipment transportation shaft, the sol id waste 

transportation shaft, and the venti lation, water and power 

supply, and emergency escape shaft. Diameters of the four 

shafts are temporari ly set at 5 meters. 

 

3.2.2.3. Underground Facility Concept 

The primary underground concept of the reference 

disposal concept include the fol lowing aspects: disposal hole 

distribution, repository tunnel and disposal zone distribution. 

Detailed descriptions are as provided below: 

(1) Distr ibution of Disposal Holes 

Canisters are positioned vertical ly. Not al l  of the disposal 

hole locations of the repository may be employed ideally. 

The probably factors affecting employment are: rock 

properties (rock mass consti tution), condition by which 

groundwater flows into the disposal hole, stabil i ty of the 

bore hole, long-term safety, and the effects of geological 

structure, etc. I t is possible to estimate the usabil i ty of a 

disposal hole through the size of the disposal rock mass 

actually required. The repository tunnel and disposal hole 

section proposed after a study of the disposal concepts is 

as shown in Figure 3-5. The canister height and repository 

tunnel height settings were determined in l ine with the 

national nuclear fuel assembly dimensions for Taiwan use; 

that is , assumed at 4.91 meters and 4.1 meters; tunnel 

width is 3.6 meters; disposal hole depth is 7.91 meters; 

diameter is 1.75 meters; distance between disposal holes 

is 6 meters. 

(2) Distr ibution of repository tunnels and disposal zones 
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Chi Li-Min (2002) previously studied the design concept of 

the Swedish SR97 (SKB, 1999). He assumed that the SNF 

output of the Chinshan Nuclear Power Plant, Kuosheng 

Nuclear Power Plant, Maanshan Nuclear Power Plant, and 

Lungmen Nuclear Power Plant after 40 years of operation 

would be 3,652 canisters; calculation data used were the 

statistical  data obtained from Taiwan power Co. (2001). 

Distance between repository tunnels was assessed at 40 

meters. Figure 3-6 shows the prel iminary planning of the 

underground repository facil i ty distr ibution concept, the 

construction work and disposal work eff iciency were 

taken into account. Length of a single repository tunnel 

would be 320 meters, capable of disposing 53 canisters. 

Each disposal zone consists of six repository tunnels, 

disposing a total  of 318 canisters. In principle, the gap 

between disposal zones should be around 60 meters. The 

entire repository is divided into 12 disposal zones capable 

of accommodating 3,816 canisters; that is , enough to 

hold the estimated total  canister quantity. The ful l  length 

of the entire underground disposal zone is around 1,340 

meters, width is around 800 meters, and the required 

disposal area is at lest 1.1 km2 . This zone does not include 

the underground transportation operation zone and the 

necessary space al lowance to avoid unsuitable host 

rocks. 

(3) The Operation Tunnel and Operation Zone 

The circular operation tunnel is the center of the 

repository, which design is to ensure the safety and 

efficiency during the operation period. Excavation of the 

operation tunnel should be shaped l ike a horseshoe with 

the assumed width and height being 5 meters. The 
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repository tunnel extends outward from both sides of the 

operation tunnel; construction work is conducted in 

stages, fol lowed by disposal operations. The primary zone 

of operations is located directly under the ground facil ity, 

at an appropriate distance on one side of the disposal 

zone. I t contains the control  and management center, 

the construction worksite, the sol id waste transportation 

zone, the personnel leisure zone, and the material  zone. 

 

The foregoing describes the disposal hole distribution and 

the repository tunnel and disposal zone distr ibution of the 

reference disposal concept. For details of the underground 

facil i ty features defined in the reference disposal concept, 

see of Section 3.4.1. 
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Figure 3-2: The sectional model of the KBS-3 type canister 
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Figure 3-3: The SNF canister component structure 
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Figure 3-4: The finlal disposal concept 

(Chi Li-Min, 2002) 
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Figure 3-5: The sectional model of the disposal tunnel and disposal hole 
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Figure 3-6: The underground repository facility distribution concept 
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3.3. Engineered Barrier Related Technologies 

The engineered barr ier consists of the waste form, 

canisters, buffer materials, and backfi l l  materials. Materials of 

the engineered barrier system include the copper-shel led, 

cast- iron-l ined canisters, buffer material  consisting of pure 

bentonite, and backfi l l  materials consisting of a mixture of 

bentonite and crush rocks. In the reference disposal concept 

of Taiwan, the canister consists of the entirety of the leak-tight 

canister; in short, i t has no extra overpack. Thus, the overpack 

referred in this report refers to the canister. 

 

3.3.1. The Overpack 

The qual ity of the radioactive waste canisters or 

overpack (hereafter referred as the canisters) directly affects 

the release time of the radioactive nucl ides, and thus, it is  

closely related to the safety of the repository. 

A number of related technology developments were 

accomplished in Taiwan; for instance, the study of Liou Jin-Si 

and Chen Ben-Kang (1994) on the engineered barrier 

characteristics, which compiled information on al l  of the 

canister material  options available in the world at the time; 

the study of Huang Ke-Yu and Lee Jui-Yi (2002) which 

evaluated and analyzed the designs used for the different 

material  canisters available in the world and the pertaining 

general  criteria requirements. The study delved into the 

correlation between the geological conditions of a repository 

and the groundwater chemical composition. Also, it 

evaluated the different canisters used in different nations, as 

well  as tested the differences in the water consumption and 

disposal underground environment. The study of Lee Ruey-Yi 
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and Wu Huang-Jau (2003) delved into the canister failure 

mechanism and the canister material  selection 

considerations, as well  as evaluated the canister 

manufacturing process and the different types of corrosion 

mechanisms and defined a prel iminary geometrical 

dimension and basic parameters of the canister. In another 

study of Lee Ruey-Yi and Wu Huang-Jau (2005), an analysis 

was conducted on the canister and its material 

characteristics; that is , including the status quo of 

international canister development work and the factors for 

consideration, the criter ia, and the procedure employed 

during canister material  selection. The corrosion model of the 

copper canisters was enhanced to evaluate the corrosion 

speed and usage l ife of canisters. In the structural  stress 

analysis, the canister load capacity during load handl ing 

operations was analyzed and the residual stress after the 

electron beam welding was evaluated. 

 

3.3.1.1. Functional Requirements and Selection Criteria of Canisters 

The chosen canister material  should meet the primary 

functional requirements of the canister; that is , to contain the 

spent nuclear fuel  and its radioactive substances inside the 

canister within the specif ical ly designed repository period, as 

well  as meet the safety requirements during the operational 

period. Under the repository environment, the canister should 

satisfy the fol lowing requirements (Lee Ruey-Yi et al ., 2005): 

(1) Radiation Safeguards 

The canister should effectively block radiation intensity of 

the waste form under the specified standard, thus 

facil i tating the transportation and moving operations. In 
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Sweden for instance, Sweden l imits canister surface dose 

under 1 Gy/h. 

(2) Control  of Critical ity 

After the SNF had been loaded into the canister, the 

water-f i l led canister should be able to maintain a 

sub-critical  status. The effective neutron multipl ication 

factors of neutrons should be less than 0.95. 

(3) Mechanical Strength 

Mechanical strength of canisters should be sufficient to 

withstand the load exerted by the rocks and barriers on it, 

as well  as the hydrological static pressure of the 

geological layer, the water fi l l ing and heat swell ing 

pressure of buffer materials, and the rapid displacement 

occurring in the fracture along the rock mass. The 

deformation resulting from creep should be under the 

specif ied l imit (for instance, total  creep of a copper 

canister should be under 4%) to ensure the structural  

integrity of the canister. 

(4) Temperature Limit 

The non-boil ing temperature (100ºC) of water under one 

atmospheric pressure shal l  be the demarcation point 

between high and low temperatures. At present, except 

for a minority of countries, such as the United States, 

which employs high temperature disposal concept, most 

of the countr ies general ly employ the low temperature 

disposal concept. Among the low temperature disposal 

concepts, surface temperature of canisters, in both the 

disposal process and post-closure period of the 

repository, should comply with the temperature l imit. 

When the canister surface temperature l imit is  set below 

100ºC, for the SNF volume and the permissible decay heat 
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scale, the permiss ible maximum decay heat l imit of each 

canister should be around 2 kW. 

(5) Corrosion Resistance 

Thickness of canister materials should be sufficient to 

prevent failure due to corrosion within the period defined 

in the design. For instance: The copper canisters used in 

Sweden have a thickness of 5 cm; the continuous welded 

surfaces in the welded section should measure at least 1.5 

cm. 

(6) Compatibil i ty with Buffer Materials and Rock Mass 

The canister material  and buffer material  selection 

process should completely consider al l  factors to prevent 

interaction effects between the two from causing 

material  deterioration or difficul ties in rock mass structural 

stabil i ty maintenance. 

(7) Producibil i ty and Cost 

The canister material  selection process should take into 

account the material  resource abundance, producibil i ty, 

and operation maintenance convenience factors of the 

materials, thus making it possible to achieve the needed 

canister functions within the al located cost expense 

budget. 

 

3.3.1.2. Canister Material Selection Technique 

The canister material  selection process should also 

consider technical issues. I ssues are general ly classified as: (1) 

environment, (2) materials, (3) effects of interaction between 

materials and environment, (4) specifications and inspection, 

(5) evaluation of usage l ife, etc. (Lee Ruey-Yi et al ., 2003). 

(1) Environment 
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A study of the past repository environment evolution 

history and the disturbance that the disposal process may 

impose on the environment is necessary to deduce the 

future possible evolution of the repository environment. 

Moreover, the impacts on canisters and disposal system 

during the different disposal stages should be analyzed 

and evaluated. The principal parameters involved in the 

evaluation are as fol low: 

(a) Hydraul ics and cl imate: including (i) volume and 

direction of groundwater flow, (i i) distr ibution of 

temperature at the repository zone, (i i i ) pressure, (iv) 

rainfal l , and (v) flood volume. 

(b) Geochemistry conditions: (i)  hydrochemical 

conditions; (i i) acid-alkal i degree; (i i i ) 

Oxidation-Reduction Potential  (ORP); iv) type and 

concentration of leached minerals; (v) 

radiochemical composition; (vi) canister corrosion 

products. 

(c) Volcano and earthquakes: (i) type and frequency of 

volcanic eruption; (i i) effects of the earthquake. 

(d) Geological conditions: (i) conditions of host rocks, (i i) 

thermal cycle effects, (i i i ) radiation effects. 

(2) Materials 

As for the materials, factors and consti tution for 

consideration are: 

(a) Material  properties: including: (i) chemical 

composition, (i i) characteristics of material  surface, 

(i i i ) characteristics of material  host, (iv) mechanical 

properties. 

(b) Stabil i ty of the connected and welded surfaces: 

Evaluation should be intensified at the (i) welded 
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surfaces (i i) heat-affected zone, and (i i i ) connected 

surfaces of varying metal interfaces. 

(3) Interaction between materials and environment 

The selection of materials should also take into account 

repository environment factors; moreover, the fol lowing 

interaction effects between the materials and 

environment should be evaluated: 

(a) Dry corrosion: that is , (i) interaction effect between 

gas and metal and (i i) oxidation. 

(b) Wet corrosion: The groundwater in the repository 

would gradually permeate through the buffer 

material  and reach the exterior of the canisters; this 

wil l  expose canisters to different levels of wet 

corrosion effects. The primary types of corrosion are: 

(i)general  corrosion and (i i) partial  corrosion 

(including: spot corrosion, galvanic corrosion, crevice 

corrosion, stress corrosion, and al loy degrading 

corrosion). 

(c) Hydrogen embrittlement: Long exposure to the 

chemical conditions of groundwater could cause 

hydrogen embrittlement and presence of cracks on 

the canisters. The evaluation needed to be 

conducted on hydrogen embrittlement should 

include: (i) sol id dissolution or hydrogen absorption 

capacity, (i i) forms of hydrides and their effects on 

the structure, and (i i i ) the amount and types of 

hydrogen released after the oxides had been 

restored. 

(d) Radiation and radioactive products: The radioactive 

energy released by the waste forms could cause 

substances to absorb the radioactive energy to 



  
  

 

 3-50 

undergo radiation decomposition and produce other 

derivative radioactive substances. The essential 

aspects of the evaluation to be conducted on 

radiation and radioactive products are: (i) sol id 

waste types, (i i) Gamma radiation, and (i i i ) radiation 

decomposition of gases, vapors, and water. 

(e) Microorganism effects: A multi tude of different 

microorganism species may exist in the soil  or disposal 

environment, and their presence would partial ly alter 

the groundwater chemical conditions, consequently 

causing the partial  corrosion of canisters (King, 1996) 

and transport of the radioactive nucl ides. On the 

matter of the microorganism effects, i t is imperative 

that the fol lowing should be evaluated thoroughly: (i)  

types of microorganisms, (i i) growth status, (i i i ) 

detrimental effects to canister materials, (iv) 

environmental changes, and (v) transport of 

radioactive nucl ides. 

(f) Mechanical effects: The stress caused by the stratus 

and rock mass on canisters within the deep 

geological environment are in the form of (a) 

hydraul ic static pressure, and (b) l ithostatic pressure. 

I i thostatic pressure is mainly absorbed by the buffer 

and backfi l l  materials; however, the canister has to 

contend with stress from hydraul ic static pressure and 

pressure from buffer material  swell ing. 

(g) Effects of interaction between canister and buffer 

materials: Functions of the bentonite buffer material  

on the canister are: (i) isolation or mitigation of 

contact between erosive oxidized media and the 

canister, thereby mitigating the oxidation and 
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corrosion processes of canisters; (i i) low permeabil i ty 

al lows it to effectively mitigate water transport to the 

canister surfaces and slow down the canister 

corrosion rate; (i i i ) in the event of punctures on the 

canister exterior, the low water transport volume 

would also retard the entry of water penetrating the 

puncture hole into the canister inner layer, thus 

mitigating the corrosion and deterioration rate of the 

canister inner layer materials; such as carbon steel or 

stainless steel ; (iv) l imitation of the rate of radioactive 

gas and soluble molecule release to the surrounding 

rock mass. 

(h) Effects of interaction between canister and waste 

form: Once the SNF inside the canister starts to fail , 

the erosive radioactive gas or radionucl ide released 

would cause erosion of the canister interior. Essentials 

of the pertaining evaluation are: (i) galvanic 

corrosion, (i i) radioactive gas erosion, and (i i i ) 

radioactive nucl ide erosion. 

(4) Specif ications and Inspections 

(a) Material  specifications: The content of certain 

impurities has significant effects on the long-term 

efficiency and performance of the canisters in the 

disposal environment. The oxyacid-free copper used 

by the Swedish SKB has a purity of at least 99.99%, as 

SKB imposes str ingent l imitations on the content of 

impurities. On the other hand, adding trace amounts 

(50 ppm) of phosphorus into the copper material  not 

only improves the creep ductil i ty, but also retards 

effects of sul fur impurities and raises the 

recrystal l ization temperature. The inner layer should 
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have a cast i ron or other metal l ic materials with 

strong r igidity for inner l ining material , to enable the 

canister to absorb the load imposed on it. 

(b) Specif ications of Manufacturing Process: To ensure 

that canister qual ity meets the control  and 

management standards, the fol lowing should be 

clearly and str ingently specif ied in the manufacturing 

process specifications: (i) canister dimensions and 

specif ications, (i i) molding and manufacturing 

process, (i i i ) welding procedure, (iv) surface 

treatment, and (v) heat treatment procedure used in 

each stage. 

(c) Inspection: The purpose of inspection procedures is to 

ensure that product qual ity meets the specification 

acceptance standards. Moreover, through inspection 

procedures, early diagnosis and discovery of related 

problems affecting qual ity would enable the early 

insti tution of improvements and upgrade product 

rel iabil i ty. 

(5) Evaluation of the Usage Life Expectancy 

In 1995, the National Academy of Sciences (NAS) of the 

United States proposed (OECD/NEA, 2004) that time and 

space should be divided into two major categories, and 

that a ten-thousand-year period fol lowing repository 

closure shal l  serve as the demarcation. In the 

ten-thousand-year period fol lowing repository closure, it is  

imperative that str ingent safety assessment procedures 

should be conducted to ensure that safety l imits are met. 

For the period after 10,000 years to the geologically 

stable period (mil l ion years), occurrence time and scale 

of the highest dosage should be estimated. This 
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suggestion has been accepted and implemented by the 

United States Environmental Protection Agency (USEPA) 

and the U.S. Nuclear Regulatory Commission (USNRC). 

Canisters within the repository environment need to 

satisfy the general  criter ia; e.g., radiation safeguards, 

control  of critical ity, temperature l imit, producibil i ty, etc.; 

thus, its compl iance with the requirements would be 

ensured through an appropriate design analysis during its 

operation stage. As for the corrosion resistance of 

materials, the compatibil i ty with the buffer material  and 

rock mass, and the mechanical strength deterioration, it 

is closely related to the evolutionary changes in the earth 

chemistry (or geochemistry for short) conditions of the 

rock mass. Under concurrent perception, the geosphere 

or mineral  evolution or stabil i ty conditions may be 

assessed based on a mil l ion-year standard (Ewing, 2001). 

However, in terms of engineering materials, aside from 

the rare few valuable metals (e.g. gold, si lver, and 

copper), in the l imited records of human history, no test 

records could adequately empirical ly prove the 

deterioration or corrosion of engineering materials. Their 

time expanse could extend to several  thousand years, 

and they may be directly applied in the long-term 

disposal of nuclear sol id wastes. Under this premise, it is 

imperative to conduct further studies on the appl ication 

of existing engineering technologies for the conservative 

evaluation of the canister usage l ife. Further discussion of 

the mechanism simulation analysis, test methods, l ife 

expectancy evaluation method, model val idation and 

on-site detection matters are stated below: 
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(a) Simulation analysis of the corrosion mechanism: 

Studies conducted on canister material  corrosion 

showed that methods employed in nations around 

the world were developed based on the 

geochemical conditions of repository host rocks.  

Moreover, more rigid tests and analyses of the 

hydrochemical conditions simulation were 

conducted to determine if i t would be possible to 

understand the probable Corrosion Evolutionary Path 

(CEP) of canisters within the repository environment. 

I ts corrosion mechanism was further evaluated and 

analyzed, and a corrosion damage analysis was 

thereafter conducted. The procedure could enhance 

the rel iabil i ty of the l ife expectancy evaluation 

(Macdonald et al ., 2003). In the mechanism 

simulation analysis, the (i) substrate metal (i i) welded 

sections, and (i i i ) heat-affected zones should be 

included in the evaluation analysis. I f they could not 

satisfy the time l imit requirements of the canister, an 

analysis would al low an early discovery and remedy 

of the problem. 

(b) Test method and specimens: Canister material 

characteristics, especial ly its creep and long-term 

corrosion behaviors, are directly correlated to the 

long-term sustainabil i ty of the canister integrity. 

Hence, to ensure the stabil i ty and rel iabil ity of the 

canister material  qual ity, the fol lowing should be 

included in the test specimens: (i) prototype 

specimens, (i i) specimens under production, and (i i i ) 

f inished products. 
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(c) Life expectancy evaluation method: The factors 

affecting the canister usage l ife are interrelated and 

mutually affecting; for instance, manufacturing 

defects could cause material  properties to 

deteriorate; pitting corrosion or crevice corrosion and 

stress corrosion fractures, etc. (Macheret, 1999). 

Corrosion can also cause partial deterioration of 

material  properties and affect the hydrochemistry of 

the near-f ield environment. When the stress level 

exceeds a particular l imit, metal may crack even 

before corrosion reaches serious proportions. After a 

long period of nurturing and induction, the passive 

fi lm on the metal surface would partial ly become the 

source of the crack where stress has concentrated. 

Once cracks are produced, under the joint effect of 

self-catalyzed corrosion of the sealed battery at the 

stress and crack areas, cracks would grow rapidly 

into fractures. Since al l  the parameters are 

interrelated with each other, and future change 

predictions contain uncertainty factors, the l ife 

expectancy evaluation method employed should be 

an integrated evaluation model that appl ies 

statistical  principles and further integrates 

information compiled. Furthermore, a rational l ife 

expectancy evaluation should be conducted using 

the interrelated but l imited information available 

through monitoring, evaluation, improvement, and 

verification procedures. 

(d) Model Verification: The fol lowing may be used in 

model verif ication: (a) natural contrast, (b) 

accelerating experiment, and (c) analytical method. 
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As far as metal l ic materials are concerned, except for 

the few valuable metals, corrosion is a natural 

occurrence and would enable the metal to sustain as 

a stable compound. Some case studies conducted 

(e.g. the bronze unearthed during the Zhou Dynasty 

of China, the metals that had submerged to the 

ocean bed during the 16th and 17th Centuries, etc.) 

manifested that the corrosion resistance properties of 

certain metal l ic materials could last for a 

considerably long period of time and maintain their 

structural  integrity. The selection of canister 

materials, on the practical side of operations, should 

employ the accelerating experiment method to 

further verify the suitabil i ty of the material  selected. 

I ts basic principle is to evaluate the maximum 

corrosion l imits of materials under an environment far 

more rigid than the repository environment and to 

select the suitable canister material . The analytical 

method may also be used to verify a model. 

Verif ication may be real ized with the help of 

sufficient experiment data to prove the suitabil i ty of 

the analytical method. 

(e) On-site detection: Repository closure is the f inal 

systematic procedure al located in the disposal 

system; hence, the si te detection operation 

demarcates the pre-closure and post-closure periods 

of the repository. Pr ior to closure, the repository 

should be able to assume the rational predicted 

events occurred during the operation period without 

causing any unacceptable damages or losses. In the 

post-closure period of the repository, the fol lowing 
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factors should be considered before decisions are 

made: the radioactive decay and risk potentials of 

sol id wastes, the pre-scheduled activities and data 

fi l ing history and experiences. However, after 

monitoring and management operations become 

unnecessary, radiation effects resulting from failure of 

the repository isolation and the leak-tight seal should 

continue to meet pertaining safety standards (Lin 

Shan-Wen, 2002). 

 

3.3.1.3. Canister Selection Procedure 

In terms of the basic requirement, a canister should be 

able to ful fi l l  the fol lowing within the period defined in the 

design: encapsulate the radioactive substances in the waste 

form, restr ict the release of ionizing radiation, absorb the 

decay heat residue of the waste form, and ensure that the 

system is in sub-critical  conditions. Moreover, the canister 

design should ensure the structural  integrity and the effective 

achievement of thermal efficiency, thereby satisfying the 

functional requirements of the radiation safety safeguards. 

For the design, it’s required to conduct a functional 

evaluation on radiation safety, structural  integrity, cr itical ity, 

and thermal and chemical stabil i ty and compatibil i ty; thus, 

design may be able to satisfy the control  and design l imits. 

After the basic functional requirements have been met, a 

study of the environment, materials, interaction effect 

between environment and material , specifications and 

inspection, and usage l ife evaluation should be made to 

determine whether the canister is  capable of satisfying the 

storage requirements for a period exceeding 10,000 years. 

Moreover, the design should take into account the factors 
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affecting changes in the overal l  repository environment. 

Furthermore, outside the basic scenario, i t is  imperative to 

evaluate the probable effects of the various canister related 

scenarios l isted in the features, events, and processes (FEPs), 

and to determine whether the canister has suffered damages 

and failures, as well  as the probabil ity and frequency of the 

failures, and whether the radiation dose resulting from the 

subsequent radioactive nucl ide releases satisfy the l imits set 

in the pertaining laws and regulations or design. 

On the matter of the canister selection, under the basic 

premise that laws and regulations on radiation safety are met, 

a cost efficiency analysis should be conducted for the 

economic aspect of the canister selection procedure. The 

factors for consideration are: price of the canister per se, 

load capacity of the canister and the required quantity, 

maintenance expense of canister disposal operations, 

external support facil i ties (e.g., leak-tight seal ing station), 

deep geological excavation and disposal expenses of the 

repository. These factors are closely related to the type and 

size of the canister. Other factors, such as operating 

convenience, sustainabil i ty of operations within a certain 

time period (e.g., the disposal period or several  decades 

after closure), recycl ing flexibil i ty of canisters, should also be 

included in the consideration. Basical ly, a canister with a 

larger load capacity would have a relatively lower disposal 

unit price. From the engineering perspective, especial ly when 

the deep geological disposal concept is employed, the mass 

and weight of the canister should be l imited within a certain 

range to facil i tate disposal engineering procedures. 
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3.3.2. Buffer Materials 

The reference buffer material  currently used is pure 

bentonite; on the other hand, the reference backfi l l  material 

is a mixture consisting of crush rocks and bentonite. 

 

3.3.2.1. Functional Requirements of Buffer Materials 

The purpose of using buffer materials is to surround the 

canister on al l  s ides to prevent the inflow of groundwater, to 

hold the canister in position, and to retard radionucl ide 

transport. Moreover, in view of economic considerations, 

buffer materials should be easy to obtain (Chi Li-Min, 2002). 

The reference disposal concept uses bentonite as the 

buffer material . The thickness of the bentonite determines the 

mechanical, chemical, hydrological, thermal, gas transport 

properties and functional requirements; for instance, 

interaction effect between bentonite and the canister, the 

bentonite bearing capacity, the bentonite swell ing pressure, 

the hydraul ic conductivity coefficient of bentonite, the 

radionucl ide transport blocking capacity of bentonite, and 

the thermal conductivity of bentonite. 

 

3.3.2.2. Buffer Material Specifications 

The reference disposal concept uses bentonite for the 

buffer material . The globally used typical candidate buffer 

material  is the U.S. Black Hil l s bentonite. Although the 

aforementioned MX-80 bentonite may function excellently, in 

the future, after the construction of disposal facil i ties in many 

nations, raw material  supply and price would become diff icul t 

to grasp; hence, it is imperative to develop and study locally 

available materials. In Taiwan, regions containing 

montmoril lonite clay are mainly found in the weathered clay 
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regions on the eastern coastal  mountain range. The Zhisin 

bentonite originates from tertiary period volcanic ash, tuff, or 

Andesite agglomerate. I t is formed by metamorphic mineral 

clusters after the underground is subjected to hydrothermal 

effects. A prel iminary estimate of the area currently under 

excavation assessed mineral  deposits to be around 3.2 mil l ion 

tons. The minerals contained in the clay in the soil  mines of 

Zhis in Mining Co. Ltd. are mainly aluminum montmoril lonite 

metamorphic mineral  clusters; the rest are paragenetic 

mineralogical phase, such as, i l l ite － montmoril lonite 

cross-stratification, chlorite, kaol inite, pyrite, quartz,  

cristobal ite, calcite, dolomite, anorthosite, and gypsum, etc. 

(Chen Wen-Chuan, 2004). 

 

3.3.2.3. Buffer Material Test Technique 

The buffer material  host is  restricted, in the interior, to its 

contact with the canister, on the exterior, i ts contact with the 

base and surrounding rock, and at the top, to i ts contact with 

the backfi l l  materials. Pursuant to the buffer material 

functions stated in the preceding section, i t is apparent that a 

variety of effects are produced within such l imited space, 

including thermal, hydraul ic, mechanical, and chemical 

effects (or the T-H-M-C effects for short). Moreover, it is 

commonplace that two or more reactions would occur 

simultaneously and interact with each other, or the so-called 

coupl ing effect (Wu Po-Lin, 2005). Sweden presented a 

detailed explanation to the interactive coupl ing effect 

resul ting from T-H-M-C effects and their correlation with each 

other (Chen Wen-Chuan, 2004). Furthermore, extraction of 

these buffer materials should also meet operating and 

manufacturing capacity requirements. 
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3.3.2.3.1. Thermal Conductivity Test Technique 

Thermal energy comes from SNF decay heat and 

geothermal gradient. The intensity of heat, temperature, and 

radiation are not affected by the geometrical shapes of the 

buffer materials. The primary radiation actions of SNF are the γ 

and neutron radiation.  

Thermal conductivity measurement and test techniques 

are as stated below: 

(1) Steady-state Thermal Conductivity Coefficient 

Measurement Technique 

A measurement technique using the transient state heat 

flow meter (Liou Tai-Sheng, 2002a) was conducted with 

the HC-074 (FOX-150) experiment equipment developed 

by EKO of Japan. The experiment specimens used was the 

bentonite (Zhis in bentonite) produced by the Zhis in 

Mining Co., Ltd. in Chang-Yuan Vil lage, Taitung County. 

The experiment results revealed the fol lowing: Adding 

different types of host rock materials could enhance the 

heat conductive property; however, margin of increase is 

minimal (Liou , 2002b). 

(2) Transient Thermal Conductivity Coefficient Measurement 

Technique 

Tien Yung-Ming (2001, 2002) conducted a test measuring 

the transient thermal conductivity coefficient. He mainly 

appl ied the thermal probe method used in measuring soil  

thermal conductivity coefficient to conduct the thermal 

conductivity coefficient test of the unidimensional 

thermal conductivity. Materials employed were the U.S. 

Black Hil l s Bentonite mixed with varying proportions of 

granite crush rocks. The test found the thermal 
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conductivity coefficient of pure bentonite to be 0.66 

W/m-K, and as ratio of granite crush rocks is increased, 

the coefficient also increases. 

 

3.3.2.3.2. Hydraulic Conductivity Test Technique 

Huang Wei-Hsing (2000) conducted a hydraul ic 

conductivity coefficient test using triaxial  flexible wall 

permeameter and referr ing to ASTM D5084-90. Soil  samples 

used in the test were kaol ine, Zhisin bentonite, and Black Hil ls 

bentonite. In these experiments, the Black Hil l s bentonite had 

the minimum hydraul ic conductivity coefficient, that is , 

around 1.0E-13~1.0E-14 m/sec. 

 

3.3.2.3.3. Mechanical Test Technique 

Buffer materials should have a certain swell ing potential , 

as this would endow the buffer material  with self-heal ing 

capacity. Tien Yung-Ming (2001) improved the recommended 

method of the International Society for Rock Mechanics 

(ISRM) for the rock swell ing test on materials with swell ing 

capacity. His method included free swell ing test and swell ing 

pressure test; hence, his method became more suitable for 

conducting massive tests in a constant temperature 

environment. In his test, he employed the U.S. Black Hil ls 

bentonite and the locally produced Zhisin bentonite, and 

mixed them with varying proportions of granite crush rocks. 

Test results showed that under a high compaction condition, 

the swell ing strain of Black Hil l s Bentonite should have 

increased to around 900% and that the swell ing strain of Zhisin 

bentonite to almost 200%. Moreover, swell ing strain would 

decrease according to the decrease in clay density and 

increase in crush rocks ratio. 
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3.3.2.3.4. Chemical Test Technique 

The chemical state of buffer materials is determined by 

the montmoril lonite content and the montmoril lonite 

composition. The actual composition of the clay mineral  also 

includes ions, the varied impurities therein contained, and the 

pore water composition. 

Teng Shi-Ping et al . (2002 – 2006) conducted a six-year 

Test on the Laboratory Radionucl ide Migration and the Buffer 

and Backfi l l  Materials (Teng Shi-Ping et al ., 2005). The test 

used granite crush rocks, quartz sand, and MX-80 bentonite as 

the buffer material , and studied their chemical stabil i ty and 

chemical properties for various mixing ratio, and the 

radionucl ide transport characteristics. The experimentation 

conducted in l ight of which was divided into the geochemical 

analysis and the radionucl ide transport characteristics. 

Primary techniques establ ished are as fol lows: 

(1) Determination of the laboratory implements and 

conditions for deep geological disposal simulation; 

(2) Study of the chemical stabil i ty; 

(3) The radionucl ide transport characteristics in the aerobic 

and anaerobic environments; 

(4) Establ ishment of a radionucl ide transport characteristics 

database. 

 

3.3.2.3.5. Buffer Material Operating and Manufacturing Techniques 

Tien Yung-Ming (2003) designed a suitable mold for 

compacting of disc-l ike and circular buffer material  blocks 

down to a 1/18 reduced scale ratio. The varying compaction 

rate test resul ts indicated that at water content of 8.1%, 

loading rate is increased from 0.15 kN/sec to 5.0 kN/sec, and 
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the resul ting dry density difference is less than 1%. The results 

show that if compaction rate is kept within the compaction 

rate range, no s ignif icant effect would be noted on the 

compaction behavior implemented on the bentonite powder. 

The test resul ts were founded on the micromechanical model 

to establ ish the prediction method for the bentonite - crush 

rocks mixture compaction curve. The experiment merely 

conducted a compaction test on pure bentonite in order to 

acquire the bentonite compaction curve and thus, predict 

the compaction curve for bentonite – crush rock mixtures with 

different mass ratio, thereby significantly reducing the 

number of experiment subjects. 

 

3.3.3. Abstract and Future Goals 

To date, the SNF disposal program has studied the factors 

for consideration, criteria, and procedure of the copper 

canister material  selection and studied the copper canister 

corrosion model to evaluate the canister corrosion speed and 

usage l ife expectancy. On the matter of structural  stress 

analysis, an analysis of the load capacity of canisters during 

hoist transporting operations and an evaluation of the 

residual stress after the electron beam welding was 

conducted. In future studies, aside from maintaining a grasp 

of the international trends in canister development, the 

geochemical conditions of repository host rocks constituted 

the most important l ink in the SNF disposal procedure. 

Thereafter, appl ication of the geochemistry evaluation model 

(e.g., geochemical analysis program EQ3/6) should be 

enhanced to evaluate the probable geochemical evolution 

of the repository host rocks after they have been introduced 

into the engineering facil i ty and the future environmental 
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changes. On the structural  mechanics s ide, welding and its 

procedure are sti l l  imperative for the reinforcement of the 

canister structure. Future studies on the subject should, at 

least, include the fol lowing (Lee Ruey-Yi et al , 2005): 

(1) The evolution of the geochemical environment of the 

canister and its surrounding areas during the different 

disposal stages for the evaluation of the canister 

corrosion and deterioration process. 

(2) The dissolution rate of the radioactive nucl ides in the 

groundwater environment under partial  or minimum 

canister failure conditions; aside from evaluating its 

effects on the rest of the canister, data shal l  serve as 

reference for the evaluation of the engineered and 

natural  barrier eff iciency and radiation dose. 

(3) An evaluation of the compatibil i ty among the canister,  

the buffer and the backfi l l  materials inside the 

engineered barrier system, and with the host rock 

environment, as well  as their stabil i ty. 

(4) An evaluation and analysis of the effects of the different 

welding processing work conducted on the canisters on 

the welded and heat-affected zones, as well  as the 

thermal treatment method for the el imination of the 

welding residual stress and the improvement of 

procedures. 

(5) Determination of the canister material  and dimensions 

and the effects of the interaction between canisters and 

the regional environment of domestic potential  regions. 

 

Clay, natural  and synthetic zeol ite, active carbon, metal 

powder and desiccant had been considered as candidates 

for buffer and backfi l l  materials. Pursuant to the studies on 
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buffer and backfi l l  materials conducted in many nations 

during the past years, a bentonite primarily composed of 

montmoril lonite minerals manifested excellent efficiency in 

terms of permeabil i ty, ion exchange, and swell ing; hence it 

had been recommended as the primary material  for buffer 

and backfi l l  materials. In view of the data obtained from past 

surveys, regions containing montmoril lonite clay in Taiwan are 

mainly found in the weathered clay regions on the eastern 

coastal  mountain range. Zhisin Mining Co., Ltd. located in 

Chang-Yuan Vil lage, Taitung County, is the only firm in Taiwan 

engaged in the commercial  mining of bentonite mines. To 

date, the SNF disposal program has tested some of the indoor 

materials, as well  as developed and establ ished the 

prel iminary technology; such as, thermal, hydraul ic, 

mechanical, and chemical (T-H-M-C) effect, and buffer 

material  operation and manufacturing technologies. 

Furthermore, in summary of the various studies of other 

nations, future studies on buffer and backfi l l  materials need to 

be enhanced in the fol lowing areas: 

(1) Evaluation and verification of the buffer and backfi l l  

material  types; 

(2) Testing and study of the buffer and backfi l l  material 

functions and composition specifications; 

(3) Further studies on the long-term stabil i ty of buffer and 

backfi l l  materials, specifical ly delving into their chemical 

stabil i ty, radionucl ide adsorption and transporting 

capacity, swel l ing characteristics, mechanical 

properties, thermal characteristics, permeabil ity, 

thermo-hydro coupl ing capacity, and block combination 

properties. 

 



  
  

 

 3-67 

3.4. Disposal Facilities Related Technologies 

3.4.1. Design Research 

The basic facil i ties of a repository may be general ly 

divided into three parts: the ground facil i ties, the 

underground facil ities, and the interconnecting facil i ties 

(shafts or incl ines). These facil i ties include a multitude of 

varying structures, systems, and components. Occasionally, 

an interconnecting facil i ty may be merged into the 

underground facil i ty. 

 

3.4.1.1. Ground Facilities 

Ground facil i ties may be classified by function and 

usabil i ty into six major systems: the surface management and 

administration system, the radioactive waste management 

system, the environment monitoring and radiation control 

system, the rock treatment system, the transportation system, 

and the auxil iary system. The functions and requirements of 

the ground facil i ty system in the SNF deep geological 

repository concept design stage are as fol low: (Tong 

Cong-Zhang, 2005): 

(1) Surface Management and Administration System 

It is the operation center of ground facil ities and should 

be kept at a safe distance away from the sol id waste 

operations section, thus preventing radiation or 

temperature from imposing some detrimental effects on 

the operating personnel or instruments and equipment. I t 

may have the fol lowing subsystems: the electrical  and 

mechanical system, the instrument control  system, the 

communication system, the administration system, the 

service system, the security system, the repair and 

maintenance system, and the recording system. 
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(2) Radioactive Waste Management System 

It is the repository ground facil ity core system, and in l ight 

of its direct contact with the radioactive waste treatment 

process, i t is necessary to instal l  a security fence to 

prevent radiation or temperature from imposing 

detrimental effects on the operating personnel or 

instruments and equipment; moreover, proper control  of 

personnel entering and leaving this area should be 

implemented. The system encompasses the fol lowing 

subsystems: acceptance system, packaging system, 

interim storage system, emplacement system, and 

recycl ing system. 

(3) Environmental Monitoring and Radiation Control  System 

Execution of radioactive and nonradioactive operations 

of ground facil i ty would result in the production of sol id 

wastes that are l ikely to leak out radiation or pollute the 

environment. Hence, during this period, it is imperative to 

insti tute stronger environment monitoring, control , and 

treatment to prevent any consequential  environment 

pol lution or hazards. The system encompasses the 

fol lowing subsystems: radiation monitoring system, 

non-radiation monitoring system, and pollution treatment 

system. 

(4) Rock Treatment System 

The rock treatment system is primarily divided into the two 

major systems: the debris rock pil ing and the backfi l l  

processing systems. The debris rock pil ing system starts 

from the acceptance & transportation of excavated 

rocks, the rock pressing process to the safe storage. The 

backfi l l  processing system mixes the crushed debris rocks 

with proportions of bentonite to produce the backfil l  
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materials for the execution of the underground repository 

backfi l l  operations. 

(5) Transportation System 

The transportation system handles the transportation of 

SNF from the power plant to the repository. The needed 

subsystems are: the harbor and pier system, the dike 

system, loading and unloading operations system, the 

warehouse storage system, and the road system. 

(6) Auxil iary System 

It provides the repository ground facil i ties with the 

auxil iary equipment and machinery needed under normal 

operating conditions and troubleshooting operating 

conditions. The subsystems required are: power supply 

and distr ibution system, water supply and draining system, 

fi re safety system, fuel  supply system, and emergency 

evacuation system. 

 

3.4.1.2. Underground Facilities (including the interconnecting facilities) 

Based on the respective system functions, the 

underground faci l ity may be general ly classified into two 

systems: the operating facil i ty and the engineered barrier 

systems. Facil i ty operation is primari ly related to the safety of 

the operational period; that is , including the operation 

center, operation tunnel, waste management area, etc., as 

these are passages or working areas opened to cope with the 

repository operating requirements. The design objective of 

the engineered barr ier system is to provide long-term disposal 

safety, and design encompasses the canister, buffer material , 

and backfi l l  material , etc. 
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The functions and requirements of the underground 

facil i ty system in the SNF deep geological repository concept 

design stage are as fol low (Hsu Hsiu-Chen et al ., 2003): 

(1) Shaft System 

The passages connecting the ground facil i ty to the 

underground facil i ty may be designed into either shafts or 

incl ines. At this point, the prel iminary consideration is to 

use the shaft design. Dedicated shafts should be 

designated for sol id waste transportation and isolated 

from the shaft passages for personnel use. Moreover, 

shafts may also be used as passages for equipment and 

construction material  transportation, underground facil ity 

venti lation, and emergency escape passages. The system 

may l ikely have the fol lowing subsystems: hoisting system 

and suspension system. 

(2) Underground Control  and Management System 

It is the underground operation center. The principal 

instruments and control  equipment are located in this 

section. An appropriate distance should be maintained 

between this section and the sol id waste management 

section, thus preventing radiation or temperature from 

imposing some detrimental effects on the operating 

personnel or instruments and equipment. Probable 

subsystems include the fol lowing: the electrical  and 

mechanical system required for the repository operation, 

the instrument control  system, the communication system, 

the service system provided to the management of 

operating personnel, the security system, the repair and 

maintenance system for the maintenance of the control  & 

management center instruments, and the recording 

system of the monitoring operations. 
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(3) Radioactive Waste Management System 

It provides the equipment and machinery needed in the 

regular radioactive waste management operations and 

troubleshooting operations. I t has the fol lowing 

subsystems: acceptance system, inspection system, 

interim storage system, transportation system, 

emplacement system, and recycl ing system. 

(4) Disposal Pit System 

The system is responsible for the construction and 

maintenance of the communication tunnels, operations 

tunnel, repository tunnels, and disposal holes of the 

repository. Scope of operations includes pit excavation, 

laccol ith stabil i ty, water inflow control , and the clearing 

and transportation of rock bits. 

(5) Engineered Barrier System 

This system handles the buffer material  emplacement, 

backfi l l ing, and seal ing operations in the repository 

tunnel. I t contains the fol lowing subsystems: the materials 

subsystem and the construction subsystem. 

(6) Environmental Monitoring and Radiation Control  System 

The systems handles the execution of radioactive and 

nonradioactive environmental monitoring operations of 

the underground facil i ty, the pollution section control 

under normal operating conditions, and the radiation 

pollution removal and control  under ir regular operating 

conditions. I t contains the fol lowing subsystems: radiation 

monitoring system, non-radiation monitoring system, and 

pollution control  system. 

(7) Function Verif ication System 

A pilot disposal zone is establ ished in the underground 

facil i ty of the repository to facil i tate the verif ication of the 
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related underground tests and disposal technologies. The 

system has the fol lowing subsystems: the experiment 

design subsystem and the measurement and analysis 

subsystem. 

(8) Facil i ty Closure System 

Once the entirety of the SNF disposal operations is 

thoroughly completed, and completion has been 

evaluated and duly approved by the regulated 

competent authority, the underground facil i ty shal l  be 

removed, and the operating procedures and equipment 

for the seal ing and fi l l ing of the underground space shall  

be executed. I t contains the fol lowing subsystems: facil ity 

removal system and tunnel closure system. 

(9) Auxil iary system 

Under normal operating conditions, an independent 

self-sufficient system should be establ ished in the 

repository to prevent possible diffusion of radiation 

pollution in the event of operating accidents. Hence, the 

system is equipped with the fol lowing subsystems: the 

underground ventilation system, the power supply system, 

the water supply/drainage system, the air compressing 

system, the fuel  supply system, the fi re safety system, and 

the emergency evacuation system. 

 

3.4.1.3. Design Methodology 

Repository designing work is a major engineering 

endeavor; hence it is imperative to employ a systematic and 

structured methodology, implement according to procedure, 

and employ a system requirement approach. The system 

requirement approach is a systematic method employed to 

identify, construct, and operate the various data requirement 



  
  

 

 3-73 

of the repository. I t includes the design and functional 

analysis of the disposal system for the tabulation of al l  data 

requirement. Procedure to be observed is as fol low: 

(1) Definition of the system design objectives: In other words, 

the permanent and safe isolation of Taiwan’s SNF in one 

disposal facil i ty. 

(2) Definition of the system functions: In other words, the 

selection of a disposal method. Deep geological disposal 

was used in this project, and repository design was based 

on the multiple barrier principle. The purpose of the 

repository functions is to provide for the safe disposal of 

SNF during the operational and post-closure periods, as 

well  as restr ict the radionucl ide release to the human 

activi ty environment. 

(3) Definition of the system requirements: Requirement of the 

system is to ful fi l l  the foregoing functions; to provide the 

needed primary and secondary facil i ty and equipment; 

to implement sol id waste acceptance, treatment, and 

emplacement operations; to study the recyclabil ity of 

sol id waste, facil ity closure, and decommissioning 

matters; to provide the auxil iary services required during 

system operation. 

(4) Definition of the data requirements: The data 

requirements include the fol lowing pertaining information 

required for the facil i ty design: sol id waste 

characteristics, site characteristics, material 

characteristics, construction method, specifications of 

equipment and machinery, predictions of s ite change 

behaviors, and performance/safety assessment results. 
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3.4.1.4. Design Process 

The design process of a deep geological repository in 

Taiwan should be systematic, structured, iterated, and 

stepwised. The design process is  a gradual, quantitative, and 

rational process. I ts ultimate objective is to construct and 

complete a safe and economically effective deep geological 

repository under the establ ished laws and regulations and 

within the designated time schedule. 

The repository design framework involves the fol lowing: 

facil i ty design, function evaluation, and site characteristics 

survey. The design work should also be in l ine with the design 

criteria, design requirements, and external conditions of the 

design assumptions. Moreover, it should be verified under 

qual ity assurance and qual ity control  conditions to real ize the 

design outcomes. 

The basic design procedures defined for the work 

involved in the concept design stage are: 

(1) Determine design objectives and design requirements. 

(2) Plan the work schedule. 

(3) Clarify the laws and regulations and the appl icable 

criteria. 

(4) Determine the background information of the design. 

(5) Gather design-related information. 

(6) Plan the primary and secondary systems. 

(7) Identify the system interface relationships. 

(8) Determine the design parameters. 

(9) Conduct a design analysis. 

(10) Define the design specif ications. 

(11) Estimate the budget requirements. 

(12) Evaluate and supplement needed information. 

(13) Write the design description. 
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The foregoing steps comprise the basic work procedure of 

the concept design stage. In the prel iminary design and 

detailed design planning of the subsequent disposal work, 

procedure should include the fol lowing related steps: design 

changes and amendment, design verif ication, construction 

work subcontracting, and design maintenance. 

 

3.4.2. Construction 

3.4.2.1. Construction Methodology 

The prel iminary repository construction timetable is 

general ly around five years; thereafter, underground 

repository tunnel excavation operations annually 

implemented according to the rate of the annual SNF 

disposal operations. The construction methods employed in 

some countr ies, such as Sweden (Stripa Mine, Äspö Hard Rock 

Laboratory), Finland (Olkiluoto), Japan (TONO test s ite), and 

Switzerland (Mont Terri and Girmselrock Laboratories), are the 

dri l l ing and blasting method and the tunnel boring machine 

method (TBM) (Lu Jun-Ding, 2005b). A comparative study of 

the differences between the “dri l l ing and blasting method” 

and the “tunnel boring machine method” are as stated in the 

fol lowing: 

(1) Rate of excavation work: The most apparent advantage 

of the tunnel boring machine method is i ts fast 

excavation rate; compared with the traditional dri l l ing 

and blasting method, it is faster by around four to s ix 

folds. Moreover, at the same time as excavation work is 

ongoing, supports may be constructed; hence, the same 

construction manpower may be assigned to work on 
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coordinated divided tasks. Tasks may be simpl ified, 

making worker training easier. 

(2) Over-excavation: Under the traditional dril l ing and 

blasting operations, poor work control  could resul t in an 

over-excavation of the tunnel to a maximum of 25%, and 

this over-excavated portion would have to be backfi l led 

with concrete, consequently leading to increased 

construction costs. Moreover, another advantage of the 

tunnel boring machine method is the reduction of the 

over-excavation chances. 

(3) Quantity of supports: Experiences of the past had shown 

that in construction work conducted under s imilar 

geological conditions, the number of steel  supports 

required in the tunnel boring machine method is 

averagely around 1/12 of the supports required in the 

dri l l ing and blasting method, which means that 

compared to the traditional method, using the former 

would mean a reduction of steel  supports by around 90 to 

95%, quite a considerable amount of savings in the 

overal l  construction budget. As for the other types of 

supports (rock bolts, shotcrete), the tunnel boring 

machine method would sti l l  be the more economical 

choice. 

(4) Manpower requirement: In the tunnel boring machine 

method, a larger worker crew is required for each work 

shift. However, work efficiency of the crew would 

general ly be four times better than the crew working in 

the traditional dri l l ing and blasting method. Moreover, 

work could have a more detailed division, thus manpower 

training would be easier, and they could cultivate work 

techniques faster. Furthermore, under proper planning of 



  
  

 

 3-77 

the process of operations, work crew for each operation 

employing the tunnel boring machine method may be 

downsized. 

(5) Equipments, and consumables: The main equipment cost 

of the dri l l ing and blasting method is comprised of the 

dri l l  jumbo, mucking machine, and necessary l ife support 

system (e.g. venti lation system, water pumps, etc.) costs. 

The long tunnel construction work would require the 

construction of the working tunnels and shafts. Cost is 

high, and there would be the cost of consumables, e.g., 

dri l l  bits, dri l l ing pipes, and explosives. On the other hand, 

the principal equipment cost of the tunnel boring 

machine method would include the tunnel dri l l  

equipment depreciation or rental  costs, and the power 

supply for the work operations; hence proper planning 

and arrangement is necessary. A longer manufacturing 

and del ivery period is required for the tunnel dri l l , and the 

work progress schedul ing should be conducted 

meticulously. Moreover, tunnel dri l l  equipment is quite 

exorbitant, and requirement for future use is less 

compared to the dri l l ing and blasting method; hence it is  

necessary to conduct a detailed evaluation of 

geological conditions, dri l l ing period, related 

experiences, tunnel length, and cross section dimensions. 

(6) Temporary structures: Since the excavation rate of the 

tunnel boring machine method is general ly faster than 

that of the dri l l ing and blasting method by four folds, the 

excavation plan may do without the temporary structures 

needed in the construction period, such as the traversal 

pits, shagts, etc. This advantage could save considerable 

amount of construction cost. 



  
  

 

 3-78 

(7) Tunnel cross section: The tunnel boring machine bit is a 

circular plate; hence, the excavated tunnel cross section 

would l ikewise be round. The excavated cross section 

dimensions may be adjusted by several  centimeters, 

unl ike in the traditional dril l ing and blasting method, 

where there would be greater adjustment flexibil i ty. The 

tunnel boring machine is used commonly on areas where 

geological condition changes are minimal and in the 

dri l l ing of long tunnels with higher rock strength. 

(8) Geological environment: Before opting for the tunnel 

boring machine method, i t is imperative to conduct a 

detailed evaluation of geological conditions, and based 

on the geological conditions, purchase or rent the 

suitable tunnel boring machine for the task. I f geological 

conditions are not conducive, the traditional dril l ing and 

blasting method may be considered for the tunnel 

excavation work. 

 

3.4.2.2. Construction 

The reference disposal concept employs the dri l l ing and 

blasting method in the construction of the shaft, operations 

tunnel, and repository tunnel. The disposal hole is dril led using 

a mechanical dri l l  to minimize excavation disturbance. The 

Swedish experience indicated (SKB, 1999) that where a 

vertical  disposal hole with 1.75 m in diameter is bored through 

mechanical vertical  dril l ing, gap of new fractures on the rock 

wall  created is less than 10 cm; however, flexible and plastic 

stress redistr ibution effect should be reconsidered to this gap. 

Moreover, the excavation disturbed zone created by the 

dri l l ing and blasting method would be around 30 cm at the 

top and sides of the repository tunnel, the base area 



  
  

 

 3-79 

excavation disturbed zone would be around 0.8 – 1.5 meters. 

The excavation disturbed zone would cause the tunnel axial 

hydraul ic conductivity coefficient to increase by around 100 

to 1,000 folds, and cause its external stress re-distribution zone 

to increase by around ten folds. In the construction and 

operational period, it is imperative to maintain tunnel stabil i ty 

and control  groundwater seepage, and implement the 

support measures, such as supports, shotcrete, rock bolts, 

etc., and provide the grouting treatment to water-fi l led 

fractures. Other important considerations during the 

construction and operational period are the venti lation and 

water drainage systems. 

 

3.4.3. Operations 

I t is estimated that a repository would annually dispose 

around 100 canisters. In consideration of the SNF outputs of 

the Chinshan, Kuosheng, Maanshan, and Lungmen Nuclear 

Plants, and the required time for undergoing the interim 

storage of the f inal  SNF batch, the prel iminary assumption 

would place operational period to be around 50 years. The 

hypothetical disposal operation concept during the 

operational period of the repository underground facil ity is as 

fol low: 

(1) Canister would be transported by elevator to an 

underground facil ity 500 meters below surface. The 

underground control  and management center would log 

the canister information and inspect the canisters 

through remote control  operations. 

(2) Pursuant to circumstances, the canisters may be moved 

to the interim storage area by rail  transportation or 

directly moved through wheel vehicle transportation. 
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They wil l  be directly del ivered to the disposal holes 

designated by the disposal zone computer for disposal. 

(3) The lower and side section buffer blocks emplacement 

operations of the disposal hole shal l  be completed 

beforehand. 

(4) The transportation vehicle wil l  del iver the canisters to the 

top of the disposal hole, and after position has been 

determined, the canisters shal l  be emplaced in the 

disposal hole. 

(5) An additional l id shal l  be placed on the disposal hole to 

prevent the overflow of swell ing bentonite. 

(6) In the meantime, no backfi l l ing shal l  be instituted on the 

disposal tunnels to retain the recyclable mechanism. 

 

3.4.4. Closure 

When the entire SNF disposal process of the repository is 

completed, monitoring and decommissioning measures shall 

be instituted as provided in the governing laws and 

regulations. Repository shal l  be closed upon issuance of the 

necessary permit. Closure operations mainly involved the 

backfi l l ing of the excavated underground operation tunnels 

and areas. Moreover, the signif icant altered regions resulting 

from natural  processes or tunnel blasting operations which 

changes the rock mechanical and hydrological properties 

shal l  be reinforced; that is , including the impedance using 

concrete blocks. These measures help l imit the water flow 

transport path and stop human encroachment into the area. 

The hypothetical repository backfi l l  and closure measures 

are as fol low: 

(1) Gradual removal of transportation rails and pipel ine 

equipment. 
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(2) Layers of backfi l l  materials consisting of the right 

proportions of bentonite and crush rocks shal l  be 

compacted and backfi l led into each repository tunnel. 

(3) During the backfi l l ing procedure, fracture zone shal l  be 

blocked by grouting or with concrete. 

(4) The repository tunnel mouth shal l  be blocked with 

concrete block. 

(5) The operations tunnel and interconnecting facil i ty 

(shafts) shal l  be backfi l led using suitably designed 

materials. 

 

Once a repository is ful ly closed, observation, monitoring, 

and the necessary maintenance operations are immediately 

insti tuted; monitoring and management of ground facil i ties 

for disposal purposes are l ifted. Al l  monitoring and 

management operations of the faci l ity are removed after the 

conclusion of the monitoring and management period. 

Environment restoration work ensues and a permanent mark is 

erected on the disposal zone area. A report containing al l 

disposal related information is submitted to the competent 

authorities, local government agencies, and other related 

insti tutions for reference and record purposes. 
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4、、、、Performance Assessment for SNF Disposal 

4.1. The Barrier Function Evaluation Methods 

4.1.1. Component of the Multiple Barriers System 

As stated in Chapter 3, the safety strategy for the SNF 

deep geological disposal is to employ multiple barr iers to 

isolate and retard the migration of radionucl ides into the 

human l iving environment. The procedure implemented is to 

load SNF into long l ived metal l ic canisters, and emplace the 

canisters in stable rock masses at a suitable underground 

depth. Next, fi l l  buffer materials into the gaps between the 

canisters and surrounding rocks; then pack backfi l l  materials 

and seal materials into the drifts, tunnels, shafts, and the 

respective bore holes for seal ing. These artif icial  containment 

measures are called engineered barr iers, and the careful ly 

selected rock masses are used to form the natural  barriers. 

Together, they create the multiple barr iers system (SKBF/KBS, 

1983; SKB, 1999) to obstruct the radionucl ide release. A 

measure employed to ensure the safety of SNF disposal is to 

use the retardation capacity of the barr iers to delay and 

decrease the radioactive nucl ide release rate in the event 

that isolation function of the barriers failed. Thus, before these 

radionucl ides may reach the human l iving environment, their 

radioactive toxicities have decayed to a very low level and 

thus no longer harmful . 

 

4.1.1.1. Engineered Barrier System 

The engineered barr iers are composed of the canisters, 

buffer materials, and backfi l l  materials. The function design 

and material  choice should ensure that the endurance, 

isolation, and radionucl ide release retardation requirements 
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be met. Details of the functional requirements and material 

choice for each component of the engineered barriers are 

provided in Chapter 3; hence, no further reiteration shal l  be 

provided in this section. 

 

4.1.1.2. Natural Barrier System 

The natural  barrier system, for short,  is the bedrock of the 

repository. I ts primary function is to protect the engineered 

barriers and ensure that the radioactive waste therein 

contained would not be affected by long-term geological 

actions. Choice of rock mass should take into account 

capacity of rock mass to endure lasting stabil i ty and other 

functions beneficial  to SNF disposal. The standard functional 

requirements and reference disposal concepts of the system 

are stated in the fol lowing. 

(1) Functional Requirements 

General ly, the primary functions of the natural  barr ier 

system may be classified as fol low: 

(a) Stabil i ty of the chemical environment: The repository 

host rock choice may directly or indirectly affect the 

stabil i ty of the geochemical environment; including 

the reduction-oxidation potential , pH value, sal inity, 

organic acid, and sulfide contents of groundwater. In 

the canister design (material  and thickness) and 

repository PSA procedures, i t is imperative to 

meticulously study the geological environment of the 

repository s ite. 

(b) Mechanical stabil i ty of strata and rock mass: A site 

sustaining less earthquake activities and which strata 

are more stable would be a more conducive site for 

the long-term disposal of sol id waste, as canisters 
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would not be subjected to distortion or damages as a 

resul t of rock mass layer displacement or pressing 

action. 

(c) Retardation of radionucl ide migration: A rock mass 

that possesses low permeabil i ty, low porosity, and less 

fractured would help retard groundwater flow. Some 

of the minerals in the layer may be able to adsorb 

specif ic radionucl ides, thereby retarding 

radionucl ide migration. Furthermore, radioactive 

wastes are disposed at an appropriate depth within a 

geological environment, which would consequently 

extend the radionucl ide migration time, thus al lowing 

radionucl ides to decay to harmless levels. 

(d) Human intrusion: The chosen site should not be 

located within a natural  resource rich region. Such 

would lead to a waste of resources and, on the other 

hand, increase the chances of accidental  human 

intrusion into the repository due to mining exploration 

activi ties. The r ight geological environment could 

prevent the aforementioned disturbances. Another 

barrier that could prevent human intrusion is the 

disposal depth. 

(e) Construction feasibil i ty: The repository site should 

have a suff icient supply of the appropriate host rock 

space to accommodate the proposed amount of 

sol id waste for disposal. Furthermore, a homogeneous 

geological environment with minimal fractures would 

foster the planning and al location of disposal 

facil i ties, as well  as enhance the construction work 

safety. A geological environment with s ignificant 

earth stress impact or with existing hazardous gas 
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(such as, marsh gas) could pose hazards during the 

construction of the deep geological repository. 

(2) Description of concept 

The internationally recognized suitable strata for 

repository host rocks are mainly granite, mudstone, and 

salt rock. There are no salt rock layers within the territory 

of Taiwan. Al though an expanse mudstone area is 

located in the southwest section of the island, the dense 

population and frequent seismic occurrences made 

crystal l ine rock (mainly granite) the priori ty consideration 

for potential  repository host rocks in the prel iminary stage 

of the project. In l ight of the long-term studies on 

crystal l ine rock mainly composed of granite conducted in 

many countr ies, i t had been proven that granite is a 

suitable choice for repository host rocks. I t has a number 

of advantages; such as, it is  commonly located in areas 

that have stable structures and excellent conductivity; 

moreover, stabil i ty for the construction work is high. 

 

Factors in the disposal depth consideration is based on 

retardation of the radionucl ide migration of the isolated sol id 

waste, reduction of the chances of accidental  human 

intrusion, and construction feasibil ity and economic viabil i ty. 

The suitable depth determined in the various studies 

conducted in many countr ies was from 300 to 1,000 m. Actual 

depth may be adjusted according to the distr ibution of 

excellent rock mass noted during the actual survey, thus 

avoiding primary faults. Another factor for consideration is the 

functional evaluation of the radionucl ide migration time. 
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4.1.2. Groundwater release scenario 

A scenario is the description of the evolutionary process 

occurring after the establ ishment of a repository. The term 

“groundwater release scenario” refers to a scenario when 

groundwater would encroach into the repository, and 

radioactive nucl ide may l ikely migrate with the groundwater 

and penetrate the geosphere then the biosphere, where i t 

may possibly create some impacts on the human l iving 

environment. I t is imperative to conduct a meticulous 

evaluation of the scenario to verify whether the multiple 

barrier system would be able to serve i ts radionucl ide 

migration isolation or retardation functions as initial ly 

projected. General ly, the primary method is to evaluate 

repository functions through the groundwater release 

scenario. When constructing a groundwater release scenario, 

it is imperative to understand the geological environment of 

the repository s ite and the chemical and transporting 

characteristics of groundwater, as well  as to obtain a 

thorough grasp of the interactive relationship between the 

radionucl ide release mechanism within the engineered 

barriers and the geochemical environment. 

 

4.1.2.1. Basic Scenario and Evolution 

Prior to the formulation of the evaluation scenario, it is  

important to understand first the engineered barrier system, 

the hydrological conditions of geosphere and biosphere, the 

geological environment, and the geochemical conditions. 

Moreover the fol lowing should be considered for the 

establ ishment of the radionucl ide transport path: the 

component and functional design of the engineered barrier 

system, geological properties of the stable rock mass and the 
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biosphere environment and critical inhabitant groups. Since 

the component and actions of the disposal system are highly 

compl icated, and in order to facil itate the implementation of 

the repository performance assessment, the fi rst move to 

make is to verify the groundwater release scenario under 

basic conditions. Findings shal l  serve as a comparative 

standard for other variant scenarios. 

The basic scenario, by nature, hypothesizes that the 

repository is constructed based on the design specification. 

Moreover, external conditions continue the current 

environmental conditions. The comprehensive assumptions 

are as fol low: 

(1) During repository closure, al l  of the engineered barriers 

should maintain the designated design specification and 

optimize their required functions. 

(2) The repository site should be able to maintain i ts current 

cl imatic conditions within the 100,000-year period 

fol lowing its closure. 

(3) The type of biosphere ecosystem should be similar to 

current ecosystem conditions. 

(4) The system evolution time for consideration should be 

l imited within a particular time frame. 

 

Any change in the external conditions would mean a 

need to amend the basic scenario into the variant scenario. 

Since this report is aimed to establ ish the technical ski l l s in 

conducting a prel iminary assessment, in the initial  period, the 

external conditions during the assessment period shal l  be kept 

at the current environmental conditions on which the 

prel iminary assessment shal l  be made. The evolutionary 
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process of the basic scenario in this report is as shown in the 

fol lowing: 

(1) After closure of the repository, groundwater would 

re-enter the repository, host rocks, and the buffer and 

backfi l l  materials would be re-saturated. Upon contact 

with water, the bentonite would swell  and fi l l  up the 

spacial  gaps in the canister surroundings. 

(2) 100,000 years after repository has been closed, canister 

would have corroded and thus, failed (instantaneous 

canister failure). As waste form dissolves in the 

groundwater, the radionucl ides contained would flow 

with the groundwater and be released to the near-f ield. 

(3) Radionucl ides in the buffer material are released through 

diffusion. They migrate out of the engineered barr ier 

system and enter the host rocks. 

(4) Radionucl ides migrating out of the engineered barrier 

system would flow with the groundwater and continue to 

migrate within the fractures of the host rocks surrounding 

the repository and into the water conducting channel 

(fault or fracture zone). 

(5) Radionucl ides in the water conducting channel migrate 

and enter the surface deposition layer. 

(6) After water is  pumped out of the water well , 

radionucl ides in the deposition layer wil l  enter the 

biosphere food chain system with the water. 

(7) Any potential  exposure individual drinking the well  water 

would then be subjected to radiation exposure. 

 

4.1.2.2. Well Water Drinking Scenario 

In the aforementioned evolutionary process of the basic 

scenario, the potential  exposure group drinks water from the 
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well  located on the surface deposition layer and becomes 

exposed to radiation. In this respect, the scenario is defined 

as the well  water drinking scenario. In the matter of biosphere 

analysis for a PSA for the SNF disposal according to the well 

water drinking scenario, a reference to the BIOMASS6 report 

(IAEA, 2003) proposed by the International Atomic Energy 

Agency (IAEA) was made. The cases ERB1A and ERB1B 

proposed by BIOMASS6 were used as the reference biosphere 

scenarios. In the ERB1A case, the details of the surface 

deposition layer environment had not been considered; the 

case merely assumed that the well  be located at a particular 

position within the test si te. The local residents habitual ly 

drank directly the water suppl ied from the aquifer, and thus 

became exposed to radiation. Moreover, it is further assumed 

that the radionucl ide concentration resul ted from the 

far-field simulation provides radionucl ide source to the well  

by an appropriate proportion, and the individual effective 

dose in the biosphere was calculated based on the ingestion 

dose conversion factor. 

The basic assumption in ERB1B is that in the interfacial 

boundary between the far-f ield and biosphere, the 

radionucl ide released from the far-field continues to enter 

into the aquifer of the biosphere. Next, in the process of i ts 

transport from the aquifer to the water well , radionucl ide 

concentration would change with time and, fol lowing the 

groundwater flow, the radionucl ide would be dispersed, 

advected, and diluted. Final ly, the remaining radionucl ide 

would be taken with the water pumped out of the water well  

and directly imbibed by the local residents of the test area, 

thus producing the annual individual effective dose. Upon 

confirmation of the future repository s ite, more detailed 
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information of the site environment characteristics may be 

obtained. Then, if the ERB1B hypothetical scenario is sti l l  

employed for the well  water drinking scenario analysis, i t wil l  

be necessary to conduct a parameter selection based on the 

14 reference essentials proposed by the IAEA in order to 

obtain a more accurate annual individual effective dose. The 

14 reference essentials are as fol low: 

(1) Description of the potential  exposure group (including 

the water consumption requirement of the site); 

(2) Ratio of drinking water against the human consumption 

volume (that is , the individual water consumption 

volume); 

(3) The residential  and activi ty sphere of the key cluster in 

the repository surroundings; 

(4) Pumped well  water used in homes (including cooking and 

washing); 

(5) Water distr ibution conditions before it is used in homes 

(i rr igation, tourism, etc.); 

(6) Description of the cl imatic characteristics of the 

repository s ite; 

(7) Record of the cl imate changes based on a six-month or 

ten-month monitoring period; 

(8) Spatial  division of cl imate zones and related description 

based on the regional cl imate changes of the area; 

(9) Introduction of the local biosphere system types; 

(10) Description of the geological features of the soil  

surrounding the repository; 

(11) Flow of the surface water in the vicinity of the repository 

zone; 
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(12) Understanding of the changes of the water in the 

saturated layer for an analysis of the water equil ibrium 

conditions; 

(13) Understanding of the chemical composition of the 

aquifer water (e.g., pH value); 

(14) A hydrological parameter survey on the aquifers located 

under water wells. 

 

4.1.3. Model Chain for Analysis 

In this analysis report which is based on the TSPA, an 

evaluation was conducted on the near-field radionucl ide 

release rate using the INPAG-N, INPAG-NV2, and INPAG-NH, 

an evaluation conducted on the far-f ield radionucl ide 

release rate using INPAG-F, and an evaluation conducted on 

the biosphere human dose rate using AMBER. The systematic 

procedure of the safety assessment conducted is as shown in 

Figure 4-1: Frame of total  system performance assessment. 

The procedure started with an evaluation of the near-field 

release, then the far-field release evaluation. Final ly, a 

biosphere human dose rate evaluation was conducted. This 

type of systematic evaluation procedure was organized into a 

TSPA structure. 
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Figure 4-1: Frame of total system performance assessment 
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4.2. Definition of the Conditions of the Geological Environment 

Simulation and the Engineered Barrier System 

4.2.1. Definition of the Conditions of the Regional Hydrological Model 

and the Engineered Barrier System 

Groundwater serves as an important medium for carrying 

migrating radionucl ides to the human activi ty environments; 

hence, the regional hydrogeological characteristics have 

been regarded as an essential  consideration in si te 

evaluation and selection processes. Corrosion would cause 

the radionucl ides contained within the canister to undergo 

dissolution, leaching, and diffusion, and thereafter be 

transported into the engineered barrier system and 

geosphere. Final ly, the radionucl ides would penetrate into 

the biosphere. 

 

4.2.1.1. Groundwater Flow and Distribution 

The radionucl ides would decay to a harmless and safe 

level by the time they come in contact with the human 

activi ty environment in the situations that they are not easy to 

dissolve in a certain hydrogeological environment, or that the 

dissolved radionucl ides are highly either adsorbed or 

precipitated in the process of their migration due to 

environmental changes, or that they migrate very slowly with 

groundwater. E ither one of the foregoing conditions wil l  be 

effective in obstruction of radioactive nucl ide release. And 

the containment and isolation of the radionucl ides wil l  be 

achieved. A description of the factors affecting the 

groundwater flow and distr ibution is presented below: 

(1) Groundwater distr ibution 
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Groundwater distr ibution is mainly control led by 

topography, cl imate, and geological conditions. The 

undulations in the terrain directly determine the elevation 

of the groundwater surface, as well  as affect the speed 

and direction of the groundwater flow. Cl imate, on the 

other hand, controls rainfal l  rate and the intensity of 

evaporation; this affects the extent of the groundwater 

recharge and outflow. Geological conditions determine 

speed and variation of the water transportation, and the 

properties of the water storaged in the rock layer. Based 

on their water containment capacity, rock layers may be 

classif ied into aquifers, aquitards, and aquicludes. The 

aquifer is highly permeable and capable of providing 

groundwater channels for circulation. Moreover, this type 

of rock layer holds massive groundwater deposits; hence, 

it is imperative to determine the correlation between the 

aquifer distr ibution and the position of repository host 

rocks in each zone. On the other hand, the aquitard and 

aquiclude have lower permeabil ity compared to the 

aquifer. The fracture or fracture zone within the rock layer 

is the main storage location or flow path of the 

groundwater; hence in order to keep distance from the 

water circulation zones, it’s very important to conduct a 

survey on the fractures (such as joints, faul ts, and etc.) 

and to ensure the effective repository containment. I t is  

an advantage if no aquifer is  located between the 

repository host rocks and the land surface. I f an aquifer is 

located but distr ibution is l imited to a sector near the 

surface, the site may sti l l  be considered as a candidate 

site for the construction of a deep geological repository. 

However, the on-site survey stage should conduct a PSA 
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to determine the impacts of the aquifer on the repository 

design and structure and the possible impacts of future 

development and uti l ization of the aquifer on the natural 

barriers. 

(2) Factors affecting groundwater flow 

In spite of the characteristics of the sol id waste or the 

disposal procedure employed, the geological 

environment of the region where repository site is located 

should have a very sluggish groundwater flow, thus 

preventing groundwater from transporting excessive 

amounts of radionucl ides released from the repository to 

the biosphere. Groundwater flows within rock pores, 

fractures or fracture zones. In addition to hydraul ic 

gradient, other factors control l ing groundwater flow are 

closely related to the primary hydrogeological 

characteristics (e.g., rock layer permeabil i ty and 

porosity) and secondary hydrogeological characteristics 

(e.g., fractures) of the rock. A description of the factors 

affecting the groundwater flow is provided in the 

fol lowing: 

(a) hydraul ic gradient 

The gradient of the hydraul ic pressure level is called 

the hydraul ic gradient. Groundwater level may be 

classif ied into the vadose zone and the saturation 

zone; they are located in depths of tens or hundreds 

of meters below the earth surface. General ly, 

groundwater level changes in respond to the 

changes in the cl imate, topography, atmospheric 

pressure, or seismic activity. Factors posing the most 

significant effects are topography and cl imate. The 

differences in the elevation of the groundwater level 
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in each zone would cause groundwater to flow, and 

where hydraul ic gradient is greater, the water flow 

velocity would also be higher. Therefore, in areas 

where hydraul ic gradient is low, groundwater flow 

would also be slow, thereby extending the time it 

would take for radionucl ides to migrate into the 

biosphere, a condition that is beneficial  for the 

isolation of disposed SNF. 

(b) rock permeabil i ty 

Under the effects of the unit hydraul ic gradient, the 

rate of groundwater flowing through a unit 

crossectional mass rock is referred to as permeabil i ty. 

The degree of the permeabil i ty is mainly determined 

by the size and continuity of the pores. In rock layers 

having low permeabil i ty, passage of groundwater 

would be obstructed; hence, these rocks are often 

used as repository host rock and are given high 

priority consideration during s ite selection. Usually, 

sandstone, conglomerate, and porous quartzite are 

more permeable; whereas, argil laceous rocks (shale, 

mudstone, and clay), granite, and metamorphic 

rocks are less permeable, thus making them ideal 

choices for repository host rocks. 

(c) rock porosity 

Porosity is defined as the ratio between rock pore 

volume and the total  volume of the rock. Porosity 

varies with each type of rock or according to the 

shape, sorting, and cementation of the rock granules 

forming the rock (Ho, Chun-Sun, 1986). The porosity of 

the rock can affect the groundwater Darcy velocity, 

the radionucl ide adsorption capacity of the rock, 
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and the thermal effect and radiation effect of the 

radioactive substances. Hence, the porosity of each 

rock layer should be included in the scopes of the si te 

survey and evaluation procedures. 

(d) fracture 

Once a rock is formed, it would fracture (referred as 

secondary pores), such as forming joints and faults, 

due to the impacts of external factors, and 

consequently modify the existing hydrogeological 

characteristics. Fractures determine the direction of 

the groundwater flow; moreover, their formation also 

controls the storage and migration capacities of 

groundwater. As for rock layers with plasticity, there 

are chances that the fractures formed may sti l l  heal. 

However, in the case of brittle rock layers, as the rock 

lacks a self-heal ing capacity, i f the brittle rock layer 

has low permeabil ity, the fracture becomes a major 

channel through which groundwater may flow. Thus, 

during the si te survey, i t is especial ly important that 

survey should measure the frequency and quantity of 

fracture distribution in the rock layer and the 

hydraul ic conductivity coefficient of the rock layer. 

(3) Groundwater Darcy velocity 

According to Darcy’s 1aw, groundwater Darcy velocity 

and volume is in direct proportion with the hydraul ic 

gradient. Hence, a low hydraul ic conductivity coefficient 

means a low hydraul ic gradient; thus, groundwater flow 

would be sluggish. This would help delay the migration of 

radionucl ides. Moreover, the sorting arrangement of rock 

layers having variant permeabil ity also consti tutes 

another factor affecting groundwater flow. In a 
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hypothetical geological structure where multiple layers of 

aquiclude are located above the repository host rocks, 

the velocity of groundwater flow would be retarded, 

thereby manifesting the function of multiple barr iers of a 

repository. 

(4) Direction and course of the groundwater flow 

The direction of groundwater flow is mainly affected by 

topography and geological structure. The flow direction 

of groundwater is correlated to the length of the path 

which the radionucl ides would take as they migrate from 

the engineered barr ier system to biosphere (the so-called 

course). Under a condition where flow velocity of 

groundwater is  equivalent, a longer course would take a 

longer time to complete; this would further enhance the 

isolation and containment performance of the repository. 

Hence, in order to extend the flow course, the SNF should 

be emplaced within considerably deep rock layer; 

moreover, groundwater flow directional ity should also be 

studied. I f SNF is disposed within a saturation zone, and 

prior to the emplacement of SNF, the existence of a 

downward or horizontal  hydraul ic gradient in host rocks or 

surrounding hydrogeological environment would make 

the zone more conducive for disposal. In short, where the 

direction of regional groundwater flow is away from the 

biosphere, it makes the place an extremely good site for 

the construction of a repository. 

 
4.2.1.2. Evaluation and Analysis of Hydrological Data and Hydraulic 

Gradient of the Test Site 

(1) Test Site Groundwater Data 

The data used in this analysis are obtained from a test 

conducted on a particular site in Taiwan possessing 
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granitic geological characteristics. The test site (Figure 

4-2) has an annual average rainfal l  of around 1,072 mm, 

which is lower than its annual evaporation volume of 

1,653 mm (Water Resources Agency, MOEA, 2005), thus 

making it highly difficul t to col lect surface water. 

Moreover, due to the narrow topography of the is land 

(the reference island of this concept design), the flow 

retardation time is extremely brief; hence, land surface 

flow could not concentrate and gather enough to form a 

stream, making it extremely difficult to uti l ize the water 

resource. The topography causes the flow to be sparse 

but rapid; hence it is almost impossible to store water 

resources. Under the circumstances, the local residents 

become dependent on groundwater for source. The test 

site groundwater is distr ibuted to the fol lowing 4 zones 

(CTCI Corporation, 2003): 

(a) The old kerbtal  zone in the mid-western region 

The basement rock of this region has a depth of 

around 160 m, and aquifer is at around 30~40 m depth 

coarse gravel layer; the area is found having the most 

abundant groundwater source in the test s ite. 

(b) The tr iangle zone in the south of the eastern half of 

the island 

The aquifer thickness is between 20~30 m; however 

basement rock is found in varying depths. This region 

is suitable for the excavation of connecting multiple 

water wells. 

(c) Eastern half of the island 

The existing well  depth in the region ranges between 

15~20 m, thus making i t suitable for the excavation of 

groundwater for connecting multiple water wells. 
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(d) The northwestern region of the eastern half of the 

island and the western half of the is land 

Aquifers are general ly found within 10 m, and belong 

to the modern al luvium. This zone is near the coast, 

and at around 3 m underground, a marine deposition 

layer (gray clay with the shel l  bed) could be found. 

The layer had been formed by years of al luvium 

compounded by the ris ing earth crust. 

 

As shown in the foregoing data, the rich groundwater 

deposits of the test s ite are found in the western region; 

whereas, many areas in the eastern region are sti l l  

dependent on the water suppl ied from the lake and 

reservoir. Pursuant to the monograph of the Kinmen 

County Government (2003) on the 12 underground 

observation wells i t has constructed to analyze water 

level, statistical  data showed that the both west and 

eastern regions of the test s ite sustained partial 

disturbance; thus indicating possible local ized 

consumption of groundwater. 

The study report of CTCI Corporation (2003) gathered 

hydrological parameters of groundwater and obtained 

that related location and names, groundwater level, 

aquifer thickness, volume of pumped water, and 

permeation coefficient of the 12 water wells in the test 

site, as shown in Table 4-1. From the aquifer thickness of 

Table 4-1, the average thickness was determined at 

around 36 m. Moreover, aquifers having an average or 

greater thickness were mostly located on the western 

region of the test site. From volume of water pumped out 

of the eastern region representative water wells (wells 
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#006, #007, #008 and #010), a shortage of groundwater 

supply was indicated for the eastern region. Furthermore, 

except for the areas in the test s ite with higher elevation 

and water levels were deeper, the site survey indicated 

that the regular groundwater level in that region were 

within 19 m below surface, with a monthly fluctuation 

margin of 2 m (maximum). The direction of groundwater 

flow is general ly from the mountain region towards the 

ocean. As for the western region of the test site, 

groundwater flow outward from the central  region of the 

island to the surrounding coastal  region. The juncture 

connecting the east and western regions of the test site is 

blocked by a mountain, causing disruption in the 

groundwater flow. The exposure of the granite vein on the 

eastern region of the test s ite side is another factor 

causing poor continuity. An analytical study of the 

groundwater pol lution potentials showed that, as stated 

in the Water Resources Agency, MOEA (2005) report, the 

area extending from the northwest and southeastern 

regions of the test site to the coastal  area is the high 

pollution potential region. 

(2) Analysis of the test s ite underground aquifer 

Pursuant to the foregoing data, the eastern region 

groundwater deposits are far lower than those in the 

western region; in fact, majority of the local residents 

would rely on the lake/reservoir water or the pipel ines 

that draw and convey groundwater from the western 

region for their home water supply. Hence, the main 

drinking water supply source of majority of the eastern 

region residents comes from the lake and reservoir. I f 

groundwater is the primary radionucl ide release path, 
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and the lake water is replenished by rain, this could 

effectively reduce and mitigate the chances of direct 

human exposure to radiation dose hazards. However, 

drinking water of residents of the eastern region of the 

test s ite partly comes from the groundwater supply of the 

western region, and it further brings to fore the signif icant 

of evaluating the connectivity between the underground 

aquifers of both regions. I f the radionucl ides would find a 

chance to migrate through the aquifer, an evaluation of 

the nature of the groundwater migrating from the eastern 

region to the western region of the test site should be 

conducted. The modern deposition bed, 

lateri te-conglomerate layer, sandstone, and 

conglomerate make better aquifers; on the other hand, 

the clay layer possesses a lower permeation coefficient, 

making it an excellent hydraul ic barr ier layer. As for the 

deposition rock, based on the granite gneiss segregation, 

it could be divided into three sectors (Figure 4-2). Sector 

A or the western region of the test site, where the 

deposition rock thickness could reach a maximum of 170 

m. Sector B or the northeastern region of the test site, 

where majority of the deposition rock in this sector is  

around 20 m at most, and the maximum thickness could 

reach around 50 m; Sector C or the southeastern region of 

the test site, where the deposition rock thickness could 

reach a maximum of 60 m (Water Resources Agency, 

MOEA, 2004). The clay layer may be divided into two 

types of clay layers; Clay Layer A which has a thickness of 

around 0.5 to 10 m and Clay Layer B which has a thickness 

of around 0.5 to 2 m. Moreover, pursuant to the borehole 

data of the Mineral  Survey Team of the Ministry of 
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Economic Affairs, the strata of the test site soil  may be 

divided into the fol lowing five types: 

(a) Modern deposition layer and laterite-conglomerate 

layer 

(b) Clay bed A 

(c) Loamy sand layer 

(d) Clay bed B 

(e) Loamy sand layer and sandstone containing gravel 

layer 

 

Based on the test site deposition rock distr ibution, Sector 

A may be divided into 5,700 grids, Sector B may be 

divided into 4,200 grids, and Sector C may be divided into 

5,772 grids. One of the water wells (#006) in Sector B is 

around 1,800 m distant from the radionucl ide release spot 

of the main fracture; moreover, another water well  

(#010), located in Sector C, is  around 4,800 m distant from 

the radionucl ide release spot of the main fracture. In l ight 

of the barr ier formed by the granite gneiss between the 

locations, the aquifers in Sector C of the southeastern 

region and Sector A of the western region are not 

connected. Hence, Sector A was lati tudinal ly divided into 

4 hydrogeological cross sections, namely, cross sections 

E-E’, F-F’, G-G’, and H-H’. On the other hand, Sector B was 

divided into 5 hydrogeological cross sections, namely, 

cross sections I -I ’, J-J’, K-K’, L-L’, and M-M’. Among the 4 

cross sections of Sector A (Figure 4-3), the main cross 

section available for determination is cross section E-E’; 

similarly, the main cross section of Figure 4-4 available for 

determination is cross section I -I ’. From the position of 

Point E’ in the E-E’ cross section, it is apparent that the 



  
  

 

 4-23 

highest part of the aquifer would not exceed 30 m of the 

horizontal  plane. Relatively, the height of the granite 

layer at Point I ’ in I -I ’ cross section is above 40 m of the 

horizontal  plane. A comparative study of two elevations 

would reveal poor continuity of the groundwater flow. 

(3) Analysis of the Test Site Groundwater Darcy velocity 

In the western area of the test si te, the outcrop of the 

granite basement rock slopes northward from the 

southern hil l . The thickness of the deposition layer over it 

gradually increases as the outcrop extends northward. In 

the central  sector of the western region, maximum 

thickness of the deposition layer is around 150 m; average 

thickness is around 60 m. This includes the several  fair ly 

permeable gravel layers; conductivity coefficient ranges 

between 14.4 and 144 m2 per day. A study of the 

groundwater Darcy velocity of the water wells #006 and 

#010 showed that both wells were developed as shal low 

shaft water wells, and their respective groundwater flow 

velocities after unit conversion are 4.2E-2 m/yr for Well  

#006 and 0.726 m/yr for Well  #010. Digital ly, i t is quite 

apparent that the groundwater flow velocities of both 

water wells may be regarded as low flow velocity. As to 

the reason for the more sluggish flow velocities in these 

two areas, it would require an investigation of the 

respective aquifer characteristics. As for the related 

groundwater contamination potential  studies conducted 

in the test site, Hung, Ying-Chun (2002) used the DRASTIC 

system to obtain data of two major categories; the 

“hydrogeologic setting” and the “relative classif ication 

and respective hydrogeological parameters”. This type of 

analysis was proposed by the US Environmental Protection 
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Agency (EPA) in 1985 with the purpose to understand the 

extent of groundwater contamination. Data is mainly 

determined by the hydrological, physiographic, and 

geological conditions of a particular area. Thus, the 

primary considerations of this analysis cover the fol lowing 

7 hydrogeological parameters: 

(a) Depth to water 

(b) Net recharge 

(c) Aquifer media 

(d) Soil  media 

(e) Topography 

(f) Impact of vadose zone 

(g) Conductivi ty of the aquifer 

 

Those that are more correlated to aquifer characteristics 

are aquifer media. I f groundwater runs within a loose sand 

or gravel layer, flow velocity would be swifter; however, i f  

i t is  within a compact sand or clay layer, groundwater 

Darcy velocity would be more sluggish. The DRASTIC 

system separately expressed these 7 hydrogeological 

parameters in classes rated from a grading scale of 0 to 

10. The grading of different classes determines the 

specifc weight of the impact of each hydrological 

parameter. On the other hand, the properties of aquifer 

media also determine the force of the groundwater flow 

within the aquifer and affect the speed of pol lutant 

transfer and diffusion. General ly speaking, a medium with 

larger particles or more fracture pores would have 

excellent permeabil ity, and thus retardation capacity 

would be weaker. Hence, where groundwater Darcy 

velocity is swifter, i ts corresponding grade would be 



  
  

 

 4-25 

higher. From Hung, Ying-Chun’s (2002) study of the 

geological borehole data (Table 4-2) of Wells #006 and 

#010 apparently showed the contrast between depth and 

different soil  conditions. The study also discovered that 

the media under Well  #010 contained large amounts of 

sand and a 2-meter gravel layer. A further verification of 

the groundwater Darcy velocity analysis showed that flow 

velocity in the aquifer below Well  #010 is greater than the 

flow velocity in the aquifer below Well  #006. Table 4-3 is 

the grading scale table produced for the test site using 

the DRASTIC system. A higher grade would mean faster 

flow velocity and higher permeabil ity. Using the Table 4-3 

grading scale table in an analysis of the northeastern 

region and southeastern region, which represent the 

locations of Wells #006 and #010, revealed that the 

groundwater flow velocities of both areas are relatively 

low. 

(4) Analysis of the Test Site Hydraul ic Gradient 

In the well  water level monitoring (Water Resources 

Agency, MOEA, 2004) conducted on the test site, and the 

subsequent biosphere evaluation mainly conducted in 

the eastern region of the test s ite, as indicated in Figure 

4-5, the diagram shows the four water wells (that is , Wells 

#006, #007, #008, and #010). Wells #006 and #007 were 

grouped into one section, and Wel ls #008 and #010 into 

another. Then, the i=h/L (hydraul ic gradient = well water 

head drop/well  distance) equation in Darcy’s 1aw was 

used to deduce the hydraul ic gradient of both Wells #006 

and #010. The Table 4-4 presents the hydraul ic gradient 

analysis data of Well  #006, and a total  of 19 data sets (2 

data sets are missing) were col lected in the period from 
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February 2003 to October 2004. Then, based on the ratio 

between the Well  #006 water head drop and the Well  

#007 water head drop at a distance of 2,083 m, a mean 

value was obtained, and the hydraul ic gradient obtained 

was 3.31E-3. Table 4-5 contains the hydraul ic gradient 

analysis data of Well  #010, and a total  of 15 data sets (6 

data sets are missing) were col lected in the period from 

February 2003 to October 2004. Based on the ratio 

between the Well  #010 water head drop and the Well  

#008 water head drop at a distance of 3,167 m, a mean 

value was obtained, and the hydraul ic gradient obtained 

was 1.65E-3. The foregoing data may serve as reference 

for future repository planning and design projects. 
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Table 4-1: Hydrologic parameters of 12 wells in test site 

No. of well 

Level of 

groundwater 

(m) 

Depth of 

aquifer (m) 

Pump 

(m3/day) 

Permeability 

coefficient  

K (cm/sec) 

#001 9.0 41.0 65 7.0E-3 

#002 6.0 50.0 144 2.3E-3 

#003 19.0 81.0 121 1.1E-2 

#004 18.0 48.0 108 6.2E-3 

#005 15.0 43.0 58 1.3E-2 

#006 3.0 29.0 27 2.6E-4 

#007 1.5 31.0 29 1.0E-4 

#008 0.5 21.5 107 1.5E-2 

#009 22.0 26.0 79 5.2E-3 

#010 6.0 30.0 92 3.2E-3 

#011 2.0 9.5 7 1.2E-4 

#012 1.0 24.0 14 1.2E-4 

(CTCI Corporation, 2003) 
 

Table 4-2: Drilling result of #006 and #010 well in test site 

#006 well Depth (m) #010 well Depth (m) 

Red clay 4 Silt 6 

Pure silt 9 Sand  12 

Sand 1 Clay  1 

Granitic gneiss >17 Silt 2 

  Sand 1 

  Shingle 2 

  Sand 5 

  Silt 1 

  Sand 2 

  Granitic gneiss >4 

(Water Resources Agency, MOEA, 2004) 
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Table 4-3: Fraction of aquifer in test area by DRASTIC system 

Aquifer medium Fraction 

Gravel 10 

Coarse sand 9 

Coarse medium sand 8 

Medium sand 7 

Medium fine sand, Silty sand 6 

Fine sand 5 

Silt, Laterite, Clayey fine sand 4 

Silt, Mud, Clay with sand 3 

clay 2 

Weathered sandstone 1 

(Hung, Ying-Chun, 2002) 
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Table 4-4: Hydraulic gradient of #006 well 

#006 #007 Distance Hydraulic gradient 

date Water depth (m) date Water depth (m) L(m) i=h/L 

200302 8.60 200302 16.04 2083 3.572E-3 

200303 8.55 200303 16.03 2083 3.591 E-3 

200304 9.15 200304 16.48 2083 3.519 E-3 

200305 9.26 200305 16.76 2083 3.601 E-3 

200306 9.52 200306 16.88 2083 3.533 E-3 

200307 9.03 200307 16.54 2083 3.605 E-3 

200308 9.85 200308 17.19 2083 3.524 E-3 

200309 8.88 200309 16.69 2083 3.749 E-3 

200310 7.91 200310 16.28 2083 4.018 E-3 

200311 7.58 200311 15.94 2083 4.013 E-3 

200312 7.75 200312 15.69 2083 3.812 E-3 

200401 8.21 200401 15.39 2083 3.447 E-3 

200404 7.99 200404 15.69 2083 3.697 E-3 

200405 8.26 200405 15.79 2083 3.615 E-3 

200406 8.08 200406 15.58 2083 3.601 E-3 

200407 12.18 200407 16.07 2083 1.867 E-3 

200408 12.32 200408 16.23 2083 1.877 E-3 

200409 13.13 200409 17.38 2083 2.040 E-3 

200410 12.21 200410 16.86 2083 2.232 E-3 

平均值     3.311 E-3 

Note：Water depth of #006: h1,Water depth of #007: h2, h=h2-h1 

(Water Resources Agency, MOEA, 2004) 
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Table 4-5: Hydraulic gradient of #010 well 

#008 #010 Distance Hydraulic gradient 

date Water depth (m) date Water depth (m) L(m) i=h/L 

200302 13.72 200302 8.68 3167 1.59141 E-3 

200303 13.71 200303 8.58 3167 1.61983 E-3 

200304 13.86 200304 8.62 3167 1.65456 E-3 

200305 13.91 200305 8.92 3167 1.57562 E-3 

200306 13.88 200306 9.08 3167 1.51563 E-3 

200307 13.59 200307 8.56 3167 1.58825 E-3 

200308 13.87 200308 9.00 3167 1.53773 E-3 

200309 13.77 200309 9.30 3167 1.41143 E-3 

200404 13.45 200404 7.73 3167 1.80613 E-3 

200405 13.61 200405 7.73 3167 1.85665 E-3 

200406 13.59 200406 7.66 3167 1.87243 E-3 

200407 13.54 200407 7.58 3167 1.88191 E-3 

200408 13.55 200408 7.58 3167 1.88506 E-3 

200409 13.89 200409 8.74 3167 1.62614 E-3 

200410 13.64 200410 9.18 3167 1.40827 E-3 

Average     1.65540 E-3 

(Water Resources Agency, MOEA, 2004) 
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Figure 4-2: Aquifer region in test site 

 
 

 

Figure 4-3: E-E’ section of aquifer region A 

(Water Resources Agency, MOEA, 2004) 
 

 

Figure 4-4: I-I’ section of aquifer region B 

(Water Resources Agency, MOEA, 2004) 
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Figure 4-5: Location of wells 

(unit：m) 
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4.2.2. A Geochemical Model of the Groundwater Evolution 

4.2.2.1. The Groundwater Evolutionary Process and its Determining 

Factors 

Normally, the chemical properties of groundwater have a 

close inseperable correlation with their respective sources, 

water cycle pattern, type of geology within contact, and the 

geological environment; hence, the formation process of 

groundwater inside a deep geological environment forms an 

important aspect in the deduction of groundwater evolution. 

This section shal l  conduct a comprehensive analysis of the 

factors and impacts of the groundwater evolutionary process. 

The usual sources of groundwater are s imply classified 

under two general  types: precipitation (rain water) and sal t 

water. Dissolved materials contained in precipitation are 

usually smaller than those contained in sal t water, and the 

principal types of dissolved materials contained in both are 

gases and ions. Gas soluble in groundwater are N2、O2 ,、CO2、

Ar、H2、H2S , and CH4 ;where ion contents of groundwater are 

classif ied into positive ions, such as Na+、K+、Ca2+、Mg2+、Fe2+、

Fe3+、Al3+ , etc., and negative ions, such as SO4 2-、Cl -、HCO3 -、

CO32- , etc. 

Since the characteristics of the groundwater are strongly 

affected by the groundwater source, sampl ing depth, rock 

classif ication, and the redox state, in deducing the 

geochemistry process of the groundwater characteristics, the 

dynamic model used merely simulated the simple 

experimentation system. Moreover, since deep groundwater 

Darcy velocity is  far slower than the surface water flow 

velocity, thereby resulting in prolonged contacts among 

groundwater, gas, and minerals, the equil ibrium model in 
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thermodynamics would be the more appropriate basis of 

evaluation. 

Furthermore, the analysis conducted on deep 

groundwater characteristics affecting radionucl ide transport 

should also tackle reactions, such as, dissolution, 

sedimentation, complexation, redox, and adsorption and 

diffusion for a further study. At the same time, the four most 

essential  influential  factors of the characteristics analysis are: 

changes of dissolved materials under the redox state, the pH 

of groundwater (as determined by the fresh mineral 

weathering action and the status of organisms; where 

weathering impact is stronger, pH would be higher), redox 

potential  Eh (as determined by the redox processes of i ron, 

sul fur, and carbon and oxidation of organisms), and the ion 

concentration in dissolution (further determined through the 

interaction between the groundwater source and different 

fresh mineral  ores). 

In l ight of the foregoing deduction outcome, it is  

apparent that the geochemical evolutionary process of deep 

groundwater, i .e., groundwater formed from precipitation, 

may be divided into the fol lowing stages for consideration: 

(1) Stage 1: 

Precipitation absorbs CO2 and O2 existed in the 

atmosphere. 

(2) Stage 2: 

After precipitation has absorbed the CO2 and O2 in the 

atmosphere, i t absorbs the CO2 in the soil  produced by 

land organisms. 

(3) Stage 3: 

The precipitation and CO2 therein produced and the 

types of minerals produced in the rock layer would imbue 
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the groundwater with particular representative regional 

characteristics based on the fol lowing factors: 

temperature, redox state, nature of the dissolved 

materials, groundwater pH, and the redox potential  Eh. 

 

The precipitation and CO2 therein produced and the 

types of minerals produced in the rock layer would imbue the 

groundwater with particular representative regional 

characteristics based on the fol lowing factors: temperature, 

redox state, nature of the dissolved materials, groundwater 

pH, and the redox potential  Eh. 

 

4.2.2.2. The Geochemical Models Employed in Different Nations for the 

Evaluation of Groundwater Characteristics 

As stated in the preceding section, the pattern and 

influential  factors of the groundwater evolution process is a 

highly compl icated issue to study. In many countr ies, the 

different geochemical models were used based on their 

respective geological environments and hypothetical 

conditions to deduce the groundwater consti tution and 

characters in the SNF deep disposal. 

The geochemical models employed in the repository 

evaluation procedures conducted in many countr ies today 

general ly belong to two major systems: 

(1) The EQ3/6 geochemical model: 

In its recent repository evaluation, the U.S. Yucca 

Mountain Project used the EQ3/6 geochemical model to 

evaluate the near-field geochemical reaction (McNeish 

et al ., 2003). 

(2) The PHREEQE and PHREEQC geochemical model series: 
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Countr ies l ike Japan (JNC, 2000b, 2005), Spain (Enresa, 

1997), and Sweden (SKB, 2006) used the PHREEQE and 

PHREEQC geochemical model series in evaluating their 

groundwater chemical characteristics and calculating 

the solubil ity l imit. On the other hand, Japan (JNC, 2000b, 

2005) and Finland (Andersson et al ., 2007) used the 

PHREEQC model to conduct an analysis of the pore 

hydrochemical characteristics and related geochemical 

evaluation. 

 

4.2.2.3.  Development and Status Quo of the Taiwan Geochemical 

Model Evaluation Technology 

Since 1998, various types of geochemical models have 

been studied and evaluated for the Taiwan SNF Final Disposal 

Project; such as, the finished evaluation and comparative 

study of the geochemical models (Lin, Cheng-Kuo, 1999), 

such as EQ3/6, MINEQL+, GeoChemPC and PHREEQC series. 

At the same time, some recommendations were proposed for 

the foregoing geochemical models: Where contemplations 

are on the calculation of reaction path and integrity of the 

thermodynamic database, the EQ3/6 geochemical model 

would be more suitable to meet Taiwan SNF Final Disposal 

Project requirements.  

Moreover, i t appl ied the EQ3/6 geochemical model to 

calculate and draw the Eh(pe)-pH stable phase diagram of 

the radionucl ides, such as, i ron and copper (probably the 

principal material of SNF canisters), uranium (a principal 

component of SNF), americium (Am), plutonium (Pu), thorium 

(Th) and neptunium (Np) in pure water and chlorine ion, 

carbonate ion, and sulfate ion concentrations under different 

temperature (25 °C and 80 °C) conditions. Data obtained 
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were used to analyze their respective stable characteristics 

under different chemical conditions and determine the 

simulation range of their solubil ity (Lin, Cheng-Kuo et al ., 2002, 

2003, 2005). At the same time, the results of study and analysis 

of the activity coefficient function theories and the 

comparative study of the appl icable range would serve as 

the basis of selection of the suitable activity coefficient 

modification model (Liu, Chen-Yu et al ., 2002). The study 

findings indicated that an actual case simulation was 

conducted under the four types of geochemical water qual ity 

simulation programs – MINEQL, MINTEQA2, PHREEQC, and 

EQ3/6; furthermore, an analysis of the different activity 

coefficient models, including a theoretical analysis of four 

models; namely, Debye-Hückel, Davies, the modified 

Debye-Hückel, and Pitzer. Under the conditions of the four 

unmodified model databases, the distribution of the water 

qual ity concentration under the four s imulation types had 

been quite variant, thus indicating that variance in the 

thermodynamic data. The findings had serious effects on the 

simulation resul ts, and it had been impossible to obtain the 

approximate ion activi ty coefficient. Furthermore, although 

the Pitzer equation may be appl ied in high concentration sal t 

solution, the input parameters it required had been complex 

and multifarious. Since the buil t- in composition data had 

been l imited, i t could not be appl ied in the s imulation of the 

geochemical reaction evaluation. Hence, from the simulation 

resul ts, i t’s recommended that the Davies equation would be 

the most suitable equation to use in the simulation of activity 

coefficient model of high and low concentration sal t 

solutions. Moreover, the data shal l  serve as basis of the 

geochemistry simulation of middle and high radionucl ide 
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migration processes. To date, Taiwan has completed 

integration of the thermodynamic databases popularly used 

in many countr ies (Lin, Cheng-Kuo et al ., 1999); in the future, i f 

this Project should need to evaluate the stable characteristics 

of the engineered barr ier under the repository s ite chemical 

conditions and the activity coefficients of groundwater, the 

integration results shal l  provide bases on which the respective 

project implementing bodies may evaluate the related 

functions and safety conditions. 

Studies on the interaction effect between SNF canisters 

and surrounding media (Huang Ke-Yu et al ., 2002; Lee Ruey-Yi 

et al ., 2003; Lee Ruey-Yi et al ., 2005) may be divided into 

three analytical stages: First, use the reference groundwater 

data from the study si tes of countries such as, Sweden, 

Finland, Japan, Canada, Switzerland, Belgium, Germany, 

Spain, and the United States to evaluate the design 

considerations and general  requirements and criteria of 

canisters made of different materials used in these countr ies. 

At the same time, the study delved into the correlation 

between the geological conditions and groundwater 

chemistry of the repository and evaluated the differences in 

the different candidate canisters, test water samples, and 

underground disposal environments found in each country. 

Then, based on the foregoing test resul ts, the corrosion 

resistance of candidate materials under varying groundwater 

environments was evaluated. A prel iminary assessment was 

conducted to understand the advantages and shortcomings 

of materials of canisters widely used internationally, such as, 

copper, titanium, zirconium al loy, stainless steel , high al loy 

stainless steel , nickel-based super al loy, and carbon steel. In 

contemplation of the possibil i ty of employing the deep 
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geological disposal for the SNF of Taiwan, in terms of 

long-term disposal, the canisters shal l  have to sustain 

centuries of environmental oxidation in the prel iminary stage, 

and thereafter withstand the subsequent reduction of the 

geochemical environment. The selection of canister materials 

in Finland in the early period also regarded ti tanium al loy for 

priority consideration; however, in view of the potential 

problem of hydrogen embrittlement resulting from the 

hydrogen absorption of the titanium al loy when exposed to 

groundwater chemical conditions for a long-term period, 

several  decades ago, Finland decided to forego using 

ti tanium al loy for its canister material . In Canada, the initial 

canister design has a time l imit of 500 years and employed 

ti tanium al loy for the canister material . Later, Canada 

changed its design to one using copper canister to extend 

the l ife of canisters. I f a corrosion-resistant metal with surface 

passivation such as stainless steel , titanium, or nickel-based 

al loy was used, the metal surface exposed to the atmosphere 

and aqueous solutions could easily turn into a complex oxide 

fi lm that would provide the metal with an highly excellent 

corrosion resistance. However, this type of corrosion- resistant 

materials would have higher chances of partial  corrosion 

when the passivation fi lm is partial ly damaged. The 

assessment resul ts recommended the use of copper canisters 

employed in Sweden and Finland, which are s imilar to the 

disposal concepts of Taiwan, as the reference canister.  

In Stage 2, when the deep disposal environment 

possessed the conditions of a sal inity reduction, from the 

corrosion and cost considerations, opting for the copper 

canister became the optimal choice for al l  developed 

nations in nuclear. The development of the copper canister 
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corrosion model also employed the geochemical analysis 

program EQ3/6 in obtaining the geochemical equil ibrium 

conditions under the different disposal measures, and from 

which, developed a model for corrosion evaluation. The study 

resul ts indicated that prediction model developed in this 

stage is a proximate match to experiment data.    

Stage 3 is the evaluation of the corrosion occurring on the 

copper canisters developed in Stage 1. The concept of the 

activation energy for corrosion was employed, and the 

temperature effects and the dissolved oxygen 

transformations were included into considerations to establ ish 

a corrosion rate modification equation. An analysis of the 

resul ts indicated that after undergoing three disposal stages – 

Initial  disposal stage, middle disposal stage, and final disposal 

stage, and with the corrosion rate l imit concept employed 

when water qual ity of each stage met the low sulfate 

reduction host rock condition, the canister substances could 

maintain its integrity for a period of 100,000 years or longer 

according to the evaluation of canister structure using 

geochemical equation EQ3/6. 
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4.3. Near-field Environment 

4.3.1. Engineered Barrier System 

The multiple barr iers employed in the SNF deep 

geological disposal process refers to the multiple assembl ies 

composed of artif icial  and natural  barriers of sol id waste, 

canisters, fi l l ing materials, structures and layers capable of 

retarding radionucl ide leaching, leakage and migration(Fuel 

Cycle and Materials Administration, 1996). The multiple barr ier 

system is mainly composed of two major parts, the 

“engineered barr ier” and the “natural  barr ier”. The former 

retards the radionucl ide migration through artif icial means, 

including engineered facil i ties, such as, the waste form itself, 

canister, buffer material , and backfi l l  materials. The latter 

refers to the geosphere and biosphere, including the 

repository host rocks and surface rock atop the host rocks, the 

land surface, r ivers, oceans, and atmosphere of the natural 

environment. The engineered barrier is created to make up 

for natural  barrier shortages; thus, geological events may 

have merely l imited impacts on the integri ty of the disposal 

system. Therefore, the said geological events would not 

cause a complete failure of the safety containment function 

of the repository. On the hand, the natural  barrier provides 

protection to the engineered barrier, thereby maintaining the 

long-term integri ty of the repository (Pusch, 1994).  

At present, Taiwan employs the multi-barriers system. 

(Figure 4-6) I t has an engineered barrier system consisting of a 

copper shel led, cast i ron l ined canisters (Figure 4-7), buffer 

materials consisting of pure bentonite, and backfi l l  materials 

consisting a mixture of bentonite and crush rocks, and a 

natural  barrier system comprised of granite host rocks. The 
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Figure 4-7 showed two different types of canisters, the 

BWR-type canister for emplacement of 12 bundles of SNF and 

the PWR–type canister for emplacement of 4 bundles of SNF. 

For details on the engineered barrier system, please refer to 

Section 3.2.1.  

 
4.3.2. Thermal Status 

The decay of the radionucl ides in the SNF would lead to 

release thermal energy. The release of thermal energy would 

affect the al location and design of the pertinent facil ities of 

the final  repository. Thermal energy is transferred into the 

layers from the canister through the engineered barr iers by 

means of thermal conductivity and convection, consequently 

affecting the temperature distr ibution and groundwater flow 

conditions in the near-field region of the repository. Once the 

repository is heated and temperature rises higher than 150 ºC, 

convection action in groundwater and corrosion rate of 

canister materials would also accelerate (Zhou, Gi-Sheng, 

1988). When temperature of the buffer layer rises higher than 

100 ºC, the bentonite would be transformed into i l l i te, and 

that would reduce its impermeabil i ty and radionucl ide 

adsorption capabil ity (Chuang, Wen-Shou et al ., 2000). These 

negative effects of temperature are l ikely to increase the 

release of radionucl ides from the waste form in the canister 

and the probabil i ty of radionucl ides to flow with the 

groundwater through the fractures in the host rock and 

migrate into the biosphere. 

In the deep geological disposal concept of Taiwan, the 

basic assumptions of repository facil ity operations is that the 

SNF of the nuclear power plants is  fi rst placed under interim 

storage for 40 years, and then, it is transferred to the final 

repository. There are three thermal energy sources under 
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consideration in the disposal host rock environment (Figure 

4-8), that is , geothermal gradient, groundwater flow 

temperature, and SNF decay heat. I f the velocity of the 

groundwater flow under consideration is very sluggish, the 

initial  temperature distr ibution of the repository would be 

equivalent to the temperature distr ibution of the si te. 

 

 

4.3.2.1. Thermal Transfer Model 

The transfer of heat flow in the natural  environment is 

made possible through three processes: conduction, 

convection, and radiation. In the f inal  disposal concept 

currently under contemplation, the disposal rock is in a 

saturated aquifer layer, and the principal means by which the 

heat flow is transferred are conduction and convection. In 

the underground disposal facil i ty, the SNF decay heat transfer 

starts with the metal sealed tight canister fi rst, then the heat 

flows past the buffer and backfi l l  layers via thermal 

conduction mechanism, and final ly the heat transports to the 

surrounding host rocks and further outward through thermal 

conduction and convection. Based on the law of the 

conservation of energy, under the transient environment, the 

sum of the heat flow change ( φ∇⋅v
r

) of the fluid flowing 

through the material  unit area, plus the heat flow change 

( φλ∇⋅∇ ) of the elements flowing through the material  unit 

area through conduction, plus heat (
•

Q ) released by the heat 

source of the material  within the unit time should be equal to 

total  heat absorbed by the material  under the heightened 

temperature of the unit mass.  
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4.3.2.2. Evaluation of the Single Canister and Multiple Canister 

Temperature Distribution Conditions 

In an evaluation study of geosphere for the SNF disposal 

in Taiwan (Lin, Chih-Sen et al ., 2000; Liu, Tai-Sheng, 2002; Lai, 

Cheng-Hsien et al ., 2002; Twu, Tsang-Wei et al ., 2003), the 

analytical solution and the TOUGH2 and FEHM numerical 

models were employed to analyze the near-f ield temperature 

distributions for conditions of single canister and multiple 

canisters.  

Twu, Tsang-Wei et al . (2003) once used the FEHM model to 

calculate the 3D temperature distr ibution of a single canister 

in the near-f ield; its disposal hole spacing was 6 m. The basic 

assumptions states that each canister was loaded with 2 tons 

of uranium. Land surface temperature was placed at 20 ºC, 

geothermal gradient at 0.03 ºC/m, and temperature at a 

depth of 500 m at 35 ºC. Figure 4-9 showed the SNF decay 

heat generated by the Chinshan Nuclear Power Plant unit 1, 

and the s ingle heat source came from the SNF decay heat. 

The decay heat curve of the maximum burn-up degree of the 

diagram (35,990 MWd /MTIHM) was conservatively employed. 

The thermal conductivity coefficients of the buffer and 

backfi l l  materials and the host rocks were 0.75 W/m.K and 2.51 

W/m.K, respectively. As for the remaining parameters, please 

refer to Table 4-6 (Twu, Tsang-Wei et al ., 2003).  

An evaluation of the single canister (Figure 4-10) was 

conducted under the condition to understand the changes in 

the near-field temperature distribution during the progression 

of time (time periods being 1, 3, 7, 10, 120, 200, 500, and 1,000 

years) under a purely thermal conduction mechanism. 

Maximum surface temperature of the single canister under 

the condition was 72.6 ºC. Since the SNF decay heat would 
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decrease with the progression of time, the analysis resul ts 

indicated that the impact of decay heat in canisters would 

be minimal around 200 years after disposal, and the 

temperature difference between the canister and the 

surrounding land was 8 ºC. 500 years later, due to very 

minimal disposal temperature rise caused by the decay heat, 

the extent of impact i t influenced would be very l imited. 
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Figure 4-6: Conception of multiple barriers 

(Chi, Li-Min, 2002)  

 

 
Figure 4-7: Section of canister 

(Chi, Li-Min, 2002)  
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Figure 4-8: Heat source of repository 

(Twu, Tsang-Wei et al., 2003) 
 

 

Figure 4-9: Decay heat as a function of time for spent nuclear fuel in 

NPP. 1, unit 1 

(Twu, Tsang-Wei et al., 2003) 
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Table 4-6: Parameters of FEHM program 

Permeability 

coefficient 

(rock) 

(canister) 

(bentonite) 

K 

1e-18 m/s 

0.0 m/s 

4.5e-20 m/s 

Porosity 

(rock) 

(canister) 

(bentonite) 

ψ 

0.001 

0 

0.43 

Thermal 

conductivity 

(rock) 

(canister) 

(bentonite) 

κ 

2.51 W/(m‧K) 

40 W/(m‧K) 

0.75 W/(m‧K) 

Density  

(rock) 

(canister) 

(bentonite) 

ρ 

2,700 kg/m3 

5,880 kg/m3 

2,700 kg/m3 

Specific heat 

(rock) 

(canister) 

(bentonite) 

C 

855 J/(kg‧K) 

500 J/(kg‧K) 

1,150 J/(kg‧K) 

Temperature of ground 

surface 
Ts 20 ℃ 

Geothermal gradient  0.03 ℃/m 

Repository depth  500 m 
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Figure 4-10: Temperature distribution of single canister 

(Twu, Tsang-Wei et al., 2003) 
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Furthermore, under a load capacity of 2-ton uranium per 

canister, Twu, Tsang-Wei et al . (2003) used a design having a 

disposal hole spacing of 6 m and repository tunnel spacing of 

40 m for a prel iminary simulation of the heat transfer effect of 

five canisters (Figure 4-11); resul ts indicated that maximum 

canister surface temperature was 84.1 ºC, and bentonite 

exterior side temperature was 71.1 ºC; these resul ts conform 

with the contemporary conceptual model design standard 

(canister surface temperature should be less than 100 ºC). 
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Figure 4-11: Temperature distribution of 5 canisters 

(Twu, Tsang-Wei et al., 2003)  
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As per simulation of the heat transfer effect of five 

canisters stated in the preceding paragraph, from the 

changes noted in the canister surface temperature during the 

disposal period (Figure 4-12), i t was learned that ratio of heat 

attenuation is highest during the 200-year period fol lowing 

SNF disposal; however, in the interim between the 200 th year 

of disposal and the 1000 th year, ratio of heat decl ine would 

gradually subside (Figure 4-9). Moreover, the emplacement 

load would have a greater impact on the temperature of the 

repository in the initial  period, but the impact of 

emplacement load on the temperature would gradually 

subside with the duration of time. In short, the impact of 

emplacement load on the repository temperature was lesser 

with the duration of time. 
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Figure 4-12: Canister surface temperature as a function of time 

(Twu, Tsang-Wei et al., 2003) 
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4.3.2.3. An Analysis of Heat Transfer for Disposal Tunnel 

Chen, Yuan-Chang et al . (2005) conducted a 3D heat 

transfer analysis of the repository and evaluated the 

conditions of the dual disposal tunnels, multi-canister SNF 

vertical  emplacement. Moreover, the establ ishment of grid 

distribution in the simulation zone and an analysis of the test 

model results were conducted. Data employed was the 

singular heat source of the SNF decay heat (Figure 4-13) 

produced by the Chinshan Nuclear Power Plant SNF module 

component at a burn-up degree of 40,000 MWd/MTIHM 

(Chen, Yuan-Chang, 2005). Based on the finite element grid 

of the heat transfer model establ ished under the FEHM 

program, the heat transfer of 6×20 pieces of canister matrices 

was calculated under an assumption that tunnel spacing 

measures 25 m and 40 m, and a disposal hole spacing ranges 

from 6 m to 18 m. The calculation formula placed land surface 

temperature at 20 ºC, geothermal gradient at 0.03 ºC/m, and 

temperature at an underground depth of 500 m at 35 ºC. 
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Figure 4-13: Decay heat of SNF as a function of time (Burnup 40,000 

MWd/MTIHM) 

(Chen, Yuan-Chang et al., 2005) 
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The analysis resul ts revealed that due to thermal coupl ing 

effects, the center of the repository tunnel would have a 

higher temperature, and temperature at both ends of the 

tunnel would be lower due to coupl ing effect; the central  l ine 

between repository tunnels nearly form a symmetrical axis, 

and the temperature towards both tunnels increases, and the 

highest temperature point of the repository tunnel is the 

center point of the tunnel, which is the emplacement location 

of the canisters. From the horizontal temperature distribution 

in the six disposal zones 9 years after disposal is implemented 

(Figure 4-14), i t is apparent that the effect of the thermal 

coupl ing between the disposal zones is less than the impact 

between tunnels; moreover, no significant change was noted 

in the surrounding rock temperatures of the operational 

tunnel. The primary areas where temperature changes were 

noted were l imited within each disposal zone. 
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Figure 4-14: Temperature distribution of 6 disposal regions 

(Chen, Yuan-Chang et al., 2005) 
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4.3.3. Hydrogeological Conditions 

The focus of the evaluation is on the hydrogeology of the 

near-field surrounding rock; that is, including groundwater 

distr ibution and flow conditions and its chemical properties 

(Ho, Kung-Suan, 1988). A detailed explanation of the 

groundwater distr ibution and flow conditions is provided in 

Chapter 2. The chemical properties of groundwater play a 

highly signif icant role in the durabil i ty of engineered barriers, 

the radionucl ide retention and retardation, solubil ity in a 

solution, and migration, and the extent of the effects on the 

surrounding rock under different time and temperature levels. 

 

4.3.4. The Pore Hydrochemistry of the Engineered Barrier System 

4.3.4.1. Techniques in Hydrochemical Analysis 

The analysis and testing of the chemical characteristics of 

deep groundwater should be conducted using a 

geochemical model for further verification, as well  as a 

further deduction of the water quality of the aquifer, and the 

chemistry, classification, concentration, redox potential  of 

minerals therein contained. The geochemical model uses the 

chemical equil ibrium principles of the mass action of ion pair, 

mass equil ibrium, electr ic neutral ity, conservation of 

electrons, phase equil ibrium, and thermodynamic database 

to establ ish the equil ibrium formula; then, through the 

numerical analysis procedures to f ind out that the chemical 

mechanism should include hydrogenated complex reaction, 

acid-alkal i reaction, oxidation-reduction reaction, 

dissolution-sedimentation reaction, adsorption-desorption 

reaction, sol id phase-l iquid phase reaction, and ion 

exchange reaction, etc. 
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4.3.4.2. Activity Coefficients of Geochemical Reactions 

Once groundwater has penetrated into the SNF 

repository, when a chemical reaction would occur between 

its hydrogeologic chemistry and the radioactive species, and 

due to the force between the dissolved ions in the 

groundwater, i t is imperative to amend the activi ty 

coefficient in order to obtain the accurate chemical activity, 

thereby obtaining the speciation concentration of the 

radioactive species in a chemical equil ibrium. On the other 

hand, the chemical activity of the ion is the product of the 

chemical activity coefficient and molar concentration. 

General ly, the activity coefficient is a measurement of the 

effective intensity of the impact of one substance on the 

equil ibrium reaction of which it is a part, and this coefficient 

would change in consonance with the changes in the ion 

strength. 

Liu, Chen-Yu et al . (2002) establ ished the activity 

coefficient model of the geochemical reaction under high to 

low concentration salt water, and through an evaluation and 

analysis of the activity coefficient function theory, a 

comparison of the appl icable ranges was conducted so as to 

provide the basis for selection of the suitable activi ty 

coefficient amendment model. Moreover, they conducted a 

case s imulation of the four commonly used geochemical 

water qual ity s imulation codes, that is , MINEQL, MINTEQA2, 

PHREEQCI and EQ3/6 to analyze the simulation results of the 

different activity coefficient models. They recommended that 

the activi ty coefficient model suitable for medium to high 

concentration salt water solution s imulation should serve as 

basis for the medium to high level radionucl ide migration and 

geochemistry simulation procedures. The study had achieved 
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the fol lowings: discussions on the factors affecting the 

precision of water qual ity simulation; theoretical analysis of 

the four activity coefficient models, that is , Debye-Hückel, 

Davies, modified Debye-Hückel, and Pitzer models; 

implementation of the basic steps of the water qual ity 

simulation test; and introduction of the functions of these four 

types of geochemical water qual ity simulation codes. A case 

simulation based on the hypothetical water qual ity was 

conducted on the four simulation models. Under the 

database conditions of the four unmodified models, a huge 

difference was noted in the water qual ity concentration 

distribution of the four types of simulation; however, after the 

four model databases were modified for uniformity, and the 

modified model of the same activi ty coefficients was 

employed, a s imilar water activi ty coefficient and solute 

concentration distr ibution resul t were obtained for the four 

models. 

This clearly indicates that a difference in the 

thermodynamic data of the database could seriously affect 

the simulation resul ts. At the same time, the model was used 

to analyze the effects of different activity coefficient models 

on the simulation of water qual ity concentration and activity 

coefficients. I t was also used in simulating the activity 

coefficients of groundwater water qual ity in Xiao-Chiu area 

and Nei-Wan area. In short, the Davies equation is more 

suitable for simulating high to low concentration salt water, 

and it may be used as basis in calculating the activity 

coefficient modified model of the high to low degree salt 

solution. 
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4.3.5. Corrosion of Waste Canister Material 

4.3.5.1. Copper Canister Corrosion Model 

Huang, Ka-Yu et al . (2002) and Lee, Ruey-Yi et al . (2003) 

employed the Butler-Volmer formula and adopted the existing 

international copper corrosion experiment data to establ ish 

the correlation between the equil ibrium coefficients, such as, 

the copper corrosion rate and the dissolved oxygen and sulfur 

ion concentration, and the chlorine and copper chlorine ion. 

As for the concentrations of each element and ion, the 

geochemical analysis program, EQ3/6, was used to calculate 

the equil ibrium concentration between ions under different 

disposal environments or test environments. The corrosion 

experimental data gathered coordinately was used to 

estimate the corrosion speed constants of the correlation 

equation, respectively.  

Under sal ine and low dissolved oxygen or reduction 

conditions, copper possesses a very strong corrosion 

resistance capabil i ty. I f any signif icant signs of corrosion 

could be tested and acquired and under low temperature 

conditions, this indicates that the material  is not suitable for 

canisters intended to have service l ives extending beyond 

10,000 years. Hence, an accelerating experimentation 

procedure should be implemented in a regular corrosion 

experiment; in other words, the corrosion experiment should 

be conducted under a higher temperature environment. In 

the analysis conducted by Lee, Ruey-Yi et al . (2003), the 

evaluation formula was establ ished based on the data of the 

bittern environment having a minimum temperature of 95 ºC 

of Canada AECL and other experimental data. However, the 

formal establ ished was derived based on the data of an 

experiment conducted under a high temperature 
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environment. When data was appl ied into actual disposal 

conditions, such method was exceedingly conservative. Since 

an oxidation passivation f i lm would be formed on the 

corrosion resistant metal surface during the corrosion or 

oxidation process to prevent or mitigate the further corrosion 

or oxidation of the material . Hence, as time is protracted, 

corrosion rate would slow down. Moreover, whenever 

temperature rises, protection efficiency of the passivation f i lm 

would also decrease as positive dissolution rate accelerates. 

In short, corrosion rate would be hastened under high 

temperatures.  

An experiment conducted by Gusakov et al . (1999) under 

a high temperature environment (greater than 400 ºC) 

revealed that the oxidation rate of copper had a l inear 

growth at the onset; however, after oxidation has continued 

for a period of time, oxidation increased by means of square 

root correlation. The period in which l inear growth was 

maintained extended as temperature rose; for instance, 

between 600 ºC and 900 ºC, l inear growth was maintained for 

around 20~80 minutes. In the immersion experiment of 

Posdorfer et al . (2000), correlation between the growth rate 

of the oxidized layer Cu2O formed on the copper surface and 

the time would decrease exponential ly. On the other hand, 

the oxidized layer CuO would increase by square root 

proportion. When the value of the exponent was greater than 

1, the growth rate of the oxidized layer was less than the 

l inear growth. At this point, as duration lengthened, rate of 

increase of the corrosion depth gradually slowed down; the 

growth and thickening of the oxidation or passivation fi lm 

mitigated the oxidation and corrosion rate of the materials.  
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The scale of the activation energy Q is correlated to the 

corrosion and oxidation process. According to the evaluation 

of Kobanenko et al . (2001), in a highly erosive solution (Cu/ 

0.1 M NaHCO3+0.1 M KCNS) with a temperature ranged 

between 20 – 80 ºC, it was estimated that under heat 

equil ibrium conditions, the activation energy of the reaction 

process would be around 55.7 kJ/mole; data may serve as the 

corrosion rate evaluation reference. 

 

4.3.5.2. Evaluation of the Corrosion Rate 

Lee, Ruey-Yi et al . (2003) evaluated the copper corrosion 

rates under different study site water qual ity conditions. Their 

basic assumptions were: 

(1) A ful ly finished canister would undergo interim storage, 

waste form loading, and tight seal ing operations, then 

placed into the repository unti l  i t is time to close 

repository. The entire process would take several  years to 

several  decades; during which canisters are exposed to 

the atmospheric environment. Prior to the sol id waste 

emplacement, canister temperature was close to the 

environmental temperature of the surrounding 

atmosphere; however, after sol id waste emplacement, as 

residual decay heat of the waste form caused the 

canister surface temperature to rise above the 

temperature of the surrounding environment, partial 

areas became arid with hot air. Since surface 

temperatures remained beneath the temperature l imit 

(100 ºC) of the design, the corrosion pattern that 

occurred was dry corrosion. 

(2) During the repository excavation period, the engineered 

materials and fresh water used in the disposal operations 
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and the water qual ity exposed to the atmospheric 

environment in the repository zone would change the 

water qual ity conditions in some area of the repository 

zone. Materials used during the operation procedures 

would cause disturbances in the repository zone 

environment, and thereafter a new equil ibrium state 

would be attained. The geochemical model may be used 

for a simulation analysis of changes and equil ibrium 

conditions of the dissolved oxygen and various ion 

concentration levels. 

(3) After the repository closure, the SKB study (Hermansson, 

1999) manifested that volume of the bentonite buffer 

material  surrounding the canister would be around 11 m3; 

in a conservative hypothetical condition where oxygen 

content is  30 moles, even if the pyrite content in the 

bentonite would merely take up 0.2%, an oxidation 

reaction with a mere 3% (8 moles) of that pyrite would 

cause a complete depletion of oxygen. Based on the 

estimates made, oxygen would be depleted in 

exponential  attenuation after repository closure due to 

pyrite oxidation reaction. I t is projected that over 99.7% 

of the oxygen would drop from the 20% (initial  level  prior 

to closure) to 0.05% after a closure period of 120 years. In 

real ity, the pyrite contained in the bentonite buffer 

material , such as MX-80, is around 1%, which is greater 

than the aforementioned hypothetical amount; hence, 

oxygen depletion rate would be sl ightly faster then. That 

is why the amount stated in the foregoing was a 

conservative assumptions. 

(4) After repository closure, groundwater would gradually 

permeate into the near-field environment through the 
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rock fracture, and the near-field would gradually be 

restored to a saturated state. Since the buffer material  is 

a barr ier with low permeabil ity capacity, groundwater 

would not immediately penetrate but gradually and 

slowly immerse through unti l  i t reaches the canister 

surface. 

 

Whe evaluating the corrosion rate, in coordination with 

the water qual ity and disposal temperature conditions, the 

right evaluation model should be used in order to obtain the 

corresponding corrosion rate.  

In a study of the groundwater conditions of the Finnish 

Olkiluoto site (Ahonen, 1995), the Energy and Environment 

Research Laboratories (EERL) estimated the copper corrosion 

rate under the water qual ity conditions in different depths of 

the KMBH01 zone (Lin, Cheng-Kuo et al ., 2003). The packer 

water sample analysis (Table 4-7) of the EERL indicated that 

the faul t zones in KMBH01 should be one with a very low 

permeabil i ty coefficient; the nature of the groundwater 

contained within its pores would be reductive freshwater. The 

rocks covered in the confined aquifer could be considered as 

candidates for future repository host rock. Moreover, in order 

to evaluate the corrosion conditions of copper material , Lee, 

Ruey-Yi and Wu, Huang-Jau (2005) used the oxygen content 

and temperature changes of the canister near-field 

environment during the disposal period to divide the disposal 

period into three stages: (1) the initial  disposal stage, (2) the 

interim disposal stage, and (3) the f inal  disposal stage. 

(1) Initial  disposal stage: 

This is the stage of high temperature and high oxygen 

level; however, the high temperature level in this stage is 
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sti l l  below the temperature l imit of 100 ºC set in the 

design. Due to the space l imitation of the residual 

dissolved oxygen in the repository environment and the 

isolation provided by the buffer material , the corrosion 

rate is retarded. Initial  estimates on the time frame in this 

initial  disposal stage, in reference to the SKB study 

(Werme, 1992), oxygen depletion rate is reduced from the 

initial  estimate of 20% to 0.05%; that is , for a period of 

around 120 years. 

(2) Interim disposal stage: 

This is the stage of high temperature but low oxygen level. 

Although, oxygen contained in the repository has 

dropped to below 0.1% in the 100-year period, the highest 

temperature of the repository environment occurred 

during the centuries that fol lowed repository closure. This 

stage of high temperature and low oxygen level would 

encompass around several  hundreds to thousands of 

years after repository closure. 

(3) Final  disposal stage: 

This is the low-temperature reduction stage. The 

repository at this stage is gradual ly restoring the water 

qual ity conditions to the pre-disturbed status. Under 

normal scenario conditions, after undergoing the initial 

and interim disposal periods, the canisters would sti l l  

maintain its integrity and sustain no damages, then enter 

the final  stage of its disposal, that is , the final  disposal 

stage. This stage would have a time frame of thousands or 

tens of thousands of years, or even longer. 

 

Based on the time frame required in the canister disposal 

procedure, evaluation of the corrosion rates in both the initial 
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and interim disposal stages would be considerably signif icant. 

However, since the time duration required would be in 

thousands or tens of thousands of years or even longer, under 

the disposal environment of the final  disposal stage, the 

canisters should be able to provide a time durabil ity that 

would al low it not to sustain any corrosion damages. This is the 

foremost consideration in canister long-term disposal or s ite 

location selection of the repository. According to the water 

qual ity conditions in different depths of the KMBH01 zone 

disposal environment, the corrosion rate of copper materials 

under such environment was obtained, as shown in Table 4-8. 

I t may be noted that under the disposal environment at a 

depth of 353 m, the copper corrosion rate would be lower, 

that is , 0.182 µm/yr. On the contrary, at a depth of 491 m, the 

calculated corrosion rate had been higher. The key 

underlying factor is that the types of rock found around these 

two depth levels are both granite gneiss, but 5 and 16 sets of 

fractures may exist, respectively. The rock mass structure at 

the 351 m depth level is more sol id and contained lower levels 

of oxygen. The geochemical well  logging resul ts indicated 

that at a depth range of 449.4 m ~ 477.1 m, fault zones and 

fracture zones were found, and the main fracture surface and 

joint of the faul ts were high-angle fractures having at least 50 

degrees. They were probably the main passage channel of 

the groundwater (Lin, Cheng-Kuo et al ., 2003).  

The water qual ity data of the YJT-95 of Finland and the 

KMBH01-02 of Taiwan were used as reference (Table 4-9) to 

calculate the copper material  corrosion rate in the initial , 

interim, and final disposal stages. I t was found that in both 

initial  and interim disposal stages, no signif icant difference 

was noted in the corrosion rates calculated under the two 
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different disposal environments; corrosion rates of the initial 

and interim disposal stages were around 27.6 µm/yr and 4.5 

µm/yr, respectively. However, in the SNF disposal stage, the 

corrosion rate obtained from KMBH01-W2 was 0.182 µm/yr, 

that is , 2.3 folds of the corrosion rate (0.077 µm/yr) obtained 

from YJT-95 of Finland. The primary factor to this difference 

l ies in the different oxygen contents contained in these two 

facil i ties.   

Calculation of the canister corrosion depth may be 

obtained from the integral  value of corrosion rate against 

time.  

In appl ication of the corrosion rate l imit concept, the 

maximum corrosion rate of each disposal stage was either less 

than or equivalent to the maximum corrosion rate at the f irst 

stage, and total  corrosion thickness is constantly less than the 

product of the maximum corrosion rate of each disposal 

stage multipl ied by the time duration. In the fi rst stage, 

corrosion rate showed an escalating trend at the onset; this 

corresponds with the concept that canister surface 

temperature would fi rst r ise at the onset then drop. Moreover, 

it is assumed that state of groundwater in this stage contained 

a high level of oxygen. An analysis of the corrosion depth in 

the aforementioned three disposal stages under varying time 

periods (Table 4-10), corrosion of each stage is calculated 

l inearly, thus overlooking the fact that corrosion rate would 

subside due to the increased oxidation and thickened 

passivation fi lm. In calculating corrosion rate, the initial 

corrosion rate of each stage was used, and data was the 

highest value obtained in each stage. The total  corrosion 

thickness obtained should be conservative enough. I t was 

estimated that in a period of 10,000 years, under the water 
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qual ity conditions of the YJT-95 of Finland and the KMBH01-02 

of Taiwan, total  corrosion thickness noted in each facil ity had 

been 0.8 cm and 0.9 cm, respectively. After 100,000-year 

period, total  corrosion thickness would increase to 1.5 cm and 

2.6 cm, respectively. Hence, i f the copper outer layer of the 

canister is 5 cm, under the water qual ity conditions of the 

YJT-95 of Finland and the KMBH01-W2 of Taiwan, canister 

corrosion resistance should be able to maintain the structural  

integrity of the canister for 100,000 years or longer. 
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Table 4-7: Water-quality analysis of KMBH01 double packer hydraulic test 

分析項目分析項目分析項目分析項目 單位單位單位單位 KMBH01-W1 a KMBH01-W2 b KMBH01-W3 c KMBH01-W4 d KMBH01-W5 e 分析儀器分析儀器分析儀器分析儀器 MW
Temperature ℃ 26.01 28.89 31.42 31.42 23.198 IDRONAUT －

Conductivity mS/cm 0.292 0.376 0.321 0.333 0.271 IDRONAUT －

Oxygen ppm 0.23 0.02 0.06 1.76 0.03 IDRONAUT －

pH pH 6.29 6.92 9.76 9.44 6.71 IDRONAUT －

Redox mV 151 -206 -666 -668 -44 IDRONAUT －

HCO3
- mg/L 37.5 67.6 46.6 54 53.2 HACH(D.T) 61.01

CO3
2- mg/L － － 4 1.6 － HACH(D.T) 60.01

PO4
3-, reactive mg/L 0.07 0.09 0.225 0.1 0.075 HACH(S.P) 94.97

PO4
3-, total mg/L 0.31 0.17 0.3 0.185 2.17 HACH(S.P) 94.97

SO4
2- mg/L 12.5 10.5 13 3.5 9 HACH(S.P) 96.06

S2- mg/L 0.004 0.003 0.021 0.265 0.003 HACH(S.P) 32.06

NO3
- mg/L 1.7 0.4 0.3 0.35 1.4 HACH(S.P) 62.00

NO2
- mg/L 0.002 0.002 0.0015 0.001 0.079 HACH(S.P) 46.01

NH3 mg/L 1.87 0.045 0.89 0.465 0.145 HACH(S.P) 17.03

SiO2 mg/L 5.049 5.666 5.753 4.625 5.988 HACH(S.P) 60.08

F- mg/L 0.92 0.83 1.95 2.62 0.52 HACH(S.P) 19.00

Cl- mg/L 45.2 43.4 30.8 22.6 40.2 HACH(S.P) 35.45

Fe,Total mg/L 0.58 0.77 0.63 0.16 0.13 ICP 55.85

Cu mg/L 0.0067 0.0075 0.0461 0.0036 0.0044 ICP 63.54

Ca2+ mg/L 19.6 26.8 14.5 5.93 16.1 ICP 40.08

Mg2+ mg/L 4.1 3.73 0.53 0.27 3.17 ICP 24.31

Na+ mg/L 16.2 17.2 26.8 27.4 11.6 ICP 22.99

K+ mg/L 4.66 4.48 4.43 2.33 3.28 ICP 39.10

Cd mg/L ND<0.001 ND<0.001 0.006 0.001 ND<0.001 ICP 112.40

Cr mg/L 0.002 0.001 0.013 ND<0.001 0.003 ICP 52.00

Mn mg/L 0.33 0.37 0.17 0.012 0.31 ICP 54.94

Ni mg/L 2.4 3.28 2.13 1.75 2.62 ICP 58.71

Pb mg/L 0.008 ND<0.005 ND<0.005 0.016 0.018 ICP 207.19

Zn mg/L 0.46 0.93 0.1 0.15 0.038 ICP 65.37

As mg/L ND<0.0005 ND<0.0005 0.0007 － － ICP 74.92

p.s. c.KMBH01-3：深度489.1~492.1m；採樣時間：2003/04/16PM12:55~2003/04/16PM17:32

a.KMBH01-1：深度195.1~198.1m；採樣時間：2003/04/11PM19:08~2003/04/11PM22:38 d.KMBH01-4：深度489.1~492.1m；採樣時間：2003/04/23AM09:50~2003/04/23PM14:00

b.KMBH01-2：深度351.1~354.1m；採樣時間：2003/04/14AM09:30~2003/04/15AM07:00 e.KMBH01-5：深度37.1~40.1m；採樣時間：2003/04/30PM21:40~2003/04/30PM22:05  

MW: (Molecular Weight)； (Lin, Cheng-Kuo et al., 2003) 
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Table 4-8: Corrosion rate of copper material in KMBH01 

Location  KMBH01-01 KMBH01-02 KMBH01-03a KMBH01-04a KMBH01-05 

Depth(b) 197 m 353 m 491 m 491 m 39 m 

Corrosion 

rate 

(µm/yr) 

0.374 0.182 0.252 0.693 0.203 

(a) Corrosion rate assessment by water sample at same location, 

different sampling time. 

(b) Sampling depth is assumed as middle of sampling place 

(Lee, Ruey-Yi et al., 2005) 

 

Table 4-9: Corrosion rate of copper material at different disposal time 

Groundwater type 

Condition 
Finland YJT-95 KMBH01-W2 

Initial stage (high 

temperature, high dissolved 

oxygen) 

27.8 µm/yr 27.6 µm/yr 

Middle stage (high 

temperature, low dissolved 

oxygen) 

4.5 µm/yr 4.5 µm/yr 

Later stage (low 

temperature, low dissolved 

oxygen) 

0.077 µm/yr 0.182 µm/yr 

(Lee, Ruey-Yi et al., 2005) 

 

Table 4-10: Corrosion depth of copper material at different disposal time 

Groundwater type 

Condition 
Finland YJT-95 KMBH01-W2 

Initial stage (0~120 yr) 0.334 cm 0.331 cm 

Middle stage (120~1,000 yr) 0.4 cm 0.4 cm 

Later stage (1,000~10,000 yr) 0.077 cm 0.182 cm 

Total corrosion depth at 

10,000 yr 
0.811 cm 0.913 cm 

Total corrosion depth at 

100,000 yr 
1.504 cm 2.551 cm 

(Lee, Ruey-Yi et al., 2005) 
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4.3.6. Structural Mechanical Conditions 

4.3.6.1. Evaluation of the Excavation Disturbed Zone 

During the excavation and construction of the disposal 

pit and operation tunnel for the deep geological disposal of 

SNF, the excavation operations would create some 

disturbances on the surrounding rock and cause the release 

of the s ite rock mass stress. As a resul t, stress and strain within 

particular zones of the tunnel surrounding rock mass would 

cause some changes and micro-fractures to form, 

subsequently changing the hydraul ic conductivi ty or 

adsorption behavior of the rocks, consequently affecting the 

capacity of the rock mass to retard the radionucl ide 

transport. The evaluation conducted on the repository 

functions and safety should especial ly delve into the 

probable release scenario and path of radionucl ide for an 

accurate understanding and verif ication of the probable 

factors. Hence, in the tunnel or disposal pit excavation 

process, i t is imperative to understand the rock mass 

disturbance and behavioral  characteristics created. The 

formation of the excavation disturbed zone and its behavior 

are closely related to its initial  geological conditions. A sol id 

geological environment combined with precision and fine 

excavation technology may control range of the excavation 

disturbed zone within the range of 0.1 m – 1.0 m (Lu, Jun-Ding, 

2005a). As for the matter of younger rock layers, it would be 

more suitable to employ dri l l ing and blasting method to 

excavate the geological environment where the rock mass 

possesses lower earth stress. The dri l l ing and blasting process 

would usually cause the range of the excavation disturbed 

zone to be larger. On the other hand, the tunnel boring 

machine method is mainly used in layers with stable 
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geological environment; the extent of the rock mass 

disturbance created would be smaller and easier to control 

than that which is created by the dri l l ing and blasting 

method. 

Lu, Jun-Ding (2005b) used the FLAC 3D program to 

implement the excavation round entrance and disposal hole 

distribution stress evaluation so as to analyze the horizontal  (X 

orientation) distr ibution (Figure 4-15) of the tunnel opening 

stress and vertical displacement distribution (Fig 4-16) of the 

tunnel opening. Moreover, based on the data analysis of the 

rock mass porosity changes conducted in Sweden and 

Finland after the conclusion of tunnel boring machine 

excavation operations revealed that the most drastic 

changes in porosity were noted at about 5 mm range distant 

from the excavated section; however, at a distance of 20 

mm, the trend in porosity change would stabil ize. Hence, a 

prel iminary assumption determining the distance of 20 mm 

from the excavated wall  as the disturbed zone may be made. 

On the other hand, the rock mass porosity at the 50 mm area 

remained to be the original state. Data of the foregoing 

porosity and changes at distances from the excavated 

section were placed under regression analysis (Figure 4-17) to 

obtain the correlation between porosity and distance from 

the rock mass wall . 
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Figure 4-15: Stress distribution of tunnel portal (horizontal direction) 

(Lu, Jun-Ding, 2005b) 
 

 

 

Figure 4-16: Stress distribution of tunnel portal (vertical direction) 

(Lu, Jun-Ding, 2005b) 
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Figure 4-17: Regression relation between porosity and distance 

(Lu, Jun-Ding, 2005b) 
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4.3.6.2. Effects of the Buffer Material Swelling Pressure 

Under the high temperature environment of the 

repository, as a reaction to the heat, the buffer material  block 

would sustain some fractures in the initial stage. 

Consequently, the various engineered properties of the buffer 

material  would deteriorate. When the surrounding hydrology 

and heat product would reach a stable equil ibrium, buffer 

material  would be re-saturated. At this point, the buffer 

material  should possess a self-heal ing capacity that would 

enable it to refi l l  the micro-fractures. Hence, clay is the 

common choice material  for buffer materials. Clay materials 

r ich in montmoril lonite possess a high degree of swell ing 

potential , so when the buffer material  is re-saturated, its 

swell ing capacity would cause the micro-fractures of the 

buffer material  to heal. However, an excessively high swell ing 

potential  would produce excessive swell ing pressure, such 

that the canister may crack under excessive pressures. 

Hence, it is imperative to control  swell ing potential  at a 

proper level to ensure that the buffer material  maintain 

excellent engineered properties. 

Tien, Yong-Ming et al .(2001) conducted a series of free 

swell ing tests and swell ing pressure tests in a laboratory. The 

resul ts obtained are as shown in paragraph 3.3.2.3.3. The 

maximum swell ing pressure (MPa) of the obtained Black Hil ls 

Bentonite and i ts correlation with the clay dry unit weight 

(kN/m3) may serve as reference for the canister strength 

design. 

 



  
  

 

 4-77 

4.3.6.3. Canister Stress Analysis 

Based on the canister stress analysis (Huang, Ka-Yu et al ., 

2002; Lee, Ruey-Yi et al ., 2003, 2005), an analysis of the 

bearing capacity of canisters during hoisting operations was 

conducted, and the residual stress remaining after the 

electron beam welding procedure was evaluated; the 

ABAQUS code was used in the analysis. In the hoisting 

operations analysis, the copper canister hoisting procedures 

used in Sweden and Finland serve as reference (Hedman, 

2002; Jalonen, 2004). The bearing capacities of the canister 

hoist equipment and electron beam welding bead were 

evaluated pursuant to the reference canister design. 

Moreover, the analysis delved into the thin-walled canister 

hoisting features. As for the residual stress evaluation, the ASM 

operating procedure (ASM, 1990) served as reference. The 

energy required for welding procedure would reach the 

welding bead section in a few seconds to achieve the 

electron beam welding bead effect. However, during the 

welding procedure, the massive heat energy introduced into 

a particular sector instantaneously would create a s ignificant 

temperature gradient in a particular sector. The 

accompanying heat expansion rate of the copper material  

would result in the partial  deformation of the canister weld 

bead section. The heat stress that it infused would leave a 

significant amount of residual stress in the areas near the weld 

bead after the canister has cooled. Hence, the residual stress 

evaluation conducted on the welding section should include 

a series of transient analysis of the structural  heat transfer to 

understand the distribution of the residual stress remaining at 

the canister welding sections after the welding procedure is 

concluded. 
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The results of the bearing capacity analysis of canisters 

during hoisting operations and the evaluation of the residual 

stress after the electron beam welding procedure are as 

shown below: 

(1) Analysis of the canister hoisting operations 

An analysis using the finite element method of the 

BWR-type canister hoisting operation (Figure 4-18a) and 

the grid configuration (Figure 4-18b) was conducted. I t 

was found that in the thinning process of the canister 

outer shel l , maximum stress would gradually transfer from 

the flange section (Figure 4-18a) to the weld bead 

section. Moreover, s ince the thin wall  design of the 

canister would reduce its weight, i ts bearing capacity 

when hoisted would increase from 3.75 G to 4.05 G. I t is  

imperative to notice that the calculation in the analysis is 

based on the axial  symmetry; hence, if the hoist hook and 

flange are not in axial  symmetry in the actual canister 

hoisting operations, a more conservative calculation of 

the force on the flange should be made. 

(2) Evaluation of the residual stress of the canister welding 

bead 

Owing to the uneven heating and cool ing of the structure 

during the welding procedure, different parts of the 

material  would sustain uneven expansion and 

contraction. The principal change phenomena during the 

process were noted in two aspects, temperature and 

deformation. In this study, the thermal conductivity during 

the welding procedure was firs t calculated. Next, the 

calculated thermal conductivity value became the basis 

of the subsequent welding residual stress analysis. 

Fol lowing the establ ishment of an axial  symmetry model 
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(Figure 4-19), the dense element zone on the upper r ight 

angle was designated as the weld bead section. The 

analysis of the residual stress using the finite element 

indicated that, the massive heat energy introduced into a 

particular sector instantaneously during the welding 

process would create a signif icant temperature gradient 

in a particular sector. The accompanying heat expansion 

rate of the copper material  would resul t in the partial  

deformation of the canister weld bead sections. The heat 

stress it carr ied would leave a s ignif icant amount of 

residual stress in the areas near the weld bead section 

after the canister has cooled (Figure 4-20). This condition 

is a detr iment to the maintenance of the structural 

integrity; hence, it is necessary to remove the residual 

stress after the welding procedure is completed. 
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(a) Hang condition of BWR type canister 

 

 

 

 
(b) Grid of BWR type canister hang 

Figure 4-18: FEM for hang analysis of BWR type canister 

(Lee, Ruey-Yi et al., 2005) 
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Figure 4-19: FEM of residual stress in canister weld 

(Lee, Ruey-Yi et al., 2005) 

 

 

 

 

Figure 4-20: Residual stress when canister weld is cool 

(Lee, Ruey-Yi et al., 2005) 
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4.3.7. Radiation Effects 

The short half-l ife SNF f ission products and long half-l ife 

transuranic decay nucl ides are the main radiation sources of 

the repository. The radiation produced may directly or 

indirectly affect the functions of the various essential 

elements of the repository. I ts indirect effects, such as 

radiation-induced decomposition (or radiolysis for short) of 

groundwater could alter al l  consequential  effects. 

The radiation pair repository effect may be classified into 

two stages for discussion, that is , the pre-failure stage and 

post-failure stage of canisters (Figure 4-21). In the pre-failure 

stage, the main type of repository radiation is the gamma 

radiation, as majority of the alpha and beta emission particles 

had been contained by the canister. In the post-failure stage, 

the principal radiation source is the alpha decay of the 

transuranic decay nucl ides. Since alpha particles have weak 

penetration strength, it has no s ignificant direct effects on the 

elements consti tuting the repository. Hence, during the 

post-failure stage of the canisters, effects mainly come from 

the indirect effects of the alpha radiolysis, especial ly the SNF 

release and radionucl ide migration. 

A closer look into the effects of radiation on the 

repository site, the probable effects of radiation and radiolysis 

on the SNF leaching and dissolution behaviors, canister 

corrosion, and the backfi l l  materials and host rocks (Jiao, 

Zi-Qiang, 1988) are as elaborated in the fol lowing. 

(1) SNF 

Compared to the damage sustained during reactor 

operations, the radiation damage sustained by the SNF in 

the disposal period is insignif icant. The main source of the 
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radiation effects on the SNF starts with al teration of 

groundwater oxidation state created by radiolysis, then, it 

wil l  proceed to influence the SNF leaching properties. In 

the groundwater in reduced state, radiolysis-induced 

alteration into oxidized state may be noted at the 30 µm 

section of the SNF surface. However, as it moves a l ittle 

farther, i t would be immediately restored to its reduced 

state. This is due to the radiolysis oxidation products 

produced at the SNF surface, and at a sl ightly farther 

distance, it would undergo fixation reaction. The most 

stable radiolysis products were H2 , O2 , and H2O2 ; among 

which, the impact of hydrogen molecules on the 

oxidation process of uranium dioxide is minimal and l ikely 

to diss ipate. On the other hand, the rate of hydrogen 

peroxide-induced oxidation of uranium dioxide is 200 

times that of dissolved oxygen; hence, the most possible 

factor is that the hydrogen peroxide causes the SNF to 

dissolve under oxidation conditions. 

(2) Canisters 

The effects of ionizing radiation on the canisters may be 

divided into three parts; that is , the metal per se, the 

oxide layer of the metal surface, and the corrosion 

medium. The most important consideration in the f irs t two 

reactions is the particle radiation, and in the latter, the 

primary consideration is the effects of gamma radiation. 

The radiolysis would produce some strong oxidants, such 

as H2O2 , OH, and HO2 . OH and HO2 are very short l ived; 

unless it is very close to the metal surface, it would not be 

able to produce any signif icant effects. Hence, stable 

molecule products form the principal oxidants. These 

radiolysis products not only directly participate in the 
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corrosion reaction, but could also alter the oxidation 

potential  of the corrosion medium that indirectly affects 

the corrosion reaction. Since the radiolysis products 

increase according to accumulated dose, whenever 

radiation threatens the sol id waste canister, canister 

thickness should be increased. 

(3) Buffer and backfi l l  materials 

Radiation may directly destroy the crystal l ized structure 

of the buffer and backfi l l  materials, or, through radiolysis, 

alter the oxidation potential  of the water contained in the 

buffer and backfi l l  materials. The former would indirectly 

affect the water conductivity, thermal conductivity, and 

adsorption properties of the buffer and backfi l l  materials. 

The latter would alter the chemical state of the 

radionucl ide and thereafter, influence the adsorption 

and migration of radionucl ides. Since the penetrating 

depths of the alpha particles are very short ranged, only 

massive amounts of alpha emitters (such as plutonium, 

americium, etc.) would pierce through the backfi l l  

material ; otherwise, no direct radiation damage may be 

insti tuted. Moreover, since these radionucl ides have 

extremely low solubil ity, probabil ity of this type of 

situation occurring is l ikewise extremely sl im. 
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Figure 4-21: radiation effect on repository constitution 

(Jiao, Zi-Qiang , 1988) 
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4.4. Simulation of the Radionuclide Transport in the Engineered Barrier 

System 

The “multi-barr iers system” covers the engineered barr ier 

system and natural  barrier system. The term “engineered 

barrier system” refers to the engineered materials arti f icial ly 

placed inside a repository, including waste form, canister, 

buffer material , backfi l l  materials, and seals. The engineered 

barrier system constitutes a l ink in the basic design of the 

repository multiple barr iers. I ts purpose is to strengthen the 

isolation efficiency of the natural  barriers in the radioactive 

waste repository, thus making it possible for the barr iers to 

achieve the ultimate objective of retarding radionucl ide 

migration and ensuring the safety of humans and the 

environment. 

When conducting an evaluation of the radionucl ide 

release in the near-field environment, it is necessary to 

consider the variety of factors of the probable isolation 

action, release, and transport processes between the 

near-field environment and the engineered barrier. These 

factors mainly include: (1) the radionucl ide initial  inventory in 

the waste form; (2) the release mechanism of the nuclide from 

the waste form; (3) nucl ide transport mechanisms (diffusion in 

the buffer material , transfer in EDZ, etc.); (4) physical 

properties (groundwater Darcy velocity and volume, porosity, 

diffusion coefficient, fracture, etc.) of engineered and 

natural  barriers; (5) retardation properties (adsorption) of 

engineered and natural  barr iers. 

Many countr ies have already conducted their near-f ield 

safety assessments, and majority of which used the 

conceptual ized radial  transfer model as the primary analysis 
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method, such as, Switzerland (NAGRA, 1994), Sweden (SKI , 

1996), Germany (Luhrmann et al ., 2000), and Japan (JNC, 

2000a). Hence, in the period from 2000 to 2004, the INER has 

establ ished an evaluation technique for radionucl ide radial ly 

released from the engineered barrier (Zhou, 2000; Chang, 

Fu-Lin et al ., 2002; Lin, Chia-Jung et al ., 2003). This technique 

includes establ ishment of a Conceptual Model, mathematical 

model, numerical model, and computer code, as well  as the 

techniques of deterministic and probabil istic analyses (Ju, 

Shin-Jon et al ., 2002; Ju, Shin-Jon et al ., 2003), and a case 

study analysis (Ju, Shin-Jon, 2002, 2003; Lu, Jun-Ding, 2005a). 

In further study and evaluation of the effects of the 

release conceptual model on the release of radionucl ides in 

the near-f ield environment, in the period from 2005 to 2007, 

the INER developed the conceptual models and safety 

analysis techniques for the axial , radial , and pit multi-path 

release of the vertical  canister emplacement method (Zhou, 

2004; Ju, Shin-Jon, 2006), and the multi-path radionucl ide 

release of the substi tute canister horizontal  emplacement 

method (Zhou, 2005). They establ ished the deterministic 

evaluation and analysis capacity that takes into account the 

near-field axial  and radial  radionucl ide release from vertical ly 

and horizontal ly emplaced canisters. Under the 

contemplation of the axial  and radial  release conceptual 

models for radionucl ide release in the near-field, the 

evaluation of the near-field radionucl ide release pattern 

would conform to the actual radionucl ides release 

behaviours within the engineered barriers and the near-field 

host rock environment within their close proximity. 

The near-f ield evaluation models introduced in this 

chapter are the RT-NV, ART-NV, and ART-NH models. A 
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description of the difference in the characteristics among 

these three models is shown in the fol lowing: 

(1) RT-NV model (Radial  Transport Model for Radionucl ide 

Near-Field Release with Canister Vertical  Emplacement): 

Canisters were subject to vertical  emplacement. The 

radionucl ide transport direction under consideration 

fol lowed a radial  path from the canister. The evaluation 

code employed was the INPAG-N (Zhou, 2000; 2002). 

(2) ART-NV model (Axial  and Radial Transport Model for 

Radionucl ide Near-Field Release with Canister Vertical 

Emplacement): Canisters were subject to vertical  

emplacement. The radionucl ide transport direction under 

consideration fol lowed an axial  and radial  pattern away 

from the canister. The evaluation program employed was 

the INPAG-NV2 (Zhou, 2004). 

(3) The ART-NH model (Axial  and Radial  Transport Model for 

Radionucl ide Near-Field Release with Canister Horizontal 

Emplacement): Canisters were subject to horizontal  

emplacement. The radionucl ide transport direction under 

consideration fol lowed an axial  and radial  pattern away 

from the canister. The evaluation program employed was 

the INPAG-NH (Zhou et al ., 2005). 

 

4.4.1. Introduction 

4.4.1.1. Primary Research Objectives 

The purpose of this study is to develop the radionucl ide 

release evaluation model and techniques for the near-field 

engineered barrier system and its surrounding environment. 

Through model establ ishment, code development and 

hypothetical case test, as well  as comparative verif ication of 

foreign case, it’s hoped of establ ishing the evaluation 
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capabil i ty that would meet the initial  stage disposal facil i ty 

concept in Taiwan. Furthermore, the study also compiled, 

classif ied, and analyzed the parameters and data needed in 

evaluations of radionucl ide releases in engineered barriers 

conducted in the country and abroad to obtain the data for 

uncertainty and parameter sensitivity analyses. 

 

4.4.1.2. Research Methodology and Contents 

The radial  and the axial/radial  radionucl ide release 

conceptual models of the canister vertical  emplacement 

method are based on the vertical  emplacement concept of 

disposal canisters developed in the 2001 project (Chi, Li-Min 

et al ., 2002; Horng, Ji in-Shiung et al ., 2002). This concept used 

the Swedish KBS-3 concept (SKBF/KBS, 1983; SKB, 1999) for 

reference; on the other hand, the axial/radial  radionucl ide 

release conceptual model of the canister horizontal 

emplacement method was based on the horizontal  

emplacement concept of disposal canisters developed in the 

2002 project (Young, Jang-Jong et al ., 2003). The study also 

delved into the dissolution of SNF matrix, the probable release 

scenario of radionucl ides in the canister, buffer material , EDZ, 

repository tunnel and near-field host rocks, as well  as the 

conceptual model, mathematical model, and numerical 

model used in constructing the engineered barrier system and 

the near-field radionucl ide release evaluation procedure; 

and based on which, computer codes (INPAG-N, INPAG-NV2 

and INPAG-NH) for analyzing the near-f ield radionucl ide 

release were implemented. The codes became the primary 

analytical tools employed in the stagewise analysis of the 

radionucl ide release from the engineered barrier system. 
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4.4.2. Transport Model 

The corresponding evaluation codes of the RT-NV, 

ART-NV, and ART-NH models used in simulating radionucl ide 

release from the engineered barr ier system were designed to 

meet Taiwan repository design concepts. The fol lowing codes 

were developed jointly by the INER and the Monitor Scientif ic 

LLC of the United States (or MSCI for short): the RT-NV model 

(INPAG-N code), ART-NV model (INPAG-NV2 code), and the 

ART-NH model (INPAG-NH code). Details of the conceptual 

models, mathematical models, numerical models and release 

scenarios of the RT-NV, ART-NV, and ART-NH are as presented 

in the fol lowing sections. 

 

4.4.2.1. Release Scenario and Conceptual Model 

The basic assumptions in the RT-NV model are as fol low: 

(1) After the repository closure, the canisters would be 

completely corroded after a certain period of time and 

would lose al l  their containment capacity. 

(2) Once canisters have lost their containment capacity, 

direct contact between groundwater and waste forms 

would commence. 

(3) The radioactive nucl ides in the waste form surface, grain 

boundary, and gap would dissolve in the groundwater 

due to the effects of dissolution mechanisms and 

solubil ity l imits. 

(4) The radioactive nucl ides in the waste form matrix would 

gradually dissolve in the groundwater as the waste form 

matrix dissolved. 

(5) The radionucl ides that had dissolved in the groundwater 

would leave the waste form by means of diffusion and 

migrate outward. 
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(6) The radionucl ides that had dissolved in the groundwater 

would migrate outward by means of diffusion in the 

engineered barr iers. 

(7) The migration of radionucl ides in the engineered barriers 

is mainly real ized through the principles of molecular 

diffusion and is l imited by the actions of natural  physical 

phenomena, such as decay, regeneration, adsorption, 

diffusion, and solubil i ty l imit. 

(8) The basis of the evaluation is a single canister unit. 

(9) Since canisters are designed to have extremely long 

service l ives, the repository temperature distr ibution 

would have been restored to the state of natural  

geothermal gradient; hence, effects of the waste form 

temperature on radionucl ide migration were not taken 

into consideration. 

 

The INPAG-N code, pursuant to the foregoing 

assumptions, s imulated the radionucl ide release flow rate of 

the radionucl ides released from the waste form, and passed 

through each unit of the engineered barr ier system and EDZ 

unti l  their arrival  at the near-field host rocks. The conceptual 

radionucl ide transport pattern of this engineered barr ier 

system (Figure 4-22) and radionucl ide release path is radial 

transfer. Once canisters were corroded and destroyed, the 

entire canister would disappear without a trace and the 

space of the corroded canister would be fi l led with water and 

reach saturation state. The radionucl ides in the waste form 

would then be dissolved into the water and become the initial 

source of the subsequent radionucl ide transport. Since the 

buffer materials have extremely low hydraul ic conductivity, 

transport mechanism of radionucl ides in the buffer material  is 
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mainly the diffusion mechanism. Final ly, after radionucl ides 

have migrated to EDZ, i t would flow with the groundwater via 

advection, dispersion, and diffusion mechanisms, and 

continue to migrate from EDZ to host rock surrounding the 

near-field.  Figure 4-22 indicates that migration of 

radionucl ides in the engineered barrier were completely 

driven by the radionucl ide molecular diffusion; whereas, 

migration in the EDZ and surrounding geosphere is mainly 

driven by the groundwater advection, and supplemented by 

groundwater flow dispersion and radionucl ide molecular 

diffusion. 

The ART-NV and ART-NH models (canister vertical  and 

horizontal  emplacement methods) assumed that 

radionucl ides were released from the waste forms contained 

in the broken or destroyed canister and passed through the 

buffer material  and excavation disturbed zone to the 

surrounding area of the near-field host rocks and repository 

tunnel (for horizontal  emplacement, the operation tunnel 

effect should have to be taken into consideration). The 

vertical  emplacement disposal concept (Figure 4-23) takes 

into account the radionucl ide release path (Figure 4-24) 

considered in the radionucl ide release patterns. The 

radionucl ide release path also includes the disposal pit 

axial/radial  release. The horizontal  emplacement disposal 

concept is as shown in Figure 4-25. The radionucl ide release 

path considered in its radionucl ide release patterns is as 

shown in Figure 4-26. The horizontal  emplacement conceptual 

models of Figure 4-23 and Figure 4-25 not only studied the 

axial/radial  release of radionucl ides along the repository 

tunnel, but also took into account the presence or absence of 

main hydraul ic conducting fractures traversing the repository 
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tunnel (Figure 4-26). Figure 4-23 and Figure 4-25 general ly 

indicated that this disposal concept also covered the waste 

form (that is , contained within canisters) in the engineered 

barrier, canisters, buffer materials surrounding the canisters, 

and backfi l l  materials of the repository tunnel. In the diagram, 

the concept design measurements of each unit are duly 

labeled. Figure 4-24 and Figure 4-26 general ly indicated that 

radionucl ides have an outward radial  migration path. In 

addition to the radial  migration path of the disposal pit, the 

diagram also showed the axial  migration path of the disposal 

pit and repository tunnel. Figure 4-26 indicated two types of 

situations; one situation was that faults did not pass through 

repository tunnel (top diagram), and the the primary 

migration direction of the radionucl ides at this point is  

towards the operation tunnel. Another s ituation was that one 

fault coursed through the repository tunnel (bottom diagram), 

and the primary migration orientation of the radionucl ides at 

this point is towards the faul t. 

The axial/radial  multi-path radionucl ide release models 

for the vertical  emplacement and horizontal  emplacement 

methods were developed based on the near-field engineered 

barrier system concept. The release scenario of the near-field 

ART-NV and ART-NH conceptual models is s imilar to that of the 

RT-NV model mentioned above; moreover, i t took into 

account the scenario wherein “radionucl ides would migrate 

out of the EDZ toward the near-field repository host rocks and 

repository tunnel (for horizontal  emplacement, operation 

tunnel effect should be included into consideration), and 

then be released to the neighboring geosphere”. In this 

scenario, the respective consequential  effects considered in 

each release path were also incorporated into the scenario, 
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such as the effects of radionucl ide adsorption, decay and 

regeneration of activities, solubil i ty l imit of chemical 

elements, and molecular diffusion. 
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Figure 4-22: Schematic description of the conceptual model for 

radionuclide release in near field 
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Figure 4-23: Conception for canister vertical emplacement 

(Horng, Jiin-Shiung et al., 2002) 

 

 
Figure 4-24: Schematic description of radionuclide release pathway for 

canister vertical emplacement 
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Figure 4-25: Conception for canister horizontal emplacement 

(Hsu Hsiu-Chen et al., 2003) 

 

 

Figure 4-26: Schematic description of radionuclide release pathway for 

canister horizontal emplacement 
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4.4.2.2. Conceptual Model and Mathematical Model 

4.4.2.2.1. Conceptual Model 

The evaluation code for the near-field radial  and 

axial/radial  releases of radionucl ides in the canister vertical 

and horizontal  emplacement methods has been designed 

based on the compartment model concept (Narasimhan et 

al ., 1976；Romero et al ., 1991). The four main compartments of 

the INPAG-N code of the radionucl ide radial  transfer are the 

waste form, canisters, buffer materials, and EDZ. 

As for the INPAG-NV2 and INPAG-NH codes of the 

radionucl ide axial/radial  transfer pattern, in addition to the 

four main compartments, the codes also added the host rocks 

fracture and matrix compartment and the repository tunnel 

and operation tunnel compartment into consideration. The 

respective effects and signif icance of these compartments 

are as stated below: 

(1) One waste form compartment: or the sol id SNF; in this 

compartment two different types of waste characteristics 

were taken into consideration: 

(a) Instant release waste: Radionucl ides found on the 

gap and grain boundaries. After contact with the 

groundwater, the radionucl ides therein contained 

immediately dissolve and migrate with the 

groundwater. 

(b) Matrix al teration waste: Radionuclides consil idated 

with matrix waste form would dissolve in the 

groundwater along with the al teration and dissolution 

of this waste form. 

(2) One canister compartment: The containment capacity of 

this compartment is given a designed l ifetime. When the 
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designed l ifetime expires, this compartment would lose its 

confinement capacity, and is the fi rst one to come in 

contact with radionucl ides. The radionucl ides in this 

compartment would be subjected to the control  of the 

solubil ity l imit of respective chemical elements; then 

through diffusion, the radionucl ides would migrate into 

the surrounding buffer materials. 

(3) Variable buffer material  compartment: The engineered 

materials compartment placed between the canisters 

and EDZ. The primary mechanisms of the radionucl ides in 

the buffer material  compartment are the solubil i ty l imit of 

the chemical elements, adsorption effect, and molecular 

diffusion. The number of compartment for buffer layer is 

variable which can be set as desired. The maximum 

number is 200. 

(4) One EDZ compartment: The zone consists of host rocks in 

the vicinity of the bore hole that sustained serious 

fractures during the excavation procedure; as they 

possess higher hydraul ic conductivity, in addition to the  

molecular diffusion effect, radionucl ide transport is also 

aided by the groundwater advection and dispersion 

effects. The final  simulation result of the INPAG-N code is 

the release rate of radionucl ide from EDZ to the 

surrounding host rocks. 

(5) One host rock fracture compartment and one host rock 

matrix compartment: Some of the host rocks wil l  be 

adjacent to the repository tunnel; hence, these host rocks 

would also be included in the near-field environment 

simulation system. Each host rock zone is divided into two 

compartments; the fracture compartment and the matrix 

compartment. S ince the host rock matrix has low 
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hydraul ic conductivity, radionucl ides in the matrix may 

be transported merely through diffusion; those in the 

fracture compartment may be transported by two more 

additional means, advection and dispersion. Thus, the 

mass interchange effect between the host rock fracture 

and host rock matrix compartments shal l  also be included 

into consideration. 

(6) One repository tunnel and operation tunnel 

compartment: The axial/radial  evaluation codes 

(INPAG-NV2 and INPAG-NH) regard the repository tunnel 

and operation tunnel as the zero concentration 

boundaries. I t s imulated the dilution of the radionucl ides 

that had migrated to this zero concentration boundary by 

the more massive groundwater. The analysis results of the 

INPAG-NV2 and INPAG-NH evaluation codes are the 

release rates of radionucl ide migrating from the waste 

form to the zero concentration boundary, including the 

release rate of radionucl ide passing through the 

repository tunnel, operation tunnel, and repository host 

rocks. This release rate also serves as the input source in 

the simulation of the radionucl ide transport in the far-field 

environment. 

 

4.4.2.2.2. Mathematical Model 

In evaluation of the engineered barr ier system functions 

of the foregoing conceptual model, the “mass balance 

formula” was employed as the mathematical base of the 

evaluation code. The mathematical model mainly consists of 

the general  mass balance formula, mass conservation 

formula of the waste form, formula for computing the total  

concentration within a compartment, and the 
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inter-compartment mass transport formula (Zhou, 2000; 2002; 

2004; Zhou et al ., 2005). 

 
4.4.2.3. Parameter Definition of the Evaluation Code 

Majority of the evaluations conducted on the near-field 

environment radionucl ide release rate is based on the 

radionucl ide release capacity of the hypothetical release 

scenario. The parameters are al l  come from the hydrological 

and chemical properties of the radionucl ide transport and 

retardation effects of the engineered barriers. The definition 

of these parameters and the essential  aspects of the model 

appl ication are specified below: 

(1) Radionucl ide inventory 

I t refers to the relative amount of radionucl ides existing 

within the waste form corresponding to the radionucl ide 

inventory of a particular designated time. This is indicated 

in the code as “moles of radionucl ide existing in each 

canister (moles/canister)” ,  and serves as the initial  value 

of radionucl ides at the simulation for the evaluation 

code. 

(2) density 

Density is defined as “mass of medium contained in a unit 

volume”, and the common unit of measure is (kg/m3). In 

the engineered barrier system model, density of media 

such as canisters, buffer materials, EDZ material , and 

near-field host rocks are included to assess the primary 

parameters of the adsorption capacity of radionucl ides 

contained in each medium. The term “material  density” is 

defined commonly as the sol id density and dry density. 

The density used in the evaluation code is the sol id 

density. 
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(3) porosity 

Porosity is defined as the “ratio of the volume of pores in a 

material  against the overal l  volume of material”. I t is  

merely a f igure without unit, but is commonly expressed in 

percentage between 0 and 100%. In the engineered 

barrier system model, the parameters for porosity include 

canister, buffer material , EDZ material , and near-field host 

rock. 

(4) Diffusion coefficient 

Diffusion behavior is defined as the transfer of solute 

within a medium (atmosphere or water) from a high 

concentration area to a low concentration area by 

means of Brownian motion. According to Fick’s Law, the 

correlation between flux density and the solute 

concentration within a unit distance is cal led diffusion 

coefficient “D”, and the common unit of measure is 

(m2/s). In the engineered barrier system model, diffusion 

coefficient of media such as canister, buffer material, EDZ 

material , and near-f ield host rock are included to assess 

the diffusion capacity of radionucl ides contained in each 

medium. Although each radionucl ide would have a 

different diffusion coefficient within different types of 

media, case studies of evaluation conducted abroad had 

shown that, unless sufficient data is available, it may be 

regarded that each radionucl ide has the same diffusion 

coefficient against the same medium. 

(5) Distr ibution coefficient 

Distr ibution coefficient is defined as the adsorption 

coefficient of l inear isothermal model (N=1) under the 

equil ibrium state; hence, it is the ratio of the 

concentration of a chemical element between sol id 
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phase and l iquid phase in trace content. When appl ied in 

waste disposal, during the release of a particular 

specif ied radionucl ide, it is  the concentration ratio of the 

radionucl ide in the sol id phase, e.g., rock or soil , against 

that in the l iquid phase, e.g. groundwater. This ratio 

represents the mass of radionucl ide being adsorbed into 

the unit mass medium; the common unit of measure is 

(m3/kg). Each type of radionucl ide would have a different 

distr ibution coefficient within different types of media. 

When the medium has a larger distr ibution coefficient for 

a radionucl ide, it means that the radionucl ide in this 

particular medium would be adsorbed more easily; in 

short, i t would have a stronger retardation effect against 

the radionucl ide movement. The distr ibution coefficient 

of sol id phase media such as canister corroded product, 

buffer material , EDZ material , and near-f ield host rock 

should also be included in the engineered barrier system 

model. 

(6) Groundwater Darcy velocity 

The term is defined as the distance covered in two places 

by the groundwater flow within the unit time. Hence, the 

groundwater Darcy velocity is the distance covered by 

the groundwater f low passing a particular aquifer within a 

unit time. The disposal concept of Taiwan uses crystal l ine 

rock as the repository host rocks, since dense crystal l ine 

rock has an extremely low porosity, groundwater Darcy 

velocity would be very sluggish. The unit of measurement 

for groundwater Darcy velocity is commonly (m/yr).  

(7) Solubil ity l imit 

Solubil ity is defined as the concentration of a material 

within a saturated solution under constant temperature 
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conditions; the common unit of measure is either 

(mol/l i ter) or (mol/m3). During the engineered barr ier 

system evaluation, the primary task is to assess the 

quantitative changes resul ting from the various chemical 

elements (radionucl ides) and groundwater actions. In the 

near-field environment, groundwater may exist in an 

oxidized or reduced state; hence, it would manifest 

varying solubil ity levels. Thus, when conducting an 

evaluation, it is imperative to pay close attention to the 

solubil ity l imit under the oxidized or reduced state. 

(8) Geometric s ize of the engineered barr ier system 

The required data would include the inner diameter, 

outer diameter, and height of canister, the inner diameter 

and outer diameter of buffer material , the width of EDZ, 

and the fracture aperture and fracture spacing of 

surrounding host rock. 

 

4.4.2.4. Code Verification and Comparative Study of International Cases 

A simulation of the radionucl ide migration behavior of the 

buffer materials surrounding canisters was based on the solute 

transfer of an annular cyl inder. Next, a comparative study of 

the analytic solution and the assessment result of the INPAG-N 

code was conducted. Then, the INPAG-N code was used to 

simulate and assess the case studies conducted on the 

near-field release of radionucl ides presented in the H12 report 

of Japan and the SITE-94 report of Sweden. Thereafter, the 

INPAG-NV2 code was used to s imulate and assess the case 

study on the near-f ield evaluation of the Finnish TILA-99 

report. Evaluation results of the two computer codes were 

then verified and compared. 
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4.4.2.4.1. Comparison of Analytic Solutions 

In verification of the accuracy of the compartment 

model for buffer layer in the engineered barrier used the 

INPAG-N, INPAG-NV2, and INPAG-NH codes, the analytic 

solution of the fol lowing annular cyl inder solute transport was 

used as the verification basis. 

A comparative study was conducted between the 

analytic solution obtained and the assessment results of the 

INPAG-N, INPAG-NV2, and INPAG-NH codes. The assessment 

assumption of this simulation was that stable chemical 

species would not decay and would have very low solubil ity. 

This species would be released from the canister at a steady 

release rate and then penetrate the annular space of the 

buffer material  to simulate the boundary conditions of 

C(a,t)=C0 . On the other hand, on the exterior of the buffer 

material  is a massive amount of groundwater capable of 

diluting completely the released species; the scenario is a 

simulation of the C(b,t)=0 boundary condition. Based on this 

assumption, a simulation assessment of the transfer conditions 

for the said species in the buffer material  of the annular 

cyl inder was conducted. 

Figure 4-27 showed the distribution curve of 1-year, 

10-year, and 100-year concentration profi les of the analytic 

solution with respect to the distance, as well  as the 

corresponding result curves of the 1-year, 10-year, and 

100-year periods obtained through the INPAG-N code. Figure 

4-28 and Figure 4-29 are the 0.1-year, 1-year, 10-year, and 

100-year concentration profi les against distance obtained 

through an assessment of the analytic solution, as well  as the 

corresponding resul ts curves of the 0.1-year, 1-year, 10-year, 

and 100-year periods obtained through INPAG-NV2 and 
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INPAG-NH codes. As shown in Figure 4-27 to Figure 4-29, the 

concentration distr ibution curves obtained through INPAG-N, 

INPAG-NV2, and INPAG-NH codes are highly consistent with 

the data obtained through the analytic solution. Hence, i t’s 

prel iminari ly verified the acceptable rational ity and accuracy 

of the INPAG-N, INPAG-NV2 and INPAG-NH codes on the 

analysis of the pure diffusion mass transport. 

 

4.4.2.4.2. Simulation and Comparison of the Japanese H12 Case 

A simulation of the near-field PSA results reported in H12 

report  (JNC, 2000a&b) of Japan and in SITE-94 report (SKI , 

1996) of the Sweden Nuclear Regulatory Commission (SKI) was 

conducted by the INPAG-N code to verified the val idity of 

INPAG-N code. The MESHNOTE code was used in the high level 

radioactive waste disposal program of Japan to serve as the 

code for evaluation of the H12 near-field PSA. I t has a system 

of conceptual model similar to that of the INPAG-N code. This 

code used the finite difference method to solve the 

cyl indrical diffusion transport of the radionucl ides coursing 

through the annular buffer material  zone. The diffusion 

transport of radionucl ides in the buffer material  zone was 

affected by the l inear adsorption action; moreover, the 

elements were l imited by their innate solubil i ty l imit. 

The similarities between the MESHNOTE and INPAG-N 

codes are: 

(1) The annular cyl inder canister is surrounded by buffer 

material . 

(2) The buffer material  zone is featured with the diffusion 

transport mode. 

(3) Consideration of the radionucl ide decay and breeding. 

(4) Consideration of the adsorption action and solubil ity l imit. 
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(5) Radionucl ides move with the groundwater and are 

released to the far-field through the EDZ. 

 

The fol lowing assumptions adopted by the MESHNOTE 

code in the basic conceptual model for assessment of 

radionucl ides released in the engineered barr ier system are 

as fol lows: 

(1) The canister would be destroyed around 1,000 years after 

disposal and thereafter lose its isolation capacity. 

(2) After the canister has failed, the vitr if ied waste form 

therein contained immediately comes in contact with the 

groundwater, the radionucl ides in the vitr if ied waste form 

would be dissolved and released with the dissolution of 

vitr i f ied waste form. During the assessment, the reduction 

of the surface area of the vitr i f ied waste form due to its 

dissolution is overlooked. 

(3) The aqueous concentration of radionucl ides is subject to 

the solubil i ty l imit of the chemical element; in short,  the 

isotopic radionucl ides within the vitr i f ied waste form 

would assume the solubil i ty value based on the 

respective weight of their content.  However, the 

concentration of the stable isotopes in the groundwater is  

not taken into consideration. At the same time, it is 

presumed that the kinetic rate of equil ibrium reaction for 

radionucl ide dissolution and sedimentation would be 

largely faster than the transport speed of the 

radionucl ide. 

(4) Radionucl ides coursing through the buffer material are 

transported by means of diffusion mechanism, and are 

retarded by the buffer material  through l inear and 

reversible adsorption. 
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(5) Radionucl ides released from the buffer material  would be 

immediately and completely mixed with the groundwater 

in the EDZ; however, the adsorption action of the 

radionucl ide in the EDZ was not included in consideration. 

Hence, the transport path of the total  mass flow of 

radionucl ides would enter and penetrate into the EDZ 

fractures, unti l  they final ly reach the far-f ield (or 

geosphere). 

 

In summary of the above, the most prominent difference 

between INPAG-N code and radionucl ide transport under the 

H12 concept is in the waste form dissolution aspect; however, 

the rest of the physical and chemical parameters are nearly 

completely similar. In the INPAG-N code, the instant release 

fraction of the inventory within the waste form could be set at 

zero, and a pure waste form matrix dissolution rate may be 

used to simulate the dissolution mechanism use in H12. 

A comparison of the H12 report analysis of the 

radionucl ide release from the engineered barr ier (Figure 4-30) 

and the assessment resul ts of the INPAG-N counterpart 

simulation (Figure 4-31) showed that in both codes, the Cs-135 

took up a huge ratio of the release quantity around 5.0E+05 

years after the repository closure. The release resul ts of the 

two codes equally indicated that the largest release quantity 

was greater than 1.0E+05 Bq/yr. In the INPAG-N code results, 

as in the H12 report results, after around 7.0E+04 years, the 

Cs-135 in the waste form would have completely dissolved, 

thereby drastical ly reducing the release rate. 5.0E+05 years 

thereafter, Nb-93M, a daughter radionucl ide of Zr-93, would 

take up a larger release quantity, and the maximum release 

rate would be at around 6.0E+04 Bq/yr. After 1.0E+07 years, 
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release resul ts of the INPAG-N and H12 indicated a relatively 

higher release rate; except for Nb-93m (already showing signs 

of decay), the Np-237, Pb-210, and U-233 were al l  greater 

than 1.0E+01 Bq/yr. In summary of the above, a simulation of 

the radionucl ide release rate from the engineered barr ier 

system of the H12 expounded that the INPAG-N code may 

ful ly display the transport conditions of radionucl ides in the 

buffer material  and EDZ. I t is apparent that the INPAG-N code 

simulation results are highly consistent with H12 report results. 
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Figure 4-27: Comparison of concentration in annular column between 

analytic solution and INPAG-N result 
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Figure 4-28: Comparison of concentration in annular column between 

analytic solution and INPAG-NV2 result 

 



  
  

 

 4-111 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0.525 0.575 0.625 0.675 0.725 0.775 0.825 0.875 0.925 0.975

Radius of Buffer Block (m)

N
or

m
al

iz
ed

 C
on

ce
nt

ra
tio

n 
C

/C
0

0.1y(INPAG-NH)
1y(INPAG-NH)
10y(INPAG-NH)
100y(INPAG-NH)
0.1y(Analytic solution)

1y(Analytic solution)
10y(Analytic solution)

100y(Analytic solution)

 

Figure 4-29: Comparison of concentration in annular column between 

analytic solution and INPAG-NH result 

 

 
Figure 4-30: Release rate of nuclides in engineered barrier system from 

H12 report 

(JNC, 2000a) 
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Figure 4-31: Nuclides release rate in near-field with INPAG-N for H12 

case 

(Chang, Fu-Lin et al., 2002) 
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4.4.2.4.3. Simulation and Comparison with the SKI SITE-94 Case 

The disposal concept of SITE-94 is KBS-3 which is the same 

as that used in Taiwan, the waste form is also SNF, and the 

structure of the engineered barr ier system is quite similar to 

that used in Taiwan. The SITE-94 Report of Sweden (SKI , 1996) 

uses the CALIBRE code as its near-f ield evaluation tool. The 

CALIBRE code used the finite-difference to solve the 

cyl indrical coordinate of the radionucl ides transported in the 

buffer material  region and the partial  near-f ield rock mass. 

Figure 4-32 is the outcome of the SITE-94 radionucl ide 

near-field release assessment; whereas, the assessment resul ts 

of the INPAG-N counterpart simulation is as shown in Figure 

4-33. A comparison of the Figure 4-32 and Figure 4-33 showed 

that 1.0E+05 years after repository disposal, the radionucl ides 

with relatively higher release rates were mainly the C-14, 

Cs-135, I -129, and Cl-36. Moreover, around 1.0E+05 years after 

disposal, higher release rates were noted in two 

radionucl ides, Ra-226 and Th-230. From the total  release rate 

curve of radionucl ide, it is apparent that the two curves 

would fol low a highly similar trend. Furthermore, in the period 

from 1,000 years after disposal to 1.0E+06 years, the 

radionucl ides Tc-99, Pd-107, Pa-231, and Np-237 within the 

canister emplacement area and the buffer material  region 

would reach their solubil i ty l imits and become saturated 

solutions; hence, these radionucl ides would maintain steady 

release rates. 
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Figure 4-32: Nuclides release rate in near field from SITE-94 report 

(SKI, 1996) 
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Figure 4-33: Nuclides release rate in near field with INPAG-N for SITE-94 

case 

(Chang, Fu-Lin et al., 2002) 
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4.4.2.4.4. Simulation and Comparison with the Finnish TILA-99 Case 

The Finnish disposal concept employs the KBS-3 

conceptual model of Sweden, which is similar to the disposal 

conceptual model of Taiwan. The type of waste form is also 

SNF, and the engineered barrier system also has a highly 

similar arrangement. The near-field evaluation model l ikewise 

takes into account the compartment model of the 

axial/radial  transport; hence, i t’s highly suitable to use the 

INPAG-NV2 code in the case study s imulating the Finnish 

near-field evaluation. TILA-99 employs the REPCOM program 

as its evaluation tool for near-f ield release rate calculation, 

which is constructed using the compartment model. 

During the comparative study of the case simulation, the 

parameters used in the basic scenario (RS-disappearing 

canister) of the TILA-99 (Vieno and Nordman, 1999) report 

served as the input parameters of the assessment s imulation. 

Majority of the data of the parameters were obtained from 

the TILA-99 report. In l ight of some differences found in the 

two evaluation codes, a portion of the parameters used in the 

simulation assessment had been assigned appropriate values 

or values deduced from data reported in the aforementioned 

report. Figure 4-34 and Figure 4-36 respectively indicate the 

curves of the near-f ield fission/activation products and the 

transuranic decay nucl ides release simulated by the REPCOM 

program in the TILA-99 report; whereas, Figure 4-35 and Figure 

4-37 respectively indicate the curves of the near-field 

fiss ion/activation products and the transuranic decay 

nucl ides release assessed through the INPAG-NV2 code. A 

comparison of the total  radionucl ide release rate curves in 

the Figure 4-34 to the Figure 4-37 showed that the simulation 
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curves of the two different codes fol lowed a quite similar 

trend. Since their release from the waste form source term to 

around 1.0E+06 years of the disposal period, in the early 

stages of the disposal period (between 1.0E+04 and 1.0E+05 

years), the near-field simulation evaluation had showed that 

radionucl ides with higher release rates were the C-14, Cl-36, 

Sn-126; whereas, in the latter disposal stage (between 1.0E+05 

and 1.0E+06 years), the Ra-226 radionucl ide had higher 

release rate. During the disposal period (1.0E+04~1.0E+06 

years), s ince the radionucl ides Tc-99, Pd-107, I -129, Pa-231, 

and Np-237 within the near-field environment would reach 

their solubil ity l imits and become saturated solutions; hence, 

these radionucl ides would maintain steady release rates after 

a certain period of time. On the other hand, the release rates 

of radionucl ides Th-229, Th-230 and Pa-231 in 1.0E+06 years 

would sti l l  be in the continued growth stage; however, their 

release rates would be around 2 to 3 orders of magnitude 

lower than C-14, the radionucl ide with the maximum release 

rate. In the verification and comparative study of 

international cases, al though there are certain differences in 

the framework of both codes, the results showed similarity in 

terms of the radionucl ide release curve trends, maximum 

release rate, and maximum release rate occurrence time. 

Thus, it may be prel iminari ly ascertained that INPAG-N and 

INPAG-NV codes developed in this study are accurate and 

appl icable.  
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Figure 4-34: Nuclides release rate in near field which use REPCOM 

program from TILA-99 report (fission / activation products) 

(Vieno et al., 1999) 
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Figure 4-35: Nuclides release rate in near-field with INPAG-NV2 for 

TILA-99 case(fission / activation products) 
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Figure 4-36: Nuclides release rate in near field which use REPCOM 

program from TILA-99 report (transuranic decay nuclides) 

(Vieno et al., 1999) 
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Figure 4-37: Nuclides release rate in near-field with INPAG-NV2 for 

TILA-99 case(transuranic decay nuclides) 
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4.4.3. Assumptions of the Analysis 

The initial  source of radionucl ides in the near-field 

assessment is “radionucl ide inventory (mol/canister) of SNF in 

the canister at the time of disposal”; that is , the initial 

inventory of the source term in INPAG-N. Other media all  

possess zero radionucl ide concentration. Another terminus 

boundary condition of the code has been assumed on the 

boundary of the EDZ exterior that comes in contact with the 

host rock. I t is assumed that this boundary would have a zero 

radionucl ide concentration prior to the radionucl ide release. 

One of the initial  boundary conditions of INPAG-NV2 and 

INPAG-NH codes were the same as that of INPAG-N, i.e., “the 

radionucl ide inventory of SNF is located in the canister at the 

time of disposal”; whereas, other media had a zero 

radionucl ide concentration. The other boundary was the zero 

concentration boundary designated for the repository tunnel 

and the near-field rock. 

 

4.4.3.1. Assumptions and Simulation of the Radionuclide Release 

Behavior 

The assumptions on the near-field radionucl ide release 

evaluation are as stated in the fol lowing: 

(1) After a disposal period of 100,000 years, the canisters 

would have total ly disappeared and lost al l  i ts isolation 

capacity, (as stated in section 4.3.5.2; under the 

conditions of the test site repository host rocks, corrosion 

resistance of canisters may sustain structural  integri ty for 

over 100,000 years; hence, this report conservatively 

assumes the service l ife of canisters at 100,000 years). The 
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area would become an annular space fi l led with 

groundwater. 

(2) After canister has failed, the waste form contained within 

immediately comes in contact with the groundwater, and 

the radionucl ides in the SNF medium would dissolve with 

the medium and be released. During the assessment, the 

dissolution rate of the waste form matrix has a fixed value 

and does not change with the decrease of the surface 

area. 

(3) The aqueous concentration of radionucl ides is subject to 

the solubil i ty l imit of the chemical element; in short,  the 

isotope radionucl ides within the SNF medium would 

distribute their solubil i ty based on the respective weight 

of their concentration. However, concentration of the 

stable isotopes in the groundwater is not taken into 

consideration. At the same time, it is presumed that the 

rate of equil ibrium reaction for radionucl ide dissolution 

and sedimentation would be faster than the transport 

speed of the dissolved radionucl ide. 

(4) Radionucl ides are transported through the buffer 

materials by means of the diffusion effect; retardation 

may be achieved through the l inear and reversible 

adsorption action within the buffer materials. 

(5) Radionucl ides released from the buffer materials would 

be immediately and completely mixed with the 

groundwater in the EDZ; hence, the transport path of the 

total  mass flow of radionucl ides would penetrate into the 

EDZ, unti l  they final ly reach the geosphere (or far-field). 
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In addition to the four assumptions of INPAG-N code 

stated in the foregoing, the assumptions of the INPAG-NV2 

and INPAG-NH codes also include the fol lowings: 

(1) Radionucl ides released from the buffer material 

penetrate the EDZ through axial  and radial  paths, and 

flow with the groundwater into the host rocks. The 

retardation effect and solubil ity l imit mechanisms of the 

adsorption action in the host rocks are included in the 

contemplation. 

(2) Final ly, through the diffusion and advection mechanisms 

within the repository host rocks, radionucl ides pierce 

through the zero concentration boundary of the 

repository tunnel and operation tunnel. The total  mass of 

near-field release equals the total  mass transported into 

the zero concentration boundary, and thereafter 

radionucl ides enter the transport path of the geosphere 

(or far-field). 

 

4.4.4. Input Data of the Analysis 

In implementation of the case study evaluation, analysis, 

and assessments of the RT-NV, ART-NV, and ART-NH models of 

Taiwan, this section shal l  introduce the parameter related 

data employed in the evaluation program, including, the 

near-field or engineered barrier related data necessary in the 

assessment of radionucl ide transport, thereby providing for 

the data required in the case study analysis stated in Section 

4.6. The input data for analysis are as specif ied in the 

fol lowing: 

(1) Radionucl ide characteristics: including the radionucl ide 

name, half-l ife, daughter radionucl ide, initial  inventory, 
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IRF, matrix alteration time, inventory start counting time, 

and solubil ity l imit of the chemical element. 

(2) Canister characteristics: including the service time, the 

density, distr ibution coefficient, and porosity of the 

corroded product, as well  as the diffusion coefficient of 

radionucl ides within the corroded product, etc. (I f 

canister has corroded to non-existence, the density of 

corroded product would be 0.0 kg/m3, and porosity of the 

corroded product would be 1.0). 

(3) Buffer material  characteristics: including the density, 

diffusion and distr ibution coefficients, and porosity of the 

buffer material . 

(4) EDZ characteristics: including the density, diffusion 

coefficient and distribution coefficient, and porosity of 

the EDZ material . 

(5) Host rocks characteristics: including the host rocks 

density, diffusion coefficient and distr ibution coefficient, 

porosity, fracture aperture, fracture spacing, and Darcy 

velocity of groundwater, etc. 

(6) Geometric characteristics: including the inner diameter 

and outer diameter of the canister, outer diameter of 

buffer material , outer diameter of tEDZ, canister length, 

and designed dimensions of the repository tunnel and 

operation tunnel. 

(7) Numerical calculation related settings: error tolerance, 

maximum calculating (output) time, time step, etc. 

 

In the fol lowing three sections, a detailed description of 

the fol lowing geochemistry data shal l  be provided – the 

radionucl ide types and inventory, the engineered barr ier 
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system characteristics data, and the geochemical properties 

of the engineered barrier system. 

 

4.4.4.1. Radionuclide Types and Inventory 

The radionucl ide types and inventory simulation referred 

in this section employed the ORIGEN-I I  source term analysis 

computer code and the SNF Characteristics of Data Base 

System (CDBS) to obtain the SNF characteristics data after an 

analysis and assessment of the SNF produced in the Chinshan 

and Kuosheng Nuclear Power Plants (Liu Ling-Cheng, 2002) 

was conducted. After it has undergone a 40,000 MWd/MTIHM 

burn-up degree, the SNF of the boil ing water reactor (BWR) 

would be extracted from the reactor core and undergo 40 

years of cool ing in a water pool; thereafter, each 

radionucl ide activity is calculated. Data is then converted 

into total  radionucl ide amount per canister for an evaluation 

of the radionucl ide type and inventory data (Table 4-11); that 

is , including the f ission and activation products, the 

transuranic decay nucl ides radionucl ides 4N, 4N+1, 4N+2, and 

4N+3, etc. Among the radionucl ides accounted, the daughter 

radionucl ides produced through the decay were not taken 

into consideration when assessing the radionucl ides of the 

fiss ion and activation products; as for the transuranic decay 

nucl ides, the daughter radionucl ides produced by the decay 

chain underwent radionucl ide decay and breeding 

assessment. The decay chain radionucl ides of the transuranic 

decay nucl ides were arranged as fol low: 

(1) 4N：Pu-240→U-236→ Th-232 

(2) 4N+1：Cm-245→Pu-241→Am-241→Np237→U-233→ Th-229 

(3) 4N+2：Cm-246→Pu-242→Pu-238→U-238→U-234→ Th-230→

Ra-226 
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(4) 4N+3：Am-243→Pu-239→U-235→Pa-231 

 

The quantity of each particular radionucl ide contained in 

the canister is used as the initial  inventory for calculation 

(Table 4-11); in which, IRF refers to the instant release 

fractions, that is , the ratio between the quantity of instantly 

dissolved and released radionucl ides when the SNF come into 

contact with groundwater and the total  quantity of 

radionucl ides. The fIRF is found to exist in the radionucl ides of 

the fission and activation products only. The radionucl ides of 

the transuranic decay nucl ides do not have IRF factor. 

 
4.4.4.2. Characteristics Data of Engineered Barriers 

As regards the geometric dimensions of engineered 

barrier related characteristics, the repository tunnel and 

disposal pit concept establ ished in the projects of years 2001 

and 2002 were employed (Figure 4-23; Figure 4-25)(Chi, L i-Min 

and Horng, Ji in-Shiung, 2002; Hsu Hsiu-Chen et al ., 2003). The 

engineered barrier characteristics data required in the 

INPAG-N, INPAG-NV2, and INPAG-NH codes were compiled as 

shown in Table 4-12 (The symbols N, V, and H in the appl ied 

code column of the chart respectively stand for the INPAG-N, 

INPAG-NV2, and INPAG-NH codes). 

 

4.4.4.3. Geochemistry Data 

The geochemistry data required in the s imulation 

procedure include: effective diffusion coefficient, 

radionucl ide related chemical element solubil i ty l imit and 

distribution coefficient of the reference water body, buffer 

material , and fractured host rock. Due to serious lack of 

domestic data on these subject matters, this report mainly 
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referred to the reference solubil ity, distr ibution coefficient, 

and diffusion coefficient data provided in the various reports 

presented in the country and abroad; for details, please refer 

to the radionucl ide characteristics data l isted in the Table 

4-13. 
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Table 4-11: Nuclides inventory from NPP I, NPP II, and NPP III 

RNs  

(radionuclide) 

Total activity 

(Bq) 

t1/2(yr) 

(half-life) 
Number of canister mol/canister IRF(%) 

C-14 1.18E+15 5.73E+03 2486 1.47E-02 5 

Cl-36 9.11E+12 3.01E+05 2486 2.31E-03 6 

Ni-59 1.86E+15 7.60E+04 2486 7.26E-02 0.5* 

Ni-63 2.23E+17 1.00E+02 2486 1.08E-02 0.5* 

Se-79 3.88E+14 1.13E+06 2486 1.69E-01 3 

Rb-87 1.97E+10 4.75E+10 2486 3.27E-01 5* 

Sr-90 2.24E+19 2.88E+01 2486 2.18E-01 0.25 

Zr-93 1.48E+15 1.53E+06 2486 7.41E-01 5* 

Nb-94 4.85E+13 2.03E+04 2486 3.18E-04 0.5* 

Mo-93 1.21E+15 4.00E+03 2486 1.58E-03 0.5* 

Tc-99 1.17E+16 2.11E+05 2486 7.58E-01 0.2 

Pd-107 1.18E+14 6.50E+06 2486 2.18E-01 0.2 

Sn-126 7.69E+14 1.00E+05 2486 1.85E-02 2 

I-129 3.01E+13 1.57E+07 2486 1.11E-01 3 

Cs-135 5.03E+14 2.30E+06 2486 2.60E-01 3 

Cs-137 3.46E+19 3.01E+01 2486 2.31E-01 3 

Sm-147 3.15E+09 1.06E+11 2486 6.91E-02 1 

Ra-226 4.07E+09 1.60E+03 2486 8.75E-10 － 

Th-229 8.08E+08 7.34E+03 2486 7.87E-10 － 

Th-230 4.11E+11 7.54E+04 2486 4.09E-06 － 

Th-232 5.18E+05 1.41E+10 2486 9.52E-07 － 

Pa-231 3.00E+10 3.28E+04 2486 1.29E-07 － 

U-233 1.00E+11 1.59E+05 2486 2.08E-06 － 

U-234 1.20E+15 2.46E+05 2486 3.84E-02 － 

U-235 7.48E+12 7.04E+08 2486 6.81E-01 － 

U-236 2.14E+14 2.34E+07 2486 6.46E-01 － 

U-238 1.87E+14 4.47E+09 2486 1.07E+02 － 

Np-237 4.63E+14 2.14E+06 2486 1.27E-01 － 

Pu-238 3.84E+18 8.77E+01 2486 4.30E-02 － 

Pu-239 2.58E+17 2.41E+04 2486 7.91E-01 － 

Pu-240 4.87E+17 6.56E+03 2486 4.05E-01 － 

Pu-241 1.26E+19 1.44E+01 2486 2.27E-02 － 

Pu-242 1.83E+15 3.73E+05 2486 8.57E-02 － 
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Am-241 3.00E+18 4.32E+02 2486 1.64E-01 － 

Am-243 3.09E+16 7.37E+03 2486 2.85E-02 － 

Cm-245 8.88E+14 8.50E+03 2486 9.37E-04 － 

Cm-246 2.79E+14 4.73E+03 2486 1.63E-04 － 

Note：Instant release fractions is cited in chief from TILA-99 report, and 

superscript * show that instant release fractions is cited from EC report. 

(Vieno et al., 1999、EC, 1999)
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Table 4-12: Parameters of engineered barrier system 

Parameters Value Code Ref. 

Inventory 

start time 
40 yr N、V、H INER1 

Waste form 
Full dissolve 

time 
3.6E+05 yr N、V、H SITE-94 

Failure time 1.0E+05 yr N、V、H INER2 

Inner radius 0.475 m N、V、H INER3 

Outer radius 0.525 m N、V、H INER3 

Height  4.91 m N、V、H INER3 

Porosity of 

corrosion 

product 

1.0 N、V、H Full corrosion 

Density  0 N、V、H Full dissolve 

Canister  

Diffusion 

coefficient in 

corrosion 

product 

6.31E-02 m2/yr N、V、H 

Diffusion 

coefficient in 

free water 

Outer radius 0.875 m N、V、H INER3 

Upper  level 

thickness 
1.5 m V INER3 

Lower level 

thickness 
0.5 m V INER3 

Canister 

spacing 
1.2m H INER4 

Density 2,780 kg/m3 N、V、H INER1 

Porosity 43% N、V、H TILA-99 

Buffer 

material 

Diffusion 

coefficient 
3.15E-03 m2/yr N、V、H TILA-99 

Outer radius 0.93 m N、V、H INER1 

Density 2650 kg/m3 N、V、H EEL1 

Porosity 1.23% N、V、H INER1 

Excavation 

disturbed 

zone 

Diffusion 

coefficient 
6.31E-02 m2/yr N、V、H 

Diffusion 

coefficient in 

free water 
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Parameters Value Code Ref. 

Thickness of 

tunnel 
0.1m H INER4 

Height 4.1 m V INER3 

Wide  3.6 m V INER3 

Density 2,700 kg/m3 V TILA-99 

Porosity  20% V TILA-99 

Tunnel 

(Backfill  

material) 
Diffusion 

coefficient 
6.31E-03 m2/yr V TILA-99 

Darcy 

velocity 
3.16 m/yr N、V、H EEL1 

Density 2650 kg/m3 V、H EEL2 

Porosity 0.58% V、H EEL2 

Diffusion 

coefficient 
3.15E-06 m2/yr V、H TILA-99 

Fracture 

spacing 
0.081 m N、V、H EEL3 

Fracture 

aperture 
4.73E-3 m N、V、H EEL4 

Rock matrix 

Diffusion 

coefficient in 

fracture 

6.31E-02 m2/yr N、V、H 

Diffusion 

coefficient in 

free water 

(1).TILA-99：Vieno and Nordman, 1999 

(2).SITE-94：SKI, 1996  

(3).INER1：Chen, Chin-Lung, 2006 

(4).INER2：Lee, Ruey-Yi et al., 2005 

(5).INER3：Horng, Jiin-Shiung et al., 2003 

(6).INER4：Hsu, Hsiu-Chen et al., 2003 

(7).EEL1：Ou Yang, Hsiang et al., 2006 

(8).EEL2：Lin, Wayne et al., 2005 

(9).EEL3：2/19 conference, 2006  

(10).EEL4：Chang, Chuan- Sheng et al., 2005  
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Table 4-13: Parameters of radionuclides 

Radionuclides 
Solubility limit 

(mol/m3) 

Distribution 

coefficient in 

buffer material 

(m3/kg) 

Distribution 

coefficient in EDZ 

(m3/kg) 

C C-14 1.0E+06 0 1.0E-03 

Cl Cl-36 1.0E+06 0 1.0E-04 

Ni 
Ni-59 

Ni-63 
1.0E-01 5.0E-01 2.0E-01 

Se Se-79 1.0E-03 
5.0E-03 

[5.5E-03] 

5.0E-04 

[1.9E-03] 

Rb Rb-87 1.0E+06 3.0E+00 2.0E+00 

Sr SR-90 1.0E-02 2.0E-01 1.0E-02 

Zr Zr-93 5.0E-05 1.0E+00 4.0E-01 

Nb Nb-94 1.0E+00 1.0E+00 1.0E-01 

Mo Mo-93 1.0E+06 3.0E+00 2.0E+00 

Tc Tc-99 5.0E-05 1.0E-01 2.0E-01 

Pd Pd-107 1.0E-05 1.0E-01 1.0E-01 

Sn Sn-126 5.0E-03 2.0E-01 2.0E-01 

I I-129 1.0E+06 1.0E-03 5.0E-04 

Cs 
Cs-135 

Cs-137 
1.0E+06 

1.0E+00 

[6.5E-02] 

1.0E-01 

[3.5E-02] 

Sm Sm-147 1.0E-02 1.0E+00 4.0E-02 

Pu 

Pu-238 

Pu-239 

Pu-240 

Pu-241 

Pu-242 

5.0E-04 3.0E+00 2.0E+00 

U 

U-233 

U-234 

U-235 

U-236 

U-238 

3.0E-04 5.0E-01 1.0E+00 

Th 

Th-229 

Th-230 

Th-232 

5.0E-04 3.0E+00 5.0E-01 
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Cm 
Cm-245 

Cm-246 
5.0E-05 3.0E+00 5.0E-01 

Am 
Am-241 

Am-243 
5.0E-04 3.0E+00 5.0E-01 

Np Np-237 5.0E-05 1.0E+00 5.0E-01 

Ra Ra-226 1.0E-04 5.0E-01 5.0E-01 

Pa Pa-231 1.0E-05 2.0E-01 2.0E-01 

(1).Ref: TILA-99, Vieno et al., 1999 

(2).[ ] is noted that the data obtain from Teng, Shi-Ping(2005) NTHU 
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4.4.5. Analysis Results 

The near-field migration related radionucl ide inventory, 

radionucl ide solubil i ty and distr ibution coefficient, and the 

parameter values of the engineered barr ier characteristics 

are specifical ly defined in Table 4-11, Table 4-12 and Table 

4-13. The analysis model is as stated in Section 4.4, and the 

analysis tools used in the simulation assessment procedure 

were the evaluation codes stated in the preceding sections of 

this study; namely, the INPAG-N, INPAG-NV2 and INPAG-NH 

codes. 

Specif ic details of the case study under analysis are as 

stated below: 

(1) Case-(I ): The subjects of the s imulation analysis are the 

RT-NV, ART-NV, and ART-NH models. The parameters 

stated in Section 4.4 of this study serve as the input data 

of the s imulation analysis. The last digit of the case study 

analysis results is the identification code symbol “I”; e.g., 

RT-NV-(I). 

(2) Case-(I I ): Analysis is mainly based on the parameters of 

the basic case study analysis (I ); the buffer material  and 

host rocks distr ibution coefficient against Se and Cs 

radionucl ides were replaced with the local data (Teng, 

Shi-Ping et al ., 2005), which served as input data of the 

simulation analysis. The last digit of the case study 

analysis results is the identification code symbol “I I”; e.g., 

RT-NV-(I I ). 

 

Figure 4-38 and Figure 4-39 used the INPAG-N code in the 

simulation assessment procedure to obtain the radionucl ide 

release data of the RT-NV-(I) case study; whereas, Figure 4-40 
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and Figure 4-41 used the INPAG-N code in the simulation 

assessment procedure to obtain the radionucl ide release 

data of the RT-NV-(I I ) case study. I t was noted from the 

analysis results of the RT-NV-(I) and RT-NV-(I I ) case study that 

from the time the waste forms dissolve and release 

radionucl ides to around 1.0E+7 years of the disposal period, in 

the early stages of the disposal period (between 

1.0E+05~1.0E+06 years) the near-field simulation evaluation 

showed that radionucl ides with higher release rates were 

mainly fission or activation product radionucl ides; however, in 

the latter disposal stage (between 1.0E+06~1.0E+07 years), 

the transuranic decay chain radionucl ides would have a 

higher release rate in terms of specific weight. 

An evaluation of each specif ic radionucl ide showed that 

the primary radionucl ides having higher near-field release 

rates were Cl-36, Se-79, Zr-93, Tc-99 and I -129; among which, 

since the IRF of radionucl ides Cl-36, Se-79, and I -129 are larger 

and manifested almost no adsorption characteristics within 

the buffer material  and EDZ, during canister failure time 

(1.0E+05 years), the radionucl ides would have higher instant 

release rate. Moreover, due to the higher initial  radionucl ide 

inventory of Zr-93 and Tc-99, the early disposal stage had a 

higher radionuclide release ratio. However, since the 

solubil ity l imits of Zr-93 and Tc-99 were lower that the l imits of 

radionucl ides Cl-36, Se-79, and I -129, and the buffer materials 

and the excavation disturbed zone media would have a 

stronger adsorption capacity on the radionucl ides, the 

maximum release time of the radionucl ides Zr-93 and Tc-99 

would be later and amount of release would be lower than 

the quantity level of the Cl-36 and Se-79 by around one 

grade. 
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Since canister l ife time in the case study analysis has 

reached 1.0E+05 years, fiss ion/ activation product 

radionucl ides that possess shorter half-l ives would start to 

decay and be depleted (e.g., radionucl ides C-14, Ni-63, Sr-90, 

and Cs-137) before the expiration of the canister l ife. The 

release curve of undepleted radionucl ides would mostly be 

the decay section. Furthermore, since half-l ives of the normal 

fiss ion/activation products are shorter than the decay chain 

radionucl ides. Hence, after the evaluation expiration year 

(1.0E+06 years), the main radionucl ides released were the 

transuranic decay nucl ides; that is, mainly radionucl ides 

Ra-226 and Np-237. However, under an overal l  comparison of 

both, the maximum release rate of the transuranic decay 

nucl ides was lower by around 1 to 2 quantity levels than the 

fiss ion or activation product radionucl ides. Hence, on the 

matter of the analysis resul ts on the near-f ield radionucl ide 

release, i f canisters with longer service l ives were used, they 

would be able to effectively contain radionucl ides with 

higher release rates. 

In the RT-NV-(I I ) case study, quite minimal difference was 

noted between the Se radionucl ide adsorption capacity of 

the buffer materials and excavation disturbed zone and the 

RT-NV-(I) case study. Hence, the release data of Se 

radionucl ides in both case studies were quite proximate. On 

the other hand, in the RT-NV-(I I ) case study, the Cs element 

adsorption capacity of the buffer materials and excavation 

disturbed zone is less than that in the RT-NV-(I ) case study; 

hence the Cs radionucl ide of RT-NV-(I I ) case study reached a 

peak release rate greater than the rate of the RT-NV-(I) case 

study rate by one quantity level. However, since the Cs 

radionucl ide is not a primary near-f ield release radionucl ide, 
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in an overal l  scale, its effects on the total  radionucl ide 

release rate is inconsequential . 

The results of the INPAG-N simulation showed a very s l ight 

difference in the total  release curves of radionucl ides 

between the RT-NV-(I) case study and RT-NV-(I I ) case study; 

thus, the INPAG-NV2 and INPAG-NH codes were appl ied to 

analyze the case study analysis (I ) only. 

Figure 4-42 and Figure 4-43 both employed the INPAG-NV2 

to calculate the radionucl ide release rate for the analysis of 

case study (I ); whereas, Figure 4-44 and Figure 4-45 employed 

the INPAG-NH to calculate the radionucl ide release rate for 

the analysis of case study (I ). I t was noted from the basic case 

assessment resul ts that the radionucl ide release curves of the 

basic case of the three near-field evaluation codes were 

similar. As for the peak release rate, since the INPAG-NV2 and 

INPAG-NH codes not only consider the effects of the radial 

transport of radionucl ides around the canister, but also the 

retardation effects of the axial  transport along the canister;  

thus, the peak value of the total  release dose curve of 

radionucl ides is around 40% less than the value in the INPAG-N 

resul ts. 
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Figure 4-38: Release rate of fission / activation products in RT-NV-(I) 

case. 
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Figure 4-39: Release rate of transuranic decay nuclides in RT-NV-(I) case. 
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Figure 4-40: Release rate of fission / activation products in RT-NV-(II) 

case. 
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Figure 4-41: Release rate of transuranic decay nuclides in RT-NV-(II) 

case. 
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Figure 4-42: Release rate of fission / activation products in ART-NV-(I) 

case. 
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Figure 4-43: Release rate of transuranic decay nuclides in ART-NV-(I) 

case. 
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Figure 4-44: Release rate of fission / activation products in ART-NH-(I) 

case. 
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Figure 4-45: Release rate of transuranic decay nuclides in ART-NH-(I) 

case. 
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4.5. Simulation of the Radionuclide Transport in the Geosphere 

4.5.1. Introduction 

The process of radionucl ide migration through 

groundwater flow, either its path or behavior, is influenced by 

the pores of the surrounding environment or the fractures in 

the geological structure of the host rock. 

The evaluation of the surrounding geological rock mass of 

transport environment and the groundwater flow capacity 

are often divided into three types of conceptual models 

(Figure 4-46), namely, discrete fracture model, continuous 

fracture model, and equivalent discrete model. Coordinated 

with the appropriate numerical method, these conceptual 

models are converted into computer codes (Dershowitz et al ., 

1988). 

Under an assumption that the radionucl ide transport 

environment is located on a highly permeable rock mass, and 

the effective pore distr ibution of the rock mass is 

concentrated or found in an area where fractures are densely 

gathered, these factors shal l  seriously affect the flow of 

groundwater. I f the radionucl ide transport environment is 

located on a rock mass with low permeabil i ty levels, such as 

crystal l ine granite or basal t, and host rocks are nearly 

impermeable media, flow of water would be merely l imited 

within the facture spaces. In other words, the radionucl ide 

would be transported only within the fractures. 
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Figure 4-46: Analysis model of fractured rock 

(Modified after Dershowitz et al., 1988) 
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4.5.2. Medium Classification of Geosphere for Radionuclide Transport 

(1) Porous medium 

Due to the complexity of the site geology, it is often 

impossible to quantify the geometric parameters of the 

rock fractures. Hence, when the discrete model is used to 

establ ish a fractured rock model, the insuff icient 

fracture-related data may result in the model 

inappl icabil i ty; moreover, a multitude of complex 

assessment is required during a discrete model simulation 

procedure. In order to resolve the foregoing problem, 

Long et al . (1982) conducted a hydraul ic conductivity 

study on the fracture network. He deemed that under a 

condition where the rock materials are not permeable, 

the fractures would become the hydraul ic conduction 

network and may be treated as the porous medium. The 

overal l  hydraul ic conductivity is expressed by a s ingle 

value, and the rock layer is regarded as the equivalent 

porous medium (EPM). Snow (1970) was the f irst to use the 

continuous orthogonal fracture model in establ ishing a 

fractured rock model. He divided the site fractures into 

three sets of vertical  orthogonal fracture systems (Figure 

4-47), and used the symbols σx, σy and σz to mark the 

respective axial directions in the confining stress 

coordinates, and the fracture has an infinite extension. 

The fracture spacing is compl iant with the negative 

exponential  distr ibution. The average spacing (bx , by and 

bz) of each set of fracture in the axial  directions of the 

three coordinates were equivalent, and thereafter the 

continuous, fractured rock model was developed 

subsequently. Since the fractured rock is comprised of the 

rock matrix and fractures, and the fractures are the main 
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conduits of the water flow, when the rock matrix is a 

porous medium, such as sandstone or shale, etc., the rock 

matrix itsel f has an extremely high permeabil i ty, or the 

rock matrix contains a multi tude of micro-fractures, also 

knows as subcritical  fractures; despite the relatively low 

permeabil i ty of the rock matrix vis-à-vis the fracture, i t 

would signif icantly affect the water flow conditions in the 

fractured rock. In order to resolve this problem, the 

fractured rock may be regarded as the consol idation of 

two types of media; thus, scholars l ike Barenblatt (1960) 

and Renshaw (1996) developed the twin-medium model 

to resolve this problem. This model may be divided into 

two parts, the Double Porosity Model (DPM) and Dual 

Permeabil i ty Model (DKM). The Double Porosity Model is 

establ ished under the assumption that the fractured rock 

contains facture surfaces and porous rock matrix, and the 

alterations in the permeabil i ty coefficient of this type of 

rock would be affected by the two media. On the other 

hand, the Dual Permeabil i ty Model is establ ished under 

the assumption that the rock matrix of the fractured rock 

is not permeable, and the fracture surface is the only 

conduit through which water may flow. The principal 

fracture surface is where majori ty of the water flows 

through, and the more dense subcritical  fracture surfaces 

(micro-fractures) within the fractured rock often comprise 

the connecting channels of the principal fracture. Hence, 

in the Dual Permeabil ity Model, the primary consideration 

is the connecting water flow effect created by these 

subcritical  fractures. 

(2) Fractured medium 
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Every fracture is regarded as a unit body in the discrete 

fractured rock model, and a detai led survey is necessary 

for the geometric parameters of each fracture; hence, it 

is more suitable to regions with smaller scales. When 

appl ied to a smaller scale site, the parameters survey 

data of the si te fractures are adopted in coordination 

with the distr ibution characteristics of the fracture 

parameters. Then, a fracture network which is compliant 

with the site distr ibution characteristics or the 

hypothetical condition is randomly produced. Next, by 

means of the Monte Carlo method, a simulation of the 

rock hydraul ic model or the radionucl ide transport is 

conducted from the perspective of stochastic analysis; 

thereafter, a discrete fractured rock is constructed. Since 

the fractured rock contains a complex system and the site 

had not been verified, appl ication of the geosphere PSA 

evaluation model at this point should sti l l  be based on the 

paral lel  plate model (specif ications of which is provided 

in the next subsection), and should simulate the 

radionucl ides transport condition under the uniform 

fracture (Figure 4-48). 
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Figure 4-47: Continuum porous medium 

(Snow, 1970) 

 

 

Figure 4-48: Schematic description of the conceptual model for 

radionuclide transport in fractured medium 

(Winberg, 1999) 
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4.5.3. Simulation of Radionuclide Transport within a Porous Medium 

The transport mechanism of radionucl ides or solutes 

within the porous medium may be attr ibuted to 

inter-molecular col l is ion or propulsion of an external force. 

The former is cal led molecular diffusion, whereas the latter is  

cal led mechanical transport; both jointly consti tute the 

phenomenon of dispersion (Figure 4-49). The principal 

mechanism enabl ing radionucl ide transport in the 

groundwater flow is mechanical dispersion; i t is  not only 

related to the movement of the flowing l iquid form, but also 

involves the water conducting passages in the fractures of a 

medium or the complexity of the pore structure. In the 

assumption that in a particular time period, it is l ikely that two 

extremely close solute molecules of pol lutants wil l  separate in 

the succeeding period of time, and there are three different 

factors mainly affecting their movements. The fi rst factor 

(Figure 4-49 (a)) is  the solute molecule near the border of the 

pore passage route; its migration speed would be slower than 

that of the molecules near the center of the passage. The 

second factor (Figure 4-49(b)) is the changes in pore 

dimensions which would cause the axial  movement speed of 

the solute molecules along the pore to vary. The third factor 

(Fig 4-49 (c)) is the solute molecules of neighboring pollutants 

which would flow along varying routes towards different 

passages. These variant particles are l ikely to regroup in the 

next passage or l ikely to continue partitioning farther away 

from each other, and never to regroup. 

Bear (1972) used Pe (peclet number) to express the 

relative signif icance of molecular diffusion and mechanical 

transport. When Pe>1, it indicates that the mechanical 
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transport action is stronger than the molecular diffusion 

mechanism; when Pe<1, it indicates that the mechanical 

transport action is weaker than the molecular diffusion 

mechanism. As for the transport of pol lutants contained within 

the porous medium, the groundwater Darcy velocity is 

commonly regarded as far faster than the molecular diffusion 

speed; hence, the transport of pol lutants in the porous 

medium is often regarded as a form of mechanical transport. 

Sauty (1980) used the solute transport theory to deduce 

the “break through curve” of the analytic solution standard 

for continuous injection and instantaneous injection. His 

method mainly employed dimensionless concentration and 

time, and introduced the “peclet number” to explain the 

dispersion concept. As for solutes that cannot be adsorbed 

(R=1.0, R: retardation factor) or do not decay (λ=0.0, λ: decay 

constant), the analytic solution of their step function injection 

is: 

In the assessment of the radionucl ide or solute transport 

within the porous medium, the time fluctuation curve of the 

different Pe concentration (Figure 4-50) indicated that when 

Pe increases, the mechanical transport effect would l ikewise 

increase; on the other hand, the diffusion effect would lessen. 

Hence, in the early period, solutes are released relatively later 

and thus, solute concentration is relatively lower. When Pe<1, 

the effect of the diffusion action on the concentration would 

be more s ignificant, and initial  period solute concentration 

would also increase faster but later gradually reach 

saturation. When Pe=1, both mechanical transport and 

diffusion effect would affect the solute migration action. 

When Pe>1, solute migration is mainly control led by 

mechanical transport, and initial  period solute release would 
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be slower; hence, the initial  period solute concentration 

would be relatively lower. In l ine with the mechanical 

transport (water flow) action, in the middle period, it was 

noted that solute concentration would increase rapidly. 

I f the effects of adsorption and decay were to be taken 

into consideration, the analytic solution provided by Zuber 

(1974) on the impulse function injection may be obtained to 

analyze and study the effects of the different geological and 

transport parameters on the radionucl ide or solute 

concentration curve. 
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Figure 4-49: Three conditions for solute migration. 

(Modified after Bear J., 1972) 
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Figure 4-50: Effect of peclet number on break through curve 
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4.5.4. Simulation of Radionuclide Transport in Fractured Medium 

The transport of radionucl ide in the fractured medium 

may be regarded as the transport within a pair of horizontal  

paral lel plates having a narrow gap (Figure 4-51). 

Groundwater flows through the gap between two plates with 

accompanying horizontal  and vertical  dispersion actions. On 

the other hand, radionucl ide transport is accompanied by 

advection, molecular diffusion, dispersion, adsorption, decay, 

and breeding mechanisms. Radionucl ide may l ikely be 

adsorbed onto the fracture surface wall  and then diffused 

into the pores of host rocks and adsorbed therein. Adsorption 

is an important mechanism in the retardation of radionucl ide 

migration; whereas, molecular diffusion and the horizontal 

and vertical  dispersion actions form a significant mechanism 

in suppressing the radionucl ide concentration peak value 

(Figure 4-52). In the geometric structure conceptual model of 

the radionucl ide transport within fractured medium (Figure 

4-53), 2b is the fracture aperture, l+2b stands for the fracture 

spacing, Lg is the fracture length (that is , the total  transport 

distance of radionucl ides within the fracture), x is the location 

of the groundwater advection direction. 

Zhou (2001) and Zhou et al . (2004) establ ished a 

mathematical model for the transport of radionucl ides within 

the fractured medium based on the geosphere transport 

conceptual model (Figure 4-51 and Figure 4-52). The basic 

assumptions were: 

(1) While passing through the near-field engineered barrier, 

the radionucl ides would have ful ly achieved the 

concentration equil ibrium; thus on the matter of fracture 
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transport, the solubil i ty l imit of the radionucl ides were not 

taken into account furthermore.  

(2) I t is assumed that al l  fractures in the host rock considered 

are water conducting, and the fracture would have unity 

porosity.   

(3) Groundwater flow in the fracture is a one-dimensional 

flow from the disposal hole towards the outer boundary of 

the geosphere.   

(4) Groundwater flow in the matrix of the host rock is 

proximately s imilar to the perchered water.  

(5) Radionucl ides may l ikely adsorb onto the fracture surface 

wall , and then diffused into the host rock matrix. The 

depth of its adsorption therein is referred to as the 

“sorption depth” in the model.  

(6) The adsorption model of the l inear equil ibrium is taken 

into consideration.  

(7) Since the fracture layer is very thin, it’s assumed that 

traverse dispersion characteristics are present and could 

evenly combine with the concentration of the vertical 

groundwater flow orientation.  

(8) The values of the parameters in the model, such as 

porosity, groundwater Darcy velocity, adsorption 

coefficient, and dispersion coefficient are al l  invariable.  

(9) Diffusion of radionucl ides in the rock would only occur in 

the direction perpendicular to the fracture.  

(10) The radionucl ide concentration at the outlet boundary of 

the geosphere is set at zero.  

 

From the fracture spacing infusion concept and the 

boundary conditions where the host rock matrix central  l ine is 

set as the mirror l ine, i t may be noted that the mathematical 
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formula of the fracture medium radionucl ide transport 

propounded by Zhou (2001) and Zhou et al . (2004) is a 

multiple, paral lel , and uniform fracture model.  

Through the compartment model approach, a solution 

may be obtained by means of the numerical method (Romero 

et al ., 1991; Zhou, 2001) or the Laplace inversion (using 

Laplace method to coordinate with the numerical method) 

(GoldSim, 2001; Zhou et al .,2004). In the numerical Laplace 

inversion method, the most frequently used methods are the 

Talbot method (Talbot, 1976) and the De Hoog method (De 

Hoog et al ., 1982). Pursuant to the principles of the 

compartment approach, Zhou (2001) implemented a 

FORTRAN code called “INPAG-FC” according to the 

aforementioned initial  and boundary conditions to analyze 

the radionucl ide transport in fractured media. In addition, 

Zhou et al  (2004) further implemented a FORTRAN code called 

“INPAG-FL” by the Laplace transform technique coupl ing with 

the Talbot’s Laplace inversion method. The INPAG-FL program 

is used in this project for analysis of the radionucl ide far-field 

transport. Hence, in the fol lowing, we have especial ly 

introduced the CRYSTAL code (SKI , 1996) developed overseas 

and the INPAG-FC code of Zhou (2001) in order to verify the 

INPAG-FL code.  

The SITE-94 report of SKI of Sweden (SKI , 1996) used the 

CRYSTAL program for its far-field analysis to understand the 

transport phenomenon of radionucl ides within the fractured 

medium. This fracture was presumed to be a plate model. The 

code took into account the advection transport with 

dispersion and diffusion effects of radionucl ides within the 

fracture and the diffusion effect within the host rock matrix. 

The l inear equil ibrium adsorption model was appl ied to 
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simulate the radionucl ide adsorption action within the 

fracture surface and rock matrix. The disposal concept 

currently being developed in Taiwan is similar to the Swedish 

KBS-3 concept; that is , a deep geological disposal concept in 

which the host rock structure is composed of granitic 

crystal l ine rock. The control  formula, adsorption model, and 

boundary conditions of the CRYSTAL program are s imilar to 

those of the INPAG-FL program, and i ts derivation method 

also employs the Laplace Transformation in the numerical 

algorithm. The radionucl ide release rates obtained by the 

CRYSTAL were used to verify the INPAG-FL with the input 

parameters as shown in Table 4-14. The results of the 

radionucl ide I -129 and the 4N+1 radionucl ide decay chain 

(Cm-245 –> Am-241 –> Np-237 –> U-233 –> Th-229) showed that 

the assessment results of the two codes (Figure 4-54 and 

Figure 4-55) matched perfectly. 

 

A comparison with the INPAG-FC code (Zhou, 2001) was 

conducted on the release rates of three types of single decay 

radionucl ides (C-14, Cl-36, and I -129) and the transuranic 

decay nucl ides, Pu-240 �  U-236 � Th-232. The radionucl ides 

C-14, Cl-36, and I-129 are activated radionucl ides. A part of 

these radionucl ides would be found on the SNF surface and 

the grain gap and boundary. When this portion would come in 

contact with groundwater, an instant dissolution release 

would occur due to the solubil ity l imit action. The instant 

dissolution release level is also called the instant release 

fraction (or IRF for short) in the radionucl ide inventory 

terminology. As for the transuranic decay nucl ides, it’s 

classif ied as a fission product and is found within the SNF 

matrix. They would dissolve as the matrix undergoes alteration 
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and gradually be released. Figure 4-56 showed the results of 

the comparative study of the far-field release rate assessment 

of the three single decay radionucl ides, namely C-14, Cl-36, 

and I -129. In which the sol id l ine represents the assessment 

resul t of the INPAG-FL, whereas the dotted l ine represents the 

assessment resul t of the INPAG-FC. Data showed that the 

assessment results of the two different programs were quite 

similar; whereas, the comparative study of the far-f ield 

release rate of the Pu-240 � U-236 � Th-232 decay chain is as 

shown in Figure 4-57. The results showed that despite the 

variances in the numerical methods between two codes, the 

differences in the release rates of the nucl ides were sl ight. As 

for the Pu-240 parent radionucl ide, the distribution curves of 

both programs were quite proximate; as for the U-236 and 

Th-232 daughter radionucl ides, the peak release rate of the 

two codes were also very proximate. In the juvernile stages of 

the release, the INPAG-FC results were comparatively low; 

however, differences had been sl ight. In the latter stages of 

the release, the result of INPAG-FL appeared to be lower and 

an escalated decl ine rate was noted. In the latter stages of 

the release, s ince the release rate has passed the peak rate 

period, a difference of several  orders of magnitude was 

noted in the result data and the peak value; hence, 

significance of this variance is relatively reduced. In short, the 

differences in the assessment results of the two codes were 

insignif icant. 
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Figure 4-51: Multiple, parallel, and uniform fractures model for 

radionuclide transport in fractured 
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Figure 4-52: Nuclide Transport mechanism in fractured media 
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Figure 4-53: Geometric conception for fractured media 

 
 

 

Table 4-14: Input data for INPAG-FL verification with CRYSTAL 

Parameter Value  Unit  Ref. 

Geosphere 

length 
100 m assumption 

Fracture spacing 1 m SITE-94, P.533 

Fracture 

aperture 
6.5E-04 m SITE-94, P.533 

Rock density 2.7E+03 kg/m3 SITE-94, P.533 

Matrix porosity 1.0E-03 - SITE-94, P.533 

Darcy velocity 1.7E-03 m/yr SITE-94, P.407 

Dispersivity 2.5 m DOE, 2001 

Diffusion 

coefficient in 

fracture 

6.37E-02 m2/yr SITE-94, P.533 

Diffusion 

coefficient in 

rock matrix 

9.5E-04 m2/yr SITE-94, P.533 

Sorption depth 5.0E-02 m SITE-94, P.533 

(Zhou et al., 2004 and SITE-94 : SKI, 1996) 
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Figure 4-54: Comparison of I-129 release rate calculated by INPAG-FL 

and CRYSTAL 

(Zhou et al., 2004) 
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Figure 4-55: Comparison of transuranic decay nuclides release rate 

calculated by INPAG-FL and CRYSTAL 

Ref.: Zhou et al., 2004 
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Figure 4-56: Comparison of C-14, Cl-36, and I-129 release rate 

calculated using INPAG-FL and INPAG-FC 
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Figure 4-57: Comparison of transuranic decay nuclides release rate 

calculated using INPAG-FL and INPAG-FC 
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4.5.5. Sensitivity Analysis 

(1) Porous medium— A layer or geology formed by the 

intersection of ir regular or uneven soil  particles, which 

often causes the non-uniform pore distr ibution of soil  

particles as a result of the unlevel and coarse angle 

effect of the particles. The spaces created by the pore 

intersection would form continuous pores due to water 

flow or radionucl ide passage between these intersection 

spaces. These continuous pores become primary routes of 

the radionucl ide flow or transport. The retardation 

coefficients and dispersion coefficient were obtained 

from the combined water flow and transport action for a 

parameter sensitivity analysis (Table 4-15). The dispersion 

coefficient (D) input data were 1, 10, and 100 m2/yr; the 

input data of the retardation coefficient (R) were also 1, 

10, and 100 (dimensionless). A study of their effects on the 

release behavior of the Am-241 radionucl ide (decay 

constant, λ, is 1.5E-03 1/yr) was made in an observation 

spot located downstream at the 100 m section. Results 

obtained in the analysis were as shown in Figure 4-58 (In 

the diagram, measurement unit of D is m2/yr) and Figure 

4-59. As indicated in Figure 4-58, when the retardation 

coefficient was 1.0, the dispersion coefficient was the 

combined effect created by the molecular col l is ion and 

the water flow force. I t was noted that when dispersion 

coefficient is high, the release time would be earl ier, and 

migration duration within the medium would be longer. 

On the contrary, when the dispersion coefficient was low, 

the opposite was noted. The resul t of Figure 4-59 showed 

the effect of retardation factor (R) on the radionucl ide 
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release concentration. When R was increased, the 

retardation effect on the radionucl ide release was also 

increased; in consequence, an apparent decrease was 

noted in the radionucl ide concentration, which in turn 

effectively lowered the release rate. In short, i f  the 

evaluation centers on the radionucl ide transport 

behavior from the perspective of the porous medium, the 

dispersion coefficient would retard the radionucl ide 

release; however, the retardation factor (due to 

adsorption capacity of the radionucl ide itsel f) would be 

able to effectively reduce its release rate. 

(2) Fractured medium — There is a close correlation between 

the geosphere hydrogeological parameters and the site 

characteristics. The current stage project schedule 

focuses on the survey and research of the granite 

properties, and aims to conduct a fractured medium 

simulation. Hence, in the fol lowing sensitivity analysis and 

radionucl ide retardation characteristics research, the site 

parameter data of the granite zone were used as 

reference. In the Table 4-16, these parameters were 

classif ied into three categories based on their inherent 

characteristics; that is , geometric characteristics, rock 

characteristics, and transport characteristics. The rock 

characteristics (f racture spacing and aperture) and 

transport characteristics (groundwater Darcy velocity in 

host rock) were the primary factors control l ing the 

fracture groundwater flow velocity and radionucl ide 

transport; hence, the INPAG-FL code stated in the 

foregoing was used for the sensitivity analysis of the 

radionucl ide transport in the fractured medium. In the 

actual site, since site geology contains a lot of 
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uncertainty factors (strata, fractures, and faults) which 

are capable of affecting the groundwater Darcy velocity, 

an enormous level of uncertainty exist in the groundwater 

Darcy velocity. 

 

In order to understand the effect of groundwater f low 

mechanism on the radionucl ide migration, a radionucl ide 

(I -129) with long half-l ife and low adsorption capacity was 

chosen as the subject of the related parameter sensitivity 

analysis (groundwater Darcy velocity , fracture aperture, 

fracture spacing). As for the groundwater Darcy velocity, the 

1.0E-5 (m/yr) order of magnitude (under a large area scale) 

was employed (JNC, 2000a). This reference value serves as 

the standard of the sensitivi ty analysis. In addition to the 

sensitivity analysis conducted on the radionucl ide (INER, 

2006), the analysis also delved into the effect of the 

groundwater Darcy velocity influential  factors (including 

aperture and spacing) on the radionucl ide release behavior.  

According to the study findings of Chen, Yuan-Chang et 

al . (2005), when the groundwater Darcy velocity is faster, i t 

would reach the peak value sooner and thus diss ipate faster. 

This made groundwater Darcy velocity a key parameter 

influencing the radionucl ide release rate. Therefore, the study 

expanded the groundwater Darcy velocity parameter range 

and conducted the sensitivity analysis of the radionucl ide 

release rate (Figure 4-60). The results indicated that when 

groundwater Darcy velocity slowed down from 1.0E-1 m/yr to 

1.0E-10 m/yr, not only did the radionucl ide release rate 

decrease; an apparent retardation of the release time was 

also noted.   



  
  

 

 4-162 

I t’s apparent that the change in the fracture 

groundwater Darcy velocity which affects the radionucl ide 

transport is subject to the measurements of the fracture 

spacing and fracture aperture. The fracture distr ibution 

conditions of the site may resul t in the difference in the 

dynamic porosity within the fractured rock. Since the 

radionucl ide I -129 has long half-l ife without adsorption 

capacity, a study of the existing data, as shown in Table 4-16, 

was made to delve into the effect of the three parameters 

(Darcy velocity, fracture spacing, and fracture aperture) on 

the peak release rate of radionucl ide (I -129). In an analysis of 

sensitivity conducted based on fracture aperture (Figure 4-61) 

and fracture spacing (Figure 4-62), i t was found that the 

effect of the fracture aperture on the release rate was l imited 

(Figure 4-61). I t was only when the fracture aperture was at 

the 0.1 m quantity level that a more apparent alteration in the 

release rate curve was noted. The release rate curve of other 

quantity levels nearly overlapped. When the fracture 

aperture al teration is within range of 1.0E-04 m - 1.0E-01 m, 

the fracture aperture al teration would have no s ignif icant 

effect on the release rate.  

Furthermore, it was also found that fracture spacing had 

a highly significant effect on the multiple, uniform fractures 

model (Figure 4-62), and as fracture spacing was increased, 

the corresponding radionucl ide release rate was also higher. 

The impact of fracture spacing on the far-field radionucl ide 

release rate had been far greater than that of the fracture 

aperture. 

 

 



  
  

 

 4-163 

 

Table 4-15: Parameters for nuclide transport in porous medium 

Case 1 2 

Groundwater 

velocity 
1 (m/yr) 10 (m/yr) 

100 (m2/yr) 

10 (m2/yr) 
Dispersion 

coefficient 
1 (m2/yr) 

20 (m2/yr) 

100 

10 Retardation factor 1 

1 

Porosity 1.0E-02 

Decay constant Am-241：1.5E-03 (1/yr) 

Observing 

location 
100 (m) 

Max. observing 

time 
1.0E+04 (yr) 
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Figure 4-58: Concentration as a function of time for change of 

dispersion coefficient



  
  

 

 4-164 

 

Time (yr)

R
el

at
iv

e
co

nc
en

tr
at

io
n

100 101 102 103 1040

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

R=1
R=10
R=100

 

Figure 4-59: Concentration as a function of time for change of 

retardation factor 
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Table 4-16: Input data of fracture aperture, spacing, Darcy velocity for 

sensitivity analyses 

Property Parameter Value / Unit  Reference 

Geometry Transport length 100 m Assumption 

Density 2.68E+03 kg/m3 Lin, Wayne et al., 

2005, pp.106 

Porosity 5.9E-03 - Lin, Wayne et al., 

2005, pp.106 

Fracture spacing 1.0E-1~10 m Assumption 

Rock 

Fracture 

aperture 

1.0E-05~1.0E-01 m Assumption 

Darcy velocity 1.0E-10~1.0E-01 m/yr Assumption 

Dispersivity  10 m Assumption 

Diffusion 

coefficient in the 

fracture 

6.31E-02 m2/yr Philip B. et al., 1994, 

pp.122 

Diffusion 

coefficient in the 

rock 

3.15E-06 m2/yr Vieno and 

Nordman, 1999, 

pp.120 

Transport 

Sorption depth 0.0 m Assumption 
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Figure 4-60: Release rate as a function of time for change of 

groundwater Darcy velocity 
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Figure 4-61: Release rate as a function of time for change of fracture 

aperture 
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Figure 4-62: Release rate as a function of time for change of fracture 

spacing 
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4.5.6. Analysis Assumptions and Scope of the Parameter value Variation 

In l ight of insufficient prel iminary data of parameter for 

assessment, a conservative parameter data selection was 

employed in the analysis of the radionucl ide transport within 

the geosphere. Moreover, the multiple, paral lel, uniform 

fracture medium transport model was used in constructing the 

radionucl ide release codes, INPAG-FC and INPAG-FL. The 

related hypothetical conditions included the fol lowings 

(Zhou, 2001; Zhou et al ., 2004): 

(1) The plate-type water passage fracture could pierce 

through the canisters in the disposal hole.  

(2) Radionucl ides penetrate the repository host rocks 

through the near-field release.  

(3) Radionucl ides are transported within the water passage 

type fracture and host rocks.  

(4) Radionucl ides would be transported to the boundary of 

the geosphere and biosphere through these water 

passage fractures.  

(5) The transport behaviors of radionucl ides under this 

fracture conceptual model would include the fol lowing: 

the advection, vertical  dispersion and diffusion effects 

within the fracture; the horizontal dispersion, surface 

adsorption effect of the fracture, and the rock diffusion 

and adsorption effects within the host rocks. 

 

I t is imperative to define the joint circumstances of 

disposal host rocks and the range of space in the geosphere 

evaluation model. The starting point of the geosphere scope 

is set at the area where the EDZ surrounding the disposal hole 

meets with the host rocks, and the end point is set at the area 
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where the host rocks meet the biosphere. The area where host 

rocks meet biosphere is defined as the primary fracture 

contact area within the host rocks to the area which 

contracts the earth surface. I f the host rock is extended to the 

coastl ine, the boundary should be the area where the host 

rock meets the sea water. In the event that a water 

conducting fracture occurs, the water passage fracture 

would be the end point of the geosphere.  

Under the effects of the geological heterogeneity and 

anisotropy of deep host rock, and the uncertainty effects in 

parameter values, the parameter values selected for the 

geosphere should be considered under reasonable on s ite 

grounds. Moreover, under geological disposal conditions 

similar to those of overseas repositories (TILA-99, SITE-94, and 

H12), appropriate range of data with not exceedingly large 

scope were selected to serve as the reasonable parameter 

values bases (for details of the near-f ield data, please refer to 

subsection 4.4.4). As for the host rocks characteristics, a s ite 

survey was mainly conducted. Survey was coordinated with 

the data of overseas s ites to examine the appl icabil ity of the 

input parameter values. Properties of host rock within the 

Table 4-17 are density, porosity, diffusion coefficient, and 

groundwater Darcy velocity. The properties of water 

conducting fractures are the transport distance, fracture 

spacing, fracture aperture, diffusion coefficient, dispersivity, 

etc. Data were obtained from the Finnish TILA-99 report (Table 

4-18) for the distr ibution coefficient of radionucl ides in the 

granitic host rock. 

Based on their respective properties, the far-field 

parameters may be divided into: geometric characteristics, 

rock characteristics, transport characteristics, (Table 4-17) 
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and radionucl ide characteristics, etc (Table 4-18). The 

near-field evaluation results were used as the radionucl ide 

source inputs for the far-f ield PSA conducted at this stage in 

the fol lowing case study analysis:  

(1) Basic case-(I ): The parameters presented in Table 4-17 

served as the input data of the multiple, paral lel , uniform 

fractures model program. The sources of the near-field 

radionucl ide were classif ied into radial  transport and the 

axial/radial  transport.  

(2) Basic case-(I I ): This case study mainly employed the 

parameters of the Basic case-(I ). As for the distr ibution 

coefficient of Se and Cs elements in terms of the buffer 

material , domestic data (Teng, Shi-Ping et al ., 2005) were 

used as the input radionucl ide characteristics parameters 

of the multiple, paral lel , uniform fractures model.  

 

Since some radionucl ide had higher IRFs in the initial  

inventory, in the Basic case-(I ), i t was found from Figure 4-63 

that when the canister cracks (at around 1.0E+5 yrs), and the 

radionucl ide release rate would remain on the high side 

within a brief period of time; fol lowing the far-f ield rock 

delaying and retardation effects and after similar time (at 

around 1.01E+05 yrs), i ts peak value would sl ightly drop, the 

total  release rate within the peak period range 

(1.0E+05~1.01E+05 yrs) showed that the radionucl ides Se-79, 

I -129, Cl-36, C-14, and Rb-87 mainly comprised a greater 

percentage of the total  release rate. Another peak emerged 

in the period of around 1.5E+5 - 6.0E+5 years, the total  release 

rate showed that the radionucl ides Tc-99, Zr-93, Cs-135, and 

Np-237 mainly comprised a greater percentage of the total  

release rate. On the other hand, fiss ion and activation 



  
  

 

 4-171 

products were completely released around or before 

2.30E+06 years, and in the period from 2.30E+06 to 1.0E+07 

years, transuranic decay nucl ides U-238, U-234, Th-230, and 

Ra-226 mainly comprised a greater percentage of the total  

release rate. Furthermore, i t was noted through the radial  

transport Basic case-(I I ) (Figure 4-64) that the domestic data 

merely showed the al teration of the distr ibution coefficients 

of the Se and Cs buffer materials. Moreover, the Se 

distribution coefficient value was greater than that of Base 

case-(I ), but the Cs-135 distr ibution coefficient value was 

lower than that of Base case-(I ). Hence, the peak value of the 

total  release rate had been sl ightly lower (peak value was 

lower by around 2.2E-03 Bq/yr), and peak value occurrence 

time emerged at around 2.8E+05 years of the final  stage, 

which is later than the occurrence time of Base case-(I ) by 

around 1.8E+05 years.  

I t was noted from Figure 4-65 ~ Figure 4-66 that after the 

near-field axial/radial  radionucl ide transport had been 

transported in the far-field transport for 1000 m, duirng the 

evaluation period 1.0E+05~1.0E+07 years, al l  of the 

radionucl ides would have reached the peak release rate 

point, and total  release rate were mainly comprised by fission 

and activation products, such as Se-79, I -129, Cl-36, C-14 and 

Rb-87, Ni-59, Se-79, Zr-93, Tc-99, Pd-107, Sn-126, I -129, and 

Cs-135, and the transuranic decay nucl ides, such as Np-237, 

U-233, Th-229, and Ra-226. The release rate of the remaining 

radionucl ides had been relatively lower. 
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Table 4-17: Input data for far field in this stagewise analysis 

Parameter  Value  Reference 

Density  2.65E+03 kg/m3  Lin, Wayne et 

al.,2005,pp.106 

Porosity 5.8E-03 Lin, Wayne et 

al.,2005,pp.106 

Diffusion 

coefficient 

3.15E-06 m2/yr  Vieno and 

Nordman,1999,pp.253  

rock 

Darcy 

velocity 

3.16 m/yr Ou Yang, Hsiang et al., 

2006, pp.4-42,4-100,4-168 

(Hydraulic conductivity is 

calculated by 58 data 

from the well of BH01, 

BH02, and BH04 at test 

area. Hydraulic gradient is 

assumed to be 0.1 

conservatively.) 

Transport 

length 

1.0E+03 m Conservative assumption 

in accordance with 

hydrogeologic map of 

test area 

Spacing BH01_186-196_(249,82)：

8.1E-02 m 

Suggestion by EEL (Ou 

Yang, Hsiang et al.,2006, 

pp.4-100, pp.4-168) 

2/19 conference (2006) 

BH01_186-196_(249,82)：

0.081m 

BH02_158-176_(248,70)：

0.038m 

BH04_50-75_(43,82)：

0.185m 

Aperture  4.73E-03 m Chang, Chuan- Sheng et 

al., 2005, pp.3-39 

Diffusion 

coefficient 

6.31E-02 m2/yr Philip B. et al., 1994, 

pp.122. 

Fracture 

Dispersivity 75 m Suggestion by EEL 

2/19 conference (2006) 
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Table 4-18: Properties of radionuclides selected 

Fission / 

activation 

products 

Distribution 

coefficient in rock 

(Kd，m3/kg)  

Transuranic 

decay 

nuclides 

Distribution 

coefficient in rock 

(Kd，m3/kg) 

C-14 1.0E-03 Pu-238 

Cl-36 1.0E-04 Pu-239 

Ni-59 Pu-240 

Ni-63 
2.0E-01 

Pu-241 

Se-79 5.0E-04 Pu-242 

2.0 

Rb-87 0.0 U-233 

Sr-90 1.0E-02 U-234 

Zr-93 4.0E-01 U-235 

Nb-94 1.0E-01 U-236 

Mo-93 0.0 U-238 

1.0 

Tc-99 2.0E-01 Th-229 

Pd-107 1.0E-01 Th-230 

Sn-126 2.0E-01 Th-232 

5.0E-01 

I-129 5.0E-04 Cm-245 

Cs-135 Cm-246 
5.0E-01 

Cs-137 
1.0E-01 

Am-241 

Sm-147 4.0E-02 Am-243 
5.0E-01 

Np-237 5.0E-01 

Ra-226 5.0E-01 

 

Pa-231 2.0E-01 

(TILA99：Vieno et al., 1999, pp.118) 
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(b) transuranic decay nuclides 

Figure 4-63: Far field nuclide release rate of Base case-(I) by RT-NV 

model 
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(a) fission / activation products 
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(b) transuranic decay nuclides 

Figure 4-64: Far field nuclide release rate of Base case-(II) by RT-NV 

model 
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(a) fission / activation products 
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(b) transuranic decay nuclides 

Figure 4-65: Far field nuclide release rate of Base case-(I) by ART-NV 

model 
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(b) transuranic decay nuclides 

Figure 4-66: Far field nuclide release rate of Base case-(I) by ART-NH 

model 
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4.5.7. Analysis of Radionuclide Retardation Effect 

During the transport of radionucl ides in the far-f ield, 

transport behaviors of respective radionucl ides would vary 

due to the differences in the rock properties of the porous 

medium or fracture medium. Take I -129 for example, 

regardless under which rock conditions it is located, it has low 

adsorption capacity against rock. Hence, the effect of using 

the radionucl ide adsorption property to achieve the 

retardation is l imited. Retardation coefficient would vary with 

the host rock porosity conditions, and such would affect the 

retardation capacity of the rock against radionucl ides; 

hence, a host rock porosity analysis was conducted (Table 

4-19) using the granite host rock density and distribution 

coefficient parameters of Sweden. The probable porosity 

distr ibution range was around 5.0E-04 - 5.0E-02, and the 

distribution pattern was assumed as Log-uniform distribution. 

A 100-set sampl ing procedure was conducted using the Latin 

hypercube sampl ing method (Iman et al ., 1980; Iman et al ., 

1984; Helton et al ., 2003; Ju, Shin-Jon, 2002; Ju, Shin-Jon et al ., 

2002); then, the porosity data as well  as the retardation factor 

for each calculation was obtained. I t was learned that the 

value range for the retardation factor was around 56.0 - 

6616.0. The INPAG-FL was used to conduct 100 calculations 

(Figure 4-67). I t was found that the range of the initial release 

time was located approximately between 1.0E+03 years and 

1.0E+04 years, and as the retardation coefficient increases, 

the initial  release time is delayed. An apparent drop in the 

radionucl ide release rate was also noted, an indication that 

the retardation effect did work, such that the duration of the 

radionucl ides stay inside the rock would be prolonged. 
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Consequently, this would l ikewise delay the radionucl ide to 

release out. Moreover, an increase in porosity would affect 

chances of indirect contact with the rock, and at the same 

time, i t provides sufficient time for reaction (retardation, 

diffusion, or adsorption) to take place within the rock.
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Table 4-19: Input data for studying retardation effect 

Property of host rock 

Range for 

sampling 
5.0E-04~5.0E-02 Assumption  

Distribution type 
Log-uniform 

distribution 
Assumption porosity 

No. of 

calculations 
100 

Latin hypercube 

sampling 

Density  2.7E+03 (kg/m3) SITE94 (SKI, 1996) 

Distribution coefficient 1.0E-03 (m3/kg) SITE94 (SKI, 1996) 

Retardation coefficient 56.0~6616.0  
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Figure 4-67: Release rate as a function of time for change of rock 

porosity 
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4.6. Case Study 

The analysis of this case study assumed that granite is 

selected as the host rock for SNF repository s ite, and the case 

study is used merely to demonstrate on the prel iminary 

evaluation capacity of the PSA technology. To facil i tate 

execution of the assessment, analysis, and definition of this 

study, a hydrogeological conceptual model of the virtual 

repository radionucl ide release shal l  be constructed. This 

section shal l  integrate the evaluation on the near-field and 

far-field release and the evaluation on the human radiation 

dose rate of the biosphere based on the virtual  repository 

conceptual model and the basic scenario for a TSPA of the 

SNF deep geological repository. The data needed for 

conducting a PSA were derived from the reference data 

obtained in the test si te survey, experiment study, and data 

and reasonable assumptions of the international studies.  

 

4.6.1. Case Study Background 

The virtual  site of the case study is located on the east 

region of the test s ite (Figure 4-68). The fol lowing primary 

factors were taken into consideration during the vir tual  site 

selection: (a) A main granite mass is  located at the foot of the 

mountain region on the east region of the test s ite. (b) The 

demographic distribution of the test s ite is mainly central ized 

on the west region of the test s ite. The east region has a 

smaller demography, and thus, the the foot of the mountain 

region on the east region of the hypothetical test s ite makes a 

good location for the virtual  site. Rocks are found on the north 

side, the south s ide, and the southeast side of the mountain 

region of the s ite. A major faul t is located on the north side of 
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the mountain region, fault E3 (Figure 4-69). Faul t E5 cuts 

across the mountain region. Another unknown fault is found 

on the south s ide of the mountain region. Furthermore, the 

direction of the shal low groundwater flow courses from the 

mountain region to the coast fol lowing a radial  distr ibution 

(Liu Jian-Hong et al , 2003). The main groundwater flow 

direction is mainly the deep groundwater flow direction of a 

small -scale test site.  

The shal low groundwater flow direction is divided into two 

directions; one is flows from Fault E3 fol lowing a northwest 

north trend, and another flows from Fault E5 fol lowing a 

southeast south trend. As for the probable flow of deep 

groundwater, flow direction is from the southeast towards 

northwest, from Fault E5 coursing through Fault E3, then 

continuing northwest north-ward. I t is assumed that the vir tual 

site (Lin, Wayne et al ., 2005) has a s ingle host rock 

composition, and the rock characteristic differences and 

unknown possible fracture distr ibution are not taken into 

account.   

The hypothetical repository (Lin, Wayne et al ., 2005) of 

this case study is located at a depth of 500 m below the 

ground surface under a primary mountain region. Because 

the deep groundwater flow courses through the virtual  site, 

the probable main channel in the geosphere might be the 

main fracture E3. The repository boundary is around 1000 m 

distant from the Fault E3. At the same time, based on the 

shal low groundwater flow direction, the range affected by 

the biosphere may be concentrated within the northside 

region of the mountain region. 
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Figure 4-68: Map of potential repository (circle is noted by the location 

of potential repository) 
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(Lin, Wayne et al., 2005) 

Figure 4-69: Half graben model of granite at the east of test site 
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Figure 4-70: Hydrogeologic cross-section of potential repository 
 



  
  

 

 4-185 

 

4.6.2. Scenario Analysis 

The purpose in developing this scenario is to obtain an 

understanding of the possible future evolutions which the 

environment surrounding the repository si te may undergo, 

thereby fostering the verification of the key scenario in future 

probable environmental evolution. The fi rst step in the 

scenario analysis is the selection of the basic scenario. The 

basic scenario should be reasonable, and at the same time, it 

should be constructed on the reference points of other 

scenarios. Inherently, the basic scenario is hinged on the 

assumptions that the repository is constructed completely 

according to the predetermined design specifications, and 

the future external environmental conditions would remain 

the same as in the current conditions (Wu, Li-Hao, 2005). 

 

4.6.2.1. Basic Assumptions of the Basic Scenario 

Basic scenario: 

(1) After repository closure, the groundwater would start to 

permeate into the surrounding rocks and buffer materials 

of the repository and, which after a period of time would 

become re-saturated. Bentonite (that is , the buffer 

material) would swell , producing a swell ing pressure, 

thereby fi l l ing up the gaps in the canister surroundings 

and the excavation disturbed zone of the disposal pit.  

(2) After a particular disposal period, the canisters would be 

corroded and would fail .   

(3) After the canister has failed, some of the radionucl ides 

found on the SNF surface and grain gaps and boundary 

would come into contact with groundwater and dissolve 

immediately (subject to the control of the solubil i ty l imits 
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of the chemical elements within the environment), and 

thereafter be released into the near-f ield environment. As 

for the SNF matrix, due to a gradual alteration process, 

the matrix would dissolve, and the radionucl ides therein 

contained would be released as the matrix gradually 

dissolves.   

(4) The released radionucl ides would be transported past the 

buffer materials surrounding the canisters to the 

near-field host rocks. The concentration of each 

radionucl ide is determined by the solubil i ty l imits of the 

chemical elements within the environment.  

(5) Radionucl ides would migrate past the buffer material 

layer through the molecular diffusion, and based on their 

respective chemical adsorption characteristics, be 

adsorbed on the buffer material .  

(6) After the radionucl ides have passed through the buffer 

material  layer, they would migrate from the repository 

tunnel to the surrounding repository rocks by means of 

advection, dispersion, and molecular diffusion.  

(7) The radionucl ides in the repository rock would continue to 

be transported and moved outward by means of 

advection, dispersion and molecular diffusion. 

(8) After the radionucl ides have migrated out of the 

geological host rocks, it would continue to fol low a 

transport path through the covering deposition layer by 

means of advection, dispersion and molecular diffusion.  

(9) Final ly, the radioactive nucl ides would be distr ibuted to 

the biosphere; humans through a number of paths or 

means become exposed to these radiation doses. 
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4.6.2.2. Evolution of the Basic Scenario 

The evolution of the basic scenario and the well  water 

drinking scenario are as defined in the fol lowing: 

(1) After repository closure, the groundwater would again 

gradually permeate into the repository, and after a 

period of time, the host rocks and the buffer and backfi l l  

materials would become re-saturated. After the buffer 

material  has come into contact with water, i t would swell , 

thereby fi l l ing up the gaps in the canister surroundings 

and the gaps between the canisters and host rocks.  

(2) Next, 1.0E+5 years after repository closure, the canisters 

would be corroded and would fai l . (This time, canisters 

would disappear instantaneously.) The waste form would 

begin to dissolve in the groundwater, and the 

radionucl ides therein contained would be released into 

the near-field environment.   

(3) By means of molecular diffusion, radionucl ides would be 

released and thus, migrate out of the engineered barr ier 

system into the surrounding host rocks.  

(4) Radionucl ides migrating out of the engineered barrier 

system would flow with the groundwater flow, thus 

continuing their migration within the fractures of the host 

rocks surrounding the repository. The radionucl ides would 

penetrate through the geological host rocks and enter 

the faul ts or crash belts.   

(5) The radionucl ides would migrate within the main fracture 

conduits and would enter the surface deposition layer.  

(6) The radionucl ides within the deposition layer would be 

transported into the biosphere as water is pumped out of 

the water well , and thereafter be included in the food 

chain system of the biosphere.  
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(7) The potential  exposure cluster imbibing water from the 

exposed well  would be exposed to the radiation dose. 

 

4.6.3. Assessment and Analysis 

4.6.3.1. Analysis of Radionuclide Release Rate 

Biosphere dose assessment is the evaluation of internal or 

external exposure to which human are subjected to after the 

radionucl ide has left the geological host rocks, and through a 

multitude of pathways be transported to humans. 

Mechanisms of this exposure are mainly the food chain and 

groundwater for drinking. The primary objective of biosphere 

dose evaluation is to analyze and assess the radiation dose of 

radionucl ides released from the repository and to which 

humans are exposed by means of the various transport paths 

and food chains of the biosphere. Another objective is to 

determine the safety of the repository through a comparative 

study of the legal and regulated doses. According to the 

basic scenario presented in the foregoing, under the 

assumption that the main source of exposure dose is the well 

water for drinking, the drinking water well  scenario may be 

divided into two models. In the first model, the radionucl ide 

release from the geosphere is directly provided as the 

radionucl ide source for the well  water (WELL-97; Vieno, 1997). 

This model is s imilar to the IAEA biosphere reference case 

study, ERB1A (IAEA, 2003), where the radionucl ide 

concentration in the well  water is prescribed before hand for 

the biosphere drinking water scenario. The WELL-97/ERB1A 

model is referred as BIOMOD-1 for short in this report. In the 

second model, i t is assumed that radionucl ide release from 

the geosphere would migrate through the shal low aquifer 

near the water well  and then enter the water well  system. This 
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model is s imilar to the IAEA biosphere reference case study, 

ERB1B (IAEA, 2003), and is simply referred to as the BIOMOD-2 

in this report. In compl iance to the aforementioned two 

biosphere models, the commercial ly available AMBER 

software package (AMBER, Enviros and Quintessa Ltd., 2003, 

2005) was used in the biosphere dose rate evaluation analysis 

of this report. 

 

4.6.3.2. Biosphere Dose Assessment Parameters 

In the BIOMOD-1 biosphere model, i t is assumed that 

source term of the radionucl ide concentration in the well 

water is 1.0% of the far-f ield releases rate (Vieno and 

Nordman, 1999). The annual volume of water pumped from 

the water well  is 1000 m3/yr, and the annual drinking water 

consumption per person is 1.095 m3/yr. The values of the 

parameters for the BIOMOD-2 biosphere model are mainly 

based on the test site resul ts (Table 4-20), the radionucl ide 

intake dose conversion factor (DCF) (Table 4-21) is taken from 

the Taiwan Safety Standards for Protection against Ionizing 

Radiation (Atomic Energy Council , 2007) and ICRP-72 report 

(ICRP, 1996). 

 

4.6.3.3. Biosphere Dose Rate Analysis 

As for the biosphere dose of the case study on the 

BIOMOD-1 biosphere model, the near-field radionucl ide 

release evaluation model is the axial/radial  transfer model. 

The results of the vertical  and horizontal  canister 

emplacement are as shown in Figure 4-71 and Figure 4-72. The 

resul ts indicated two peak dose rate values, 2.27E-8 Sv/yr and 

2.09E-8 Sv/yr; margin of difference between the two is not 

large. Secondarily, the analysis results of the BIOMOD-2 
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biosphere model are shown in Figure 4-73 and Figure 4-74. The 

resul ts showed two peak dose rate values, 1.65E-8 Sv/yr and 

1.46E-8 Sv/yr; margin of difference between the two is also 

not large. A comparison of the resul ts of BIOMOD-1 and 

BIOMOD-2 (Figure 4-73 and Figure 4-74) showed that using the 

BIOMOD-1 biosphere model for analysis would obtain a higher 

dose rate; this was because the BIOMOD-2 biosphere model 

included the retardation and dilution actions of the aquifer 

found in the neighboring land surface; hence the lower dose 

rate was obtained. In the comparison with the legal and 

regulated doses, it was found that the peak dose rate of the 

BIOMOD-1 model is lower than the regulated dose of 2.5E-4 

Sv/yr (Atomic Energy Council , 2007). Furthermore, on the 

matter of the total  dose rate effect, the maximum effect 

came from the TRU decay nucl ides (Figure 4-71 to Figure 

4-74). The primary radionucl ides affecting the total  dose rate 

before 1.0E+06 year were the I -129 and Se-79; whereas, the 

primary radionucl ides affecting the total  dose rate in the 

period from 1.0E+06 year to 1.0E+07 year were the Ra-226 and 

Th-229. 
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Table 4-20: Data of BIOMOD-2 model 

Parameter  Value  Unit 

Groundwater velocity of aquifer 0.726 m/yr 

Porosity of aquifer 0.25 - 

Hydraulic conductivity 1.0E-05 m/yr 

Compartment length 180 m 

Retardation coefficient Nuclide related - 

Dispersivity  180 m 

Density of aquifer 2000 kg/m3 

Pump from the well 9.0E+04 m3/yr 

 
Table 4-21: DCF of nuclides 

Nuclide  
Ingestion DCF 

(Sv/Bq) 
Nuclide 

Ingestion DCF 

(Sv/Bq) 

C-14 5.8E-10 Am-241 2.0E-07 

Cl-36 9.3E-10 Pu-241 4.8E-09 

Ni-63 1.5E-10 Np-237 1.1E-07 

Ni-59 6.3E-11 U-233 5.1E-08 

Se-79 2.9E-09 Th-229 4.9E-07 

Sr-90 2.8E-08 Cm-246 2.1E-07 

Zr-93 1.1E-09 Pu-242 2.4E-07 

Nb-94 1.7E-09 Pu-238 2.3E-07 

Tc-99 6.4E-10 U-238 4.5E-08 

Pd-107 3.7E-11 U-234 4.9E-08 

Sn-126 4.7E-09 Th-230 2.1E-07 

I-129 1.1E-07 Ra-226 2.8E-07 

Cs-135 2.0E-09 Am-243 2.0E-07 

Cs-137 1.3E-08 Pu-239 2.5E-07 

Sm-147 4.9E-08 U-235 4.7E-08 

Pu-240 2.5E-07 Pa-231 7.1E-07 

U-236 4.7E-08 Mo-93 3.1E-09 

Th-232 2.3E-07 Rb-87 1.5E-09 

Cm-245 2.1E-07   

(Atomic Energy Council, 2005) 
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(b) transuranic decay nuclides 

 

Figure 4-71: Dose rate of BIOMOD-1 model (canister vertical 

emplacement) 
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(b) transuranic decay nuclides 

 
Figure 4-72: Dose rate of BIOMOD-1 model (canister horizontal 

emplacement) 
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(b) transuranic decay nuclides 

 
Figure 4-73: Dose rate of BIOMOD-2 model (canister vertical 

emplacement) 
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(b) transuranic decay nuclides 

 
Figure 4-74: Dose rate of BIOMOD-2 model (canister horizontal 

emplacement) 
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4.6.4. Performace Assessment 

The canisters employed in the current disposal concept of 

Taiwan have a copper shel l  l ined with cast i ron construction. 

A study of the groundwater conditions at the Olkiluoto s ite of 

Finland (Ahonen, 1995) and the water qual ity conditions in 

environments at varying depth levels of the KM-BH01 region 

(Lin, Cheng-Kuo et al ., 2003) was made to assess the copper 

canister corrosion rate (Lee, Ruey-Yi et al ., 2005). The method 

of analysis was to divide the disposal periods of the canisters 

into stages based on the oxygen content and temperature 

changes in the canister near-f ield environment; the three 

periodic stages were: (1) ini tial  disposal stage, (2) interim 

disposal stage, and (3) f inal  disposal stage.  

Pursuant to the aforementioned three disposal stages, a 

copper corrosion depth analysis was conducted to assess the 

corrosion depth levels (Table 4-22) of the copper at different 

periodic stages. Corrosion level of each stage was calculated 

using a l inear method, thus it ignored the condition wherein 

corrosion rate would drop due to the growth and thickening 

of the oxidation and passivation f i lm. The corrosion rate 

assessment used the initial  corrosion rate data of each stage, 

and value was the maximum value of each stage. The total 

corrosion depth obtained should be conservative enough. In 

a 1.0E+5 years period, the total  corrosion depths of the YJT-95 

and KM-BH01-W2 of Finland were 0.8 cm and 0.9 cm, 

respectively. After a disposal period of 1.0E+5 years, the 

respective total  corrosion depth levels would increase to 1.5 

cm and 2.6 cm. Hence, i f the copper outer layer of the 

canister is 5 cm, under the water qual ity conditions existing at 

YJT-95 and KM-BH01-W2 of Finland, the corrosion resistance of 
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the canister should be able to sustain the structural  integrity 

of the canister for a period of 1.0E+5 years or even longer. 
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Table 4-22: Corrosion depth of copper material at different disposal time 

Groundwater type 

Condition 
Finland YJT-95 KMBH01-W2 

Initial stage (0~120 yr) 0.334 cm 0.331 cm 

Middle stage (120~1.0E+3 yr) 0.4 cm 0.4 cm 

Later stage (1.0E+3~1.0E+4 yr) 0.077 cm 0.182 cm 

Total corrosion depth at 

1.0E+4 yr 
0.811 cm 0.913 cm 

Total corrosion depth at 

1.0E+5 yr 
1.504 cm 2.551 cm 

(Lee, Ruey-Yi et al.,2005) 
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4.6.5. Analysis of Significant Parameters 

Based on the deterministic analysis results of Section 

4.6.3.3, it was noted that the dose rate obtained in the 

BIOMOD-1 biosphere model was higher than the rate 

obtained in the BIOMOD-2 analysis; moreover, the peak dose 

rate in BIOMOD-1 was lower than the regulated l imit and thus, 

met the legal and regulatory requirements. The 

comprehensive sensitivity resul ts of the significant parameters 

in this section are explained using the BIOMOD-1 biosphere 

model. 

 

4.6.5.1. Definition of Parameters for Uncertainty and Sensitivity Analyses 

In the radionucl ide release uncertainty and sensitivity 

analysis of the safety evaluation, this study referred to a total  

of 13 types of uncertain parameters with several  patterns of 

distr ibution; such as the maximum and minimum l imit ranges 

and distr ibution patterns for the near-field and far-field 

parameters of domestic and overseas studies; specif ical ly: (1) 

buffer material  density and porosity, (2) effective diffusion 

coefficient and distribution coefficient of buffer materials, (3) 

solubil ity l imit, (4) host rock density and porosity, (5) effective 

diffusion coefficient and distr ibution coefficient of host rocks, 

(6) host rock fracture aperture and spacing, (7) groundwater 

Darcy velocity, and (8) dispersivity. Each parameter is 

defined in the fol lowing. 

(1) Buffer material  density and porosity 

In the current period disposal concept of Taiwan, the 

buffer material  used is the MX-80 bentonite; hence, this 

study referred to the domestic and overseas evaluation 

report using the MX-80 bentonite as buffer material . These 
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data served as the maximum and minimum l imits of the 

uncertainty and parameter sensitivity analysis data. The 

maximum and minimum density l imits of buffer materials 

are 2,780 kg/m3 and 2,640 kg/m3 , respectively, using the 

uniform distr ibution state; whereas, the maximum and 

minimum porosity levels were 0.43 and 0.36, respectively, 

using the uniform distribution pattern. 

(2) Effective diffusion coefficient and distribution coefficient 

of buffer materials 

Since MX-80 bentonite was chosen for the buffer material , 

the main source of the effective diffusion coefficient and 

distribution coefficient evaluation model of the buffer 

material  would be the data presented in the SITE-94 (SKI , 

1996), SR-97 (Lindgren and Lindström, 1999), and TILA-99 

(Vieno and Nordman, 1999) evaluation reports. The 

maximum and minimum distribution coefficients are as 

compiled in the Table 4-23; the maximum and minimum 

effective diffusion coefficients are 2E-10 m2/sec and 

4E-11 m2/sec, respectively (Table 4-24). 

(3) Solubil ity l imit 

Solubil ity l imit was mainly based on related international 

studies and references (SITE-94, SR-97, TILA-99, and H12 

(JNC, 2000a)). In these countr ies, the geochemical 

conditions general ly contain high pH levels, and the 

reduced conditions of the fresh water served as the basic 

analysis conditions. Hence, this case study would also use 

the solubil i ty l imits under high pH level and reduced 

conditions as the maximum and minimum l imits of the 

parameter data (Table 4-25). 

The uncertainty and sensitivity analysis conducted on the 

far-field radionucl ide transport data may be classified 



  
  

 

 4-201 

based on the fol lowing characteristics: geometric 

characteristics, rock characteristics, transport 

characteristics, and radionucl ide characteristics. Among 

the above, source of uncertainty often exists within the 

geological rock; that is , including the heterogeneous and 

anisotropic characteristics of the rock per se, sampl ing 

error, and observation omissions; such would inevitably 

cause a corresponding degree of influence on the 

radionucl ide release. Hence, referr ing to the foreign 

l iteratures and domestic data, and under the appropriate 

distribution state, the Latin hypercube sampl ing (Iman et 

al ., 1980; Iman and Shortencarier, 1984; Helton and Davis, 

2003; Ju, Shin-Jon, 2002; Ju, Shin-Jon et al ., 2002) was 

used in the parameter sampl ing (density and porosity, 

effective diffusion coefficient, fracture aperture and 

spacing, groundwater Darcy velocity, dispersivi ty, 

distr ibution coefficient, etc.). Moreover, by means of the 

data arranging technique procedure (Scheuer and 

Stol ler, 1962; Iman and Conover, 1982), an uncorrelated 

data array was conducted and thereafter, inputted into 

the computer code for a radionucl ide release rate 

analysis. The data arranging procedure was classified into 

three types: random array, uncorrelated array, and 

designated correlated array. On the matter of the 

uncorrelated data array, the partial  correlation 

coefficient between any one pair of parameters had 

been quite minimal. On the matter of the random data 

array, the correlation between parameters had been 

random. In some cases, chances of a partial  correlation 

coefficient between a pir of parameters had been huge; 

in some, chances had been quite minimal. Since they 
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were randomly arranged, the arrangement of the data 

could not be predicted. On the matter of the designated 

correlated data array, it was imperative that a good 

grasp of the correlation between the respective 

parameters is  obtained for the procedure to be 

implemented. For instance, being aware that the 

correlation between rock density and porosity is 0.7 would 

make it possible to implement a designated correlated 

data array to make the partial  correlation coefficient 

between rock density and porosity to be close to 0.7; the 

rest of which had been quite minimal. 

(4) Host rock density and porosity 

For the porosity and density of host rocks, the data 

obtained in the site survey conducted on domestic 

granite test s ite were employed. The maximum values of 

these two types of parameters were 7.9E-3 and 2,680 

kg/m3 , respectively (Yang Ming-Zhung et al ., 2003; Lin 

Wayne et al ., 2005), and the minimum values were 3.8E-3 

and 2,620 kg/m3 , respectively.  

(5) Diffusion coefficient and distribution coefficient of host 

rocks  

The effective diffusion coefficient parameters were the 

maximum and minimum coefficients provided in the 

foreign evaluation reports; that is , 3.17E-11 m2/sec and 

3.0E-14 m2/sec, respectively (Table 4-18). The reference 

distribution coefficient parameters were the distr ibution 

coefficients of the crystal l ine rock (repository host rocks) 

of the TILA-99 report of Finland (Table 4-26).  

(6) Fracture aperture and fracture spacing 

Pursuant to the test s ite survey data, the maximum and 

minimum fracture aperture measurements obtained 
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through a statistical  analysis procedure were 0.0132 m 

and 2.50E-4 m, respectively, and the maximum and 

minimum fracture spacing measurements were 0.185 m 

and 0.038 m, respectively (Table 4-27).  

(7) Groundwater Darcy velocity in host rock 

The groundwater Darcy velocity within host rocks was 

obtained through the conversion of the hydraul ic 

conductivity coefficient. Fifty-eight sets of data were 

obtained for the hydraul ic conductivity coefficient 

(BH01-02-04 fracture continuity and cross-hole tracing 

test; Chang Chuang-Sheng et al ., 2005), and through a 

statistical  analysis, 95% maximum l imit and 5% minimum 

l imit were set as the sampl ing l imits. Under the log-normal 

distr ibution pattern and a hypothetical hydraul ic gradient 

of 0.1, data were converted into the groundwater Darcy 

velocity within host rocks; the maximum and minimum 

velocities were 46.451 m/yr and 1.422 m/yr, respectively 

(Table 4-27).  

(8) Dispersivity 

The transport distance of 1/40 - 1/5 were used as the 

maximum and minimum dispersivity data; the maximum 

and minimum l imits herein cited were 200 m and 25 m, 

respectively (Table 4-27). 

 

The stepwise regression technique (Neter et al ., 1990; Ju, 

Shin-Jon, 1997) was used in the sensitivity analysis with respect 

to the CCDF (complementary cumulative density function) 

distr ibution of the peak total  release rate or peak total  dose 

rate. During the analysis, raw data could be directly used; 

moreover, the 100 discrete data of every variable (including 

the independent and dependent variables) may be 
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converted into its corresponding rank prior to the analysis, 

and thereafter, the regression analysis was conducted based 

on these rank data. Another type of data processing 

procedure employed was the combination of both. Raw data 

were directly used for the parameters with l inear types of 

distr ibution such as uniform distribution and normal 

distr ibution, etc.; whereas, as for he parameters with 

logarithmic types of distr ibution (e.g., log-uniform, 

log-normal, etc.),  the logarithmic transformation of the raw 

data for the parameters were appl ied before regression 

analysis, or based on their rank data, a regression analysis 

was conducted. Conversion of the data to the rank 

processing procedure may be regarded as a type of data 

l inearization technique. The term “rank conversion”, as in the 

case of 100 discrete data sets, is to rank al l  data sizes from the 

smallest to the largest in a range of 1 to 100, with the smallest 

ranked “1” and the largest ranked “100”. On the other hand, 

the parameter sensitivity analysis is an analysis of the 

sensitivity priori ty order of parameters. Arnold (2006) said that 

using rank data in a sensitivity analysis would obtain resul ts 

that are more signif icant than the initial  raw data employed. 

The correlation between parameters would be more 

apparent, especial ly in the data analysis covering several 

orders of magnitude. However, there is an advantage in using 

raw data in conducting the analysis. The regression equation 

acquired could be used directly to predict the performance 

of the system under other conditions. The regression equation 

obtained through the rank data analysis does not provide this 

function. One special  feature of the stepwise regression 

analysis is that the more important variable (that is, the 

analysis parameters of this case study) would be introduced 
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into the regression equation f irst; hence, from the variable 

ranking order of the regression equation, it is  possible to 

determine the prior ity order of the variable.   

To obtain an understanding of the respective sensitivity of 

each parameter, a number of different targets can be 

choosed; for instance, one could select the total  release rate 

at a particular designated time as the target for regression 

analysis, or one could use the peak total  release rate as the 

target. Since the radiation dose rate is the true focal point of 

the concern, the peak total  dose rate shal l  be designated as 

the analysis target; moreover, the data rank conversion 

method would be used in the sensit ivi ty analysis procedure. 

 



  
  

 

 4-206 

 

Table 4-23: Distribution coefficient of buffer material 

Nuclide SITE-94 SR-97 TILA-99 Min. Max. 

C 0.01 0 0 0 0.01 

Cl 0 0 0 0 0 

Ni 1 0.1 0.5 0.1 1 

Se 0.01 0.003 0.005 0.003 0.01 

Sr 0.02 0.01 0.2 0.01 0.2 

Zr 1 2 1 1 2 

Nb 0.5 0.2 1 0.2 1 

Tc 0.05 0.1 0.1 0.05 0.1 

Pd 0.1 0.01 0.1 0.01 1 

Sn 0.2 3 0.2 0.2 3 

I 0.001 0 0.001 0 0.001 

Cs 0.01 0.05 1 0.01 1 

Sm － 1 1 1 1 

Pu 5 3 3 3 5 

U 5 1 0.5 0.5 5 

Th 1 3 3 1 5 

Cm 2 3 3 2 5 

Am 2 3 3 2 5 

Np 1 3 1 1 5 

Ra 0.1 0.01 0.5 0.01 0.5 

Pa 1 0.3 0.2 0.2 1 

Unit: (m3/kg) 
 

 

Table 4-24: Range of diffusion coefficient 

Medium SITE-94 SR-97 TILA-99 GRS-SPA Min. Max. 

Diffusion 
coefficien
t in buffer 
material 
(m2/sec) 

4.00E-11 2.00E-10 1.00E-10 - 4.00E-11 2.00E-10 

Diffusion 
coefficien
t in rock 
(m2/sec) 

3.00E-14 4.00E-14 1.00E-13 3.17E-11 3.00E-14 3.17E-11 
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Table 4-25: Solubility limit of nuclides 

SR-97 
Nuclid

e 
SITE-94 

Beberg 
Ceber

g 

TILA-99 H-12 Min. Max. 

C 1.E+06 1.E+06 1.E+06 1.E+06 － 1.E+06 1.E+06 

Cl 1.E+06 1.E+06 1.E+06 1.E+06 － 1.E+06 1.E+06 

Ni 2.E+00 1.E+06 1.E+06 1.E-01 － 1.E-01 1.E+06 

Se 2.E-05 3.E-06 3.E-06 1.E-03 3.E-06 3.E-06 1.E-03 

Sr 1.E-03 3.E+00 1.E-01 1.E-02 － 1.E-03 3.E+00 

Zr 6.E-07 3.E-06 3.E-06 5.E-05 1.E-03 6.E-07 1.E-03 

Nb 1.E-05 1.E+00 1.E+00 1.E+00 1.E-01 1.E-05 1.E+00 

Tc 3.E-05 8.E-06 8.E-06 5.E-05 4.E-05 8.E-06 5.E-05 

Pd 1.E-03 4.E-06 4.E-06 1.E-05 1.E-06 1.E-06 1.E-03 

Sn 2.E-05 4.E-06 5.E-06 5.E-03 5.E-03 4.E-06 5.E-03 

I 1.E+06 1.E+06 1.E+06 1.E+06 － 1.E+06 1.E+06 

Cs 1.E+06 1.E+06 1.E+06 1.E+06 
1.E+0

6 
1.E+06 1.E+06 

Sm － 8.E-04 8.E-04 1.E-02 2.E-04 2.E-04 1.E-02 

Pu 2.E-06 5.E-07 1.E-07 5.E-04 3.E-05 1.E-07 5.E-04 

U 1.E-02 1.E-04 1.E-04 3.E-04 8.E-06 8.E-06 1.E-02 

Th 4.E-03 1.E-06 1.E-06 5.E-04 5.E-03 1.E-06 5.E-03 

Cm 7.E-06 2.E-06 9.E-07 5.E-05 2.E-04 9.E-07 2.E-04 

Am 7.E-06 9.E-05 9.E-05 5.E-04 2.E-04 7.E-06 5.E-04 

Np 2.E-06 1.E-04 6.E-05 5.E-05 2.E-05 2.E-06 1.E-04 

Ra 5.E-05 5.E-04 1.E-01 1.E-04 1.E-09 1.E-09 1.E-01 

Pa 2.E-05 3.E-04 3.E-04 1.E-05 2.E-05 1.E-05 3.E-04 

Unit: (mol/m3) 
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Table 4-26: Distribution coefficient of granite 

元素 SITE-94 SR-97 TILA-99 GRS-SPA Min. Max. 

C 0.001 0.001 0.001 0.001 0.001 0.001 

Cl 0 0 0.0001 0 0 0.0001 

Ni 0.5 0.02 0.2 0.5 0.02 0.5 

Se 0.01 0.001 0.0005 0.01 0.0005 0.01 

Sr 0.005 0.0002 0.01 0.01 0.0002 0.01 

Zr 4 1 0.4 1 0.4 4 

Nb 2 1 0.1 1 0.1 2 

Tc 0.01 1 0.2 0.5 0.01 1 

Pd 0.1 0.01 0.1 0.5 0.01 0.5 

Sn 0.1 0.001 0.2 0.5 0.001 0.5 

I 0.0005 0 0.0005 0.001 0 0.001 

Cs 0.1 0.05 0.1 0.042 0.042 0.1 

Sm － 2 0.04 5 0.04 5 

Pu 5 5 2 5 2 5 

U 5 5 1 1 1 5 

Th 1 5 0.5 1 0.5 5 

Cm 5 3 0.5 5 0.5 5 

Am 5 3 0.5 5 0.5 5 

Np 1 5 0.5 1 0.5 5 

Ra 0.5 0.02 0.5 0.5 0.02 0.5 

Pa 0.5 1 0.2 1 0.2 1 

Unit: (m3/kg) 
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Table 4-27: Parameter for probabilistic safety assessment in far-field 

Parameter 

Range Distribution 

type 

(Mean、Std 

dev.) 

Note Reference 

Fracture 

spacing 

Min.：

0.038 

Max.：

0.185 

Unit：m 

Uniform 

distribution 

 

Minimum of 

spacing： 

BH01_186-196_

(249,82)：0.081 

m 

BH02_158-176_

(248,70)：0.038 

m 

BH04_50-75_(4

3,82)：0.185 m 

Suggestion 

by EEL 

2/19 

conference 

(2006) 

(provided by 

CCU) 

Fracture 

aperture 

Min.：

2.50E-4 

Max.：

1.32E-2 

Unit：m 

Normal 

distribution 

Mean：4.73E-3 

m 

Std dev.：

5.09E-3 m 

 Probability 

density 

function of 

aperture in 

BH-01-02-04 

(Chang, 

Chuang- 

Sheng et al., 

2005) 

Hydraulic 

conductiv

ity 

Min.：

14.22 

Max.：

464.51 

Unit：m/yr 

Log-normal 

distribution 

Log mean：1.91 

Log std dev.：

0.757 

Darcy velocity 

is obtained by 

multiplying the 

Hydraulic 

conductivity 

sampled by 

Latin 

hypercube 

technique and 

the hydraulic 

gradient. 

Hydraulic 

conductivity 

is calculated 

by 58 data 

from the well 

of BH01, 

BH02, and 

BH04 at test 

area. 

(Ou Yang, 

Hsiang et al., 

2006) 

Dispersivit Min.：25 Normal  L/40~L/5, 
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y Max.：200 

Unit：m 

distribution L is transport 

length in far 

field 

Rock 

density 

Min.：2680 

Max.：

2620 

Unit：

kg/m3 

Normal 

distribution 

  

Rock 

porosity 

Min.：0.79

％ 

Max.：

0.38％ 

Normal 

distribution 
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4.6.5.2. Uncertainty and Sensitivity Analysis 

(1) Near-field 

In the analysis of the 100 real izations of the total  release 

rates in the near-f ield obtained by radial  RT-NV model 

(INPAG-N) (Figure 4-75), the gray l ine stands for the 

individual total  release rate curve for each calculation. 

Next, a different color was used to identify the 5 th  

percentile, 50 th percentile, 95 th percentile, and the mean 

curves. The “x” symbol in the graph is the total  release 

rate curve of the deterministic analysis. I f the curve of the 

deterministic evaluation fal ls either below the 5 th 

percentile curve or above the 95 th percentile curve, it 

means that the data employed were not justif ied when 

running the deterministic procedure. The result of Figure 

4-75 indicates that the total  release rate of the 

deterministic analysis is located between the 5 th 

percentile and 50 th percentile range. I t would be better if  

the deterministic curve were fal led close to either the 50 th  

percentile curve or the mean curve. 

By using the peak total  release rate (PTRR) of the 100 

calculations as indicated in Figure 4-76, one is able to 

prioritize the importance of the parameter by the 

stepwise regression analysis. The stepwise regression 

analysis would first calculate the sum of square error. 

Subsequently, every time when a parameter is included 

(or deleted) for analysis, the change in the magnitude of 

the sum of square error is then calculated. I f the change 

in magnitude is greater than the defined cri ter ia for 

selecting/deleting a parameter, the said parameter is 

then included/deleted in the regression equation; the 
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analysis procedure is recursively repeated unti l  the 

change in the magnitude of the sum of square error has 

fal len below the defined criteria. Therefore, it may be 

noted that under the defined regression analysis 

conditions, up to 7 parameters had been selected in this 

analysis. The priority orders of these parameters in the 

near-field analysis are as shown in the fol lowing 

sequential  order: DCBENT, RAKDBEN, SESOL, CMKDROCK, 

SRKDROCK, RASOL, and CSKDROCK, where the meanings 

of symbols for the parameters are shown in Table 4-28. The 

numbers preceding the parameters in the regression 

equation stand for the slope of the regression equation 

for the respective parameter. A positive number would 

indicate that there is a positive effect between the 

parameter and its PTRR; on the contrary, a negative 

number would indicate a negative effect. A larger 

number would indicate that the parameter would have a 

more apparent impact. Since the DCBENT parameter 

(diffusion coefficient in buffer material) is ranked in the 

fi rst place, it is highly imperative to clarify and to narrow 

down the uncertainty range in the value of the DCBENT 

parameter in order to reduce the uncertainty in PTRR. On 

the matter of the impacts of the changes of each 

parameter on the scatter plot of the near-f ield release 

rate (Figure 4-76), the graph showed that each small  

graph is a scatter plot of the PTRR of each parameter. The 

vertical  axis of the small  graph shows the PTRR; whereas its 

horizontal  axis shows the value of each parameter. The 

label on the small  graph denotes the legend of the 

parameter symbols. As for the selected parameters, the 

small  graphs Figure 4-76, arranged in a sequence from left 
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to right, then top to bottom, represent the importance of 

their effects, from major to minor, on the PTRR. The firs t 

parameter on the top left corner is  most sensitive to the 

near-field PTRR. Degree of sensitivity decreases as in the 

graphs to its r ight unti l  the rightmost graph. The 

decreasing trend continues in the row below in the same 

order, from left to right. The red curves in the graphs 

represent the regression l ines with respect to the selected 

parameters. The analysis resul ts indicated that the 

diffusion coefficient in the buffer materials (DCBENT) and 

the distribution coefficient (kd) of Ra in the buffer material 

(RAKDBEN) are two most sensitive parameters to the 

near-field radionucl ide release rate. Aside from the 

foregoing two most sensitive parameters, the subsequent 

five influential  parameters are: solubil i ty of Se, kd of Cm 

and Sr radionucl ides within the host rock, solubil i ty of Ra, 

kd of Cs within the host rock. I t was noted from the analysis 

resul ts that the buffer material  diffusion coefficient had 

the most s ignificant effect on the release of nucl ides from 

the near-field. In order to reduce the uncertainties in the 

evaluation results, i t is imperative to narrow down the 

uncertain ranges of the above 7 parameters. 

(2) Far-f ield 

An analysis of the far-f ield release rate (through 

INPAG-FL) uncertainty revealed the uncertain range of 

the total  release rate of 100 calculations as given in 

Figure 4-77. The “time after disposal” within the graph 

refers to the duration after disposal is implemented. The 

deterministic curve is located between the 5 th percentile 

and the 50 th percentile curves, and it is below the mean 

curve. From the results of Figure 4-77, a CCDF distr ibution 
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of the PTRR and the peak total  release rate occurr ing time 

(PTRRT) with 100 discrete points for each case can be 

obtained as shown in Figure 4-78 and Figure 4-79. In the 

graph, the radionucl ide PTRR and PTRRT of the 

deterministic analysis were labeled simultaneously; 

comparisons were conducted between the near-field 

(1.7015E+05 Bq/yr, 1.0012E+05 years) and the far-f ield 

(7.5251E+04 Bq/yr, 2.8E+5 years) (Figure 4-78). I t was 

noted that in the near-field data, there was a 58% 

probabil i ty that the radionucl ide PTRR could be greater 

than the deterministic analysis results; in the far-f ield 

data, the probabil ity of the PTRR exceeding the 

deterministic analysis resul ts was 80%. Hence, the 

parameter data of the far-field deterministic analysis was 

considered as non-conservative. Results of Figure 4-78 

also indicated that the PTRR of near-field radionucl ides 

ranged from 1.0471E+05 Bq/yr to 3.8973E+05 Bq/yr; 

whereas the PTRR of far-field radionucl ides ranged from 

6.2269E+04 Bq/yr to 3.546E+05 Bq/yr. Hence, in the 

far-field, radionucl ide transport would be hindered by the 

dispersion and adsorption actions of geological host 

rocks, thereby lowering the release rate of radionucl ides. 

Results of Fig 4-79 indicated a sl ight difference in the 

CCDF distr ibution of the PTRRT between the near-field and 

far-field. This showed that there is no apparent 

retardation in the transport time of radionucl ides within 

1,000 m of geological tranport. This is  because faster 

groundwater Darcy velocity is set; around 68% of the 

resul ts would be due to the IRF (instant release fraction) 

radionucl ides which would cause the presence of peak 

release rate in the juvernile period. The effect of the 
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retardation action in the far-f ield transport for this case of 

the release would not be signif icant. The PTRR data were 

converted into ranks and then subjected to regression 

analysis.  

For parameter symbol descriptions, please see Table 4-28. 

I t is apparent from the foregoing that under the defined 

regression criteria, there are 8 parameters selected. The 

priority orders of these parameters are as shown in the 

fol lowing sequential  order: DARCYVEL, DCBENT, 

RAKDROCK, RASOL, TCSOL, RAKDBEN, THKDBEN, and 

TCKDROCK. Parameters having a more s ignificant impact 

on the far-f ield release rate are the Darcy flow velocity 

(DARCYVEL), diffusion coefficient in buffer material 

(DCBENT), Ra solubil i ty (RASOL), and Tc solubil i ty (TCSOL); 

a positive correlation is noted for the foregoing. Whereas, 

kd of Ra in the host rock (RAKDROCK), kd of Ra in the 

buffer material  (RAKDBEN), kd of Th in the buffer material 

(THKDBEN), kd of Tc in the host rocks (TCKDROCK) 

manifested negative correlations. The parameter having 

the most s ignificant effects on the radionucl ides in the 

far-field release is the Darcy flow velocity (DARCYVEL); 

that is , the conductivity of the water flowing within the 

host rocks. Hence, the permeabil i ty and the hydraul ic 

conductivity of the host rocks are primary factors 

affecting the far-f ield radionucl ide release rate. 

(3) Biosphere 

A comparison was conducted based on the radiation 

dose rate uncertainty of the 100 real izations with the 

BIOMOD-1 biosphere model analysis procedure (Figure 

4-80) and the 5 th percentile, 50 th percentile, 95 th 

percentile, average rate and the deterministic result were 
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also indicated. Results indicated that the curve of the 

deterministic analysis fel l  within the 5 th percentile and 50 th  

percentile range. This meant that the parameter settings 

of the deterministic analysis were not conservative; as a 

resul t, the deterministic result manifested rather low. The 

peak total  radiation dose rate (PTDR) ranges from 

1.5455E-08 Sv/yr to 6.681E-07 Sv/yr; for the uncertainty 

analysis with 100 real izations, whereas, its corresponding 

occurrence time (PTDRT) ranges from 1.0002E+05 year to 

1.4E+06 year. The scatter plots of the distr ibution between 

PTDR and PTDRT are as shown in Figure 4-81. The “►” 

symbol in the graph represents the individual 

corresponding data of the 100 real izations; while the “♦” 

represented the results of the deterministic analysis. 

Results of the Figure 4-81 indicated that a large portion of 

PTDR occurred within a short range of time after canister 

corrosion and destruction. This is caused by the IRF 

inventories of the radionucl ides; the dose rate in this 

portion needs not be the peak value for each respective 

real ization. Another portion of the PTDR is caused by the 

TRU series decay chain radionucl ides; this portion would 

appear at a relatively later period of time. 

The stepwise regression with respect to the results of the 

PTDR yields 15 important parameters selected. The prior ity 

orders of these parameters are as shown in the fol lowing 

sequential  order: DARCYVEL, RAKDROCK, DCBENT, 

RAKDBEN, RASOL, SRSOL, DCROCK, AMKDBEN, THKDBEN, 

USOL, IKDROCK, AMKDROCK, NPKDROCK, TCKDROCK, and 

DISPERSITY. A description of the symbols for the 

parameters is given in Table 4-28. The sensitivi ty analysis 

was conducted using the stepwise regression analysis 
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technique. The defined regression analysis cr iteria for the 

near-field and far-field may be used to determine the 

number of the selected parameters. I f the defined criteria 

are more stringent, the number of the selected 

parameters would be less. Results of the regression 

analysis indicated that the fol lowings have a more 

significant impact on the PTDR: Darcy flow velocity 

(DARCYVEL), the kd of Ra in the host rock (RAKDROCK), 

the diffusion coefficient in the buffer materials (DCBENT), 

and others. The analysis resul ts of this case study showed 

that the Darcy flow velocity (DARCYVEL) had the most 

significant effect on the total  radiation dose rate; that is , 

the conductivity of the water flowing within the host rock. 

Hence, the permeabil i ty and the hydraul ic conductivity 

of the host rock are the primary factors affecting the 

biosphere dose rate. Therefore, during the evaluation of 

the permeabil i ty and conductivity of the related rock or 

host rocks, it is necessary to narrow down the uncertain 

range in the values of these two parameters in order to 

reduce the uncertainty in the dose rate evaluation. 
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Figure 4-75 : Uncertainty analysis of nuclide release rate in near field 
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Table 4-28: Description of the symbol for parameter 

Parameter Mark Field Note 

Fracture aperture APERTURE Near, 

Far 

 

Darcy velocity DARCYVEL Near, 

Far 

 

Diffusion coefficient in 

bentonite 

DCBENT Near  

Diffusion coefficient in rock DCROCK Far  

Bentonite density DENBENT Near  

Rock density DENROCK Near, 

Far 

 

Dispersivity DISPERSITY Far  

Bentonite porosity POROBENT Near  

EDZ porosity POROEDZ Near  

Rock porosity POROROCK Near, 

Far 

 

Fracture spacing SPACING Near, 

Far 

 

Nuclide solubility (Nuclide)-SOL Near * 

Distribution coefficient in 

bentonite 

(Nuclide)-KDBEN Near * 

Distribution coefficient in rock (Nuclide)-KDROC

K 

Near, 

Far 

* 

 (Note * is used to mean that the parameter have relations with 

individual nuclide.) 
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Figure 4-76: Scatter plot of sensitivity for nuclide release rate in near field 

 

 

 

Figure 4-77: Uncertainty analysis of nuclide release rate in far field 
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Figure 4-78: CCDF of peak release rate in near field and far field 
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Figure 4-79: CCDF of peak release rate occurring time in near field and 

far field 
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Figure 4-80: Uncertainty analysis of Biosphere dose rate (BIOMOD-1 

model) 
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Figure 4-81: Scatter plot of peak total dose rate and time (BIOMOD-1 

model) 
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5、、、、Conclusions 

5.1. Survey Research of Geological Disposal Environment and 

Conditions 

Excluding non-technical issues, this report has reviewed 

national geological conditions to see if there is a potential 

host rock for the SNF final  disposal in Taiwan. The geological 

review includes the geological setting, major rock formations, 

hydrogeology, alternation products, underground resources, 

and especial ly focusing on the studies regarding seismic 

activi ties, fault activities, crust upl ift and denudation, igneous 

activi ties, cl imate and sea-level changes.  

Considering spatial  and temporal changes of regional 

natural  environment and land use, the anticipation of cl imate 

change in the next 150,000 years indicated sea-level could 

change +7~-130 m compared with the current sea-level. The 

historical  catastrophic earthquakes are more frequent in 

western Taiwan because of early development of economy 

and dense population. For underground resources, marble, 

l imestone, dolomite, serpentine, mica, si l ica sand, clay, oil  

and gas are only produced in a very l imited scale currently.  

However, shal low groundwaters are very important water 

resource for agriculture and aquaculture in southwestern 

Taiwan.  

Recent study results revealed that using granite rock mass 

as the disposal host rock in eastern Taiwan is plausible. 

Furthermore, the long-term stabil ity, the scale, distr ibution 

and the major structure of granite rockbodies in eastern 

Taiwan are also important study subjects in the future.  
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The geological characteristics of potential  host rocks for 

SNF final  disposal in Taiwan are briefed as fol lows:  

(1) Granites:  

The distr ibution of granites is mainly in the Central  Range 

of   eastern Taiwan, and some in western offshore 

is lands (Kinmen, Matzu, and Wuchu).  

(a) Granite rocckbodies in offshore is lands has been 

verified as not affected by orogenic events since 

Yanshanian (Cretaceous) Orogeny. These rockbodies 

are located in a stable geological environment over 

10 mil l ion years and with trace earthquakes recently. 

Upl ifting due to the extension of Taiwan Strait,  

denudation, and sea-level change are nature 

phenomena related to their stabil i ties at the present 

time. For geological perception, these rockbodies 

have the potential  as host rocks for the SNF final 

disposal.  

(b) The granite rockbodies in eastern Taiwan can be 

classif ied into two different groups; the fi rst group is 

found in schist strata (e.g., Yuantoushan, 

Fanbaojinshan and Chiyaogu rockbodies), and the 

other group is found in marble strata (e.g., 

Dajhuoshuei, Shipan and Kainankun rockbodies). 

Eastern Taiwan is a location of orogenic events s ince 

6.5 Ma. However, fault and fracture found in these 

granite rockbodies are typical ly ful l  with secondary 

minerals that should increase the resistance for 

nucl ide migration in geosphere. The latest studies 

revealed that these granite rockbodies are in a 

region with less earthquakes, upl ifting and 

denudation rate, compared with the rest region in 
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eastern Taiwan. Furthermore, the extensive activities 

occurred surrounding these granite rockbodies for 

mil l ion years also indicated the trend of geological 

stabil ization. At present, there is no resource 

exploitation in these granite rockbodies, and only 

exploitation of cement raw material  surrounding 

some of these rockbodies. Therefore, the granite 

rockbodies in eastern Taiwan have the potential  as 

host rocks for the SNF f inal  disposal. Accordingly, 

further investigation aiming at the long-term stabil i ty, 

size and distr ibution of these granite rockbodies, and 

major geological structures in these rockbodies, 

concerning about suitabil i ty of deep repository 

envrionment as granitic host rocks, wil l  be carr ied out 

next decade. Research and development of detailed 

characterization is not only improving evaluation of 

feasibil i ty, but also providing basel ine 

characterization as well  as perturbation condition for 

further performance and safety assessments. 

(2) Mudstones:  

Non-metamorphic mudstones in Taiwan are mainly 

distr ibuted in the southwestern plains, western foothil l s, 

and Coastal  Range. Light metamorphic mudstones 

(argil l i te and slate) are distr ibuted in the Hsuehshan 

Range and the Central  Range.  

(a) Typically, the mudstone strata in southwestern plains 

are composed with Pleistocene mudstones 

interbedded with thin layers of sandstones. 

Theoretical ly, the vertical  flow of groundwater should 

be hindered by these mudstone strata. However, high 

densities of population and aquaculture cause the 



  
  

 

 5-4 

subsidence due to overuse of groundwater. And the 

high sal inity of shal low groundwater in this area made 

the wells deeper and the faster flow of groundwater, 

which are not benefiting the deep geological 

disposal. Some nature phenomena should be 

evaluated in more detail  scales for the assessment of 

geological disposal including numbers of active 

faults, high upl ifting rate, high denudation rate, high 

frequency of disastrous earthquakes, the existence of 

methane and CO2 in mudstones, and 

mudstone-volcano eruption in fault zones found in 

these mudstones.  

(b) High frequency of shear and fracture zones are found 

along with the fol iation altitude of mudstones 

(slate/argil l ite) in the Central  Range due to complex 

tectonic events.  High denudation rates are also 

found in these mudstones due to high precipitation 

and weathering. Moreover, the increased seismicity 

in the Central  Range after the Chi-Chi earthquakes is 

resul ting the loosen strata and consequently 

landsl ides and mudsl ides after heavy rains. I f  

mudstone in the Central  Range is considered as the 

potential  host rock, detail  surveys are required to 

avoid the impact of these nature phenomena. 

Mudstones in the Coastal  Range are not extended 

and mostly located in the seismic zone or faul t zone 

of the arc-continent col l is ion, so they are not 

recommended as the potential  host rock.  

(3) Others:  

The other possible potential  host rock is the western 

Mesozoic basement rock. The depth of western Mesozoic 
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basement is over 1000 m (except for Huahsu), which is 

over the depth of current disposal design. Except for data 

analysis based on airborne magnetic surveys, currently, 

there is no further study plan in this area. 

 

5.2. Research Development of Disposal Technology 

5.2.1. Geological Survey Technology 

Regarding geological survey technology, TPC has done 

lots of efforts with helps from national/international 

cooperation on many in-si tu geological survey and data 

analysis technologies necessary for the characterization of 

potential  host rocks, in terms of geophysics, hydrogeology, 

geochemistry and in-situ rock stress measurements. The 

practical appl ications in a technology development and 

testing area (K-area, granite) demonstrates the domestic 

capabil i tiy on deep geological survey down to 500 m depth, 

related data analysis, and establ ishment of the primary 

geological conceptual model (Section 2.1.6 and Section 4.6). 

Furthermore, in response to the future survey for feasibil i ty 

study report scheduled to be submitted to FCMA in 2017, the 

technology development wil l  focus on the fol lowing items:  

(1) Verif ication Technology:  

In order to present our research and development results 

in an ensured qual ity, the related verification methods for 

surveying technologies should be developed based on 

our geological conditions, international experience, and 

the budget consideration.  

(2) Geophysical Survey Technology:  

The further developments should include airborne 

electromagnetic survey, 3-D magnetotel luric survey, 
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fractures micro-seismic monitoring, and multi-azimuth 

vertical  seismic profi l ing.  

(3) Hydrogeology Survey Technology:  

The further developments should include hydraul ic 

tomography method, large-scale tracer test, and fracture 

network analysis technology.  

(4) Geochemical Survey Technology:  

Long-term monitoring of groundwater qual ity and 

dissolved gases in fractures is  highl ighted for the future 

developments.  

(5) In-situ Rock Stress Survey Technology:  

In-situ rock stress survey technology l ike acoustic emission 

and deformation rate analysis should be buil t to cope 

with the design and engineering needs for repository. 

 

5.2.2. Waste form 

Present considerations on the SNF direct disposal in 

Taiwan are to obtain a further understanding on the generic 

characteristics of the waste form, i.e. SNF, and the possible 

reactions that the surrounding environment may generate 

towards it. This would foster a good grasp of the radionucl ide 

migration phenomenon. Future technology development 

plans conducted may veer towards the alteration and 

leaching of SNF matrix and the characteristics and corrosion 

mechanism of the zirconium metal of the fuel  cladding. 

Nevertheless, SNF contains about 96% of uranium, 1% of 

plutonium and 3% of high-level radioactive waste (HLW). The 

uranium and plutonium can be recovered through 

reprocessing, which can be reused in both existing and future, 

if buil t, nuclear power plants. Furthermore, through 

reprocessing, the volume of the radioactive waste to be 
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permanently disposed of wil l  be significantly reduced. I t also 

shortens the decay time of the waste radiation to reach 

environmental background level. As per the prevail ing 

technology, the HLW extracted from reprocessing of SNF is 

vitr i f ied. In this case, the waste form is vitr i f ied HLW. Therefore, 

in paral lel  with geological investigation for final  disposal of 

SNF, TPC reserves the option of reprocessing in her strategy for 

the long-term management of SNF. 

 

5.2.3. Canisters 

There is no definite standard for the required service l ife 

of a canister; the service l ife of the canister is  determined by 

the role the canister would play in the multiple barriers 

concept. Under a hydro-thermal environment, chemical 

durabil i ty of SNF is weak (in short,  al teration and leaching 

rates would be increased); hence, in order to reduce the 

amount of radionucl ide releases, it is imperative to prevent 

contact between SNF under hydro-thermal conditions and 

groundwater. The fiss ion products in the SNF, Sr-90 and Cs-137 

(half-l ife is around 30 years), are the primary heat producing 

radionucl ides; hence, if a canister could sustain for 300 years 

(10 half-l ives of Sr-90 and Cs-137) or longer without corrosion 

and destruction, then the SNF decay heat would then 

gradually drop to around 0.1% of the initial  level . This should 

el iminate the conditions of the canister causing a 

hydro-thermal effect. 

In the selection of the canister material , the first 

consideration should be its compl iance with legal and 

regulatory requirements. The second consideration is the 

price and industrial  source of the material . Contact with 

oxygen and sulfur could easily cause canisters to corrode, 
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and these corrosive elements are contained in the repository 

channels and disposal pits or may be dissolved in 

groundwater and carr ied into the channels and pit. These 

oxidants are produced as water undergoes radiation 

hydrolysis. The direct effect of canister material  and thickness 

is seen through its corrosion rate and barr ier capacity. Among 

the multitude of corrosion types, general  corrosion, partial 

corrosion (crevice corrosion and pitting corrosion), and stress 

corrosion cracks are l ikely to pose a threat to the canister 

service l ife time. Moreover, the development of hydrogen 

embrittlement which usually accompanies the corrosion 

reaction is also another problem that deserves attention. This 

report was conducted under an aim to find the canister 

material  most suitable for the repository characteristics. For 

the real ization of this goal, i t is  imperative to study the 

different corrosion models of a variety of materials together 

with the repository environment characteristics, and during 

these studies, these materials should at least belong to 

different types of material  composition, thereby preventing 

the occurrence of a common failure mode during the 

experiment procedure. 

To date, the factors for consideration, criteria, and 

procedure of the copper canister material  selection and the 

copper canister corrosion model had been studied to 

evaluate the canister corrosion speed and usage l ife 

expectancy. In future studies, appl ication of the 

geochemistry evaluation model (e.g., geochemical analysis 

code EQ3/6) should be enhanced to evaluate the probable 

geochemical assessment of the repository host rocks after 

they have been introduced into the engineered facil ity and 

the future environmental changes. On the structural 
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mechanics, welding and its procedure are sti l l  imperative for 

the reinforcement of the canister structure. 

 

5.2.4. Buffer and Backfill Materials 

Clay, natural  and synthetic zeol ite, active carbon, metal 

powder and desiccant had been considered as candidates 

for buffer and backfi l l  materials. Pursuant to the studies on 

buffer and backfi l l  materials conducted in many nations 

during the past years, a bentonite primarily composed of 

montmoril lonite minerals manifested excellent efficiency in 

terms of permeabil i ty, ion exchange, and swell ing; hence it 

has been recommended as the primary material  for buffer 

and backfi l l  materials. The MX-80 bentonite produced in the 

state of Wyoming (U.S.) is the very typical marine deposition 

mineral  deposit. MX-80 is also the industrial ized bentonite 

currently excavated on a larger scale; bentonite mine 

excavation and studies are currently conducted in Canada, 

Japan, and China. 

In l ight of the massive buffer and backfi l l  material 

requirement for pit backfi l l , the problem of supply stabil i ty 

and price of aforementioned MX-80 bentonite, despite its 

excellent performances, might be difficul t to control in the 

future when nations would be busy constructing their own 

disposal facil i ties. Hence, it is imperative to start development 

and research work on locally available materials. In Taiwan, 

as indicated in the data of past surveys, regions containing 

montmoril lonite clay are mainly found in the weathered clay 

regions on the east coastal  mountain range. Zhisin Mining Co., 

Ltd., located in Chang-Yuan, Taitung County, is the only f irm 

in Taiwan engaged in the commercial  mining of bentonite 

mines. Moreover, a consol idation of data obtained from 
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studies conducted in many countries showed the fol lowing 

essential  trends in the research work conducted on buffer and 

backfi l l  materials: 

(1) The diffusion coefficient in a buffer material  is shown in 

the sensitivity analysis findings as an essential  factor that 

affects the radionucl ide release rate; hence, it is  

imperative to conduct tests on the specifications of 

buffer and backfi l l  material performances and 

composition. 

(2) The study on the long-term stabil i ty qual ities of buffer and 

backfi l l  materials should include the fol lowing aspects: 

chemical stabil i ty of the buffer and backfi l l  materials, 

adsorption and transport capacity of radionucl ides, 

swell ing characteristics, mechanical properties, 

thermodynamic characteristics, permeabil i ty, hot water 

coupl ing capacity, and block assembly capacity. 

 

5.2.5. Near-field Environment 

The near-field environment consists of the fol lowing 

conditional factors: the waste form, overpacking canisters, 

buffer and backfi l l  materials, and the surrounding EDZ. Since 

the repository construction process and the heat and 

radiation generated during the SNF disposal period could 

affect some physical and chemical alterations in the 

surrounding environment, the predicted probable 

consequential  effects should include the rock physical 

changes resulting from the excavation work procedure, the 

physical and chemical changes in rock and groundwater due 

to their exposure to radiation, the heat-induced mechanical 

changes in overpacking canisters and rocks, changes in the 

rock – groundwater system and the groundwater flow field as 
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a resul t of the SNF generated heat and excavation activities. 

In order to understand whether the foregoing effect would be 

as they were predicted, the study also delved into the 

consequential  impacts on the near-field environment. 

Therefore, the research work should be conducted on the 

fol lowing sequence, as presented by order of their 

importance: the thermal-hydraul ic-mechanical coupl ing 

effects of the repository; the effect of the excavation work 

and thermal effect on the stabil i ty of the disposal pit, tests on 

the characteristics of the buffer and backfi l l  in the s ite backfi l l  

and packing characteristics test; the chemical properties of 

the near-field groundwater characteristics; the near-field 

hydrological and geochemical reactions; the effects of 

radiation on the repository environment. 

 

5.3. Assessment of the Multi-Barrier System Performances 

5.3.1. Assessment of Performances 

International studies conducted on the HLW final  disposal 

concept mainly employed the deep geological repository 

with multiple barr iers system. Article 3 of the Regulations on 

Final  Disposal of HLW, including SNF, and Safety Management 

of the Facil i ties of Taiwan provided that the deep geological 

disposal method should be employed in the final  disposal of 

HLW. However Article 8 of the regulations provides that the 

multi-barrier design should be employed in the final disposal 

of HLW. At present, the SNF final  disposal concept of Taiwan is 

completely founded on international consensus and thus, 

employed the multi-barrier deep geological disposal method 

for its design. This compl ies with the related legal and 

regulatory requirements of Taiwan. A fundamental 

requirement of the multi-barr ier concept is that any failure 
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occurring to a single barrier should not cause the 

radionucl ide containment capacity of the repository to fail . In 

other words, as long as parts of the barrier components meet 

the original design performance, the radionucl ide 

containment capacity of the repository would sti l l  be able to 

meet the radiation safeguard requirements of governing laws 

and regulations. In Article 9 of the aforementioned 

regulations, the design of the HLW disposal facil ity should 

ensure that the HLW radiation effects to which individuals 

outside the facil ity are exposed should not be enough to 

impose a personal annual effective dose of 0.25 mSv/yr. 

Moreover, in Article 10 of the aforementioned regulations, the 

design of the HLW disposal facil i ty should ensure that the 

personal annual r isks of the HLW radiation effects to which 

individuals of the key clusters outside the repository are 

exposed should not exceed 1.0E-6. 

The multiple barriers of the deep geological repository 

may be classif ied general ly into two types of barriers, the 

natural  barriers and the artif icial ly made engineered barrier. 

The former uses deep geological host rocks possessing 

excellent stabil i ty and qual ity to act as a natural  barrier; 

whereas, the latter, including the stabil ized waste form, 

canister, buffer materials surrounding the canisters, repository 

tunnel backfi l l  materials, tunnel packing, and grout of the 

fracture aperture, refers to the manmade engineered barrier. 

The actual capacity and performance of these barriers are 

often diff icul t to measure in advance through experimental 

techniques; a great majority of which should be predicted 

and evaluated under appropriately assumed conditions and 

theoretical means. Moreover, the data obtained through the 
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theoretical estimation are directly appl ied in the repository 

post-closure safety analysis procedure. 

This report establ ished a virtual  repository and 

radionucl ide release conceptual model based on the site 

survey data and analysis resul ts obtained during technology 

development and the disposal facil ity concept, as well  as the 

separate assessment and analysis models for the near-field 

and far-field radionucl ide release rates and the biosphere 

human dose rate, as well  as a TSPA analysis model (including 

the uncertainty and sensitivity analyses models). According to 

the sensitivi ty analysis resul ts, i t was found that the 

permeabil i ty characteristics of host rocks are most sensitive to 

the radionucl ide release rate, and the most significant 

variable affecting the total  radiation dose rate is the Darcy 

flow velocity. Hence, i t is  recommended that these factors 

should be included in the detailed survey and experiment 

items. In summary of the above, in the present stage (year 

2009), TPC is equipped with the related basic technologies 

needed to run a comprehensive assessment of the geological 

survey data and disposal facil ity performances of the SNF 

deep geological repository. 

Based on the technology already establ ished in the 

present stage for the assessment of repository performances, 

future development work should veer towards the fol lowing 

directions: 

(1) In the future, depending on the s ite survey resul ts, a 3D 

discrete fractured rock geosphere assessment model shall  

be establ ished. The model shal l  include a rock mass 

fracture production technology and a simulation of the 

radionucl ide transport. A rational cal ibration of the 

different host rock permeabil i ty scales should be made, 
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and the integration of the DFN and ECM should be 

included in the future safety assessment work agenda. 

(2) A water well  irr igation model should be establ ished for 

the biosphere radiation dose evaluation technology; that 

is , including the analysis and development of the general 

biosphere concept assessment model. 

 

5.3.2. Safety Analysis 

The multi-barrier disposal concept of the deep geological 

repository mainly depends on the fol lowing mechanisms to 

reduce the hazards posed by radioactive waste to the human 

population: 

(1) The employment of natural  physical decay actions to 

cause the decay of radionucl ides and thus, delay the 

time of their entry into the human biosphere; 

(2) The obstruction of the radionucl ide migration path 

thereby slowing down the radionucl ide transport rate; 

(3) The employment of the natural  physical and chemical 

adsorption actions of sol id materials on radionucl ides, 

thereby slowing down the radionucl ide transport rate; 

(4) The extension of the distance through which the 

radionucl ides shal l  travel on their entry into the human 

biosphere, thereby al lowing the expansive subterranean 

space to dilute the concentration of radionucl ides. 

 

The postponement of the time of the radionucl ide entry 

into the human biosphere depends on the length of the 

canister l ifetime; on the other hand, obstruction of the 

radionucl ide migration path may be real ized through the 

selection of the r ight repository s ite, buffer layer, and tunnel 

backfi l l  materials. As for the natural  physical and chemical 
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adsorption actions, these could be achieved through a 

meticulous selection of buffer and backfi l l  materials. 

Moreover, the stabil ization engineering treatment procedures 

implemented on the waste forms may see to the effective 

reduction of radionucl ide release rate. In view of the 

multitude of barr iers, i t would take the radionucl ides a very 

long period of time to travel to the human biosphere after 

their emergence from the waste form. Subjected to the 

natural  decay mechanism, adsorption and dilution actions, 

by the time the radionucl ides have reached the human 

biosphere, their concentration would be so low that their 

radiation would not have enough strength to result any harm 

to the human body. 

During the safety analysis of the total  system of the 

multi-barrier deep geological repository, procedure is 

general ly based on the characteristics of the transport path 

and mechanism. The analysis procedure for the complete 

migration course of radionucl ides, from their migration out of 

the waste form unti l  their ingestion by or contact with humans 

has been divided into three separate analysis regions, i .e., 

near-field, far-f ield, and biosphere. Separate analysis 

techniques and computer codes had l ikewise been 

establ ished for each respective region. The near-field 

radionucl ide release rate analysis is the assessment of the 

rate of radionucl ide released into the disposal pit surrounding 

host rocks after their migration out of the waste form. The 

far-field radionucl ide transport rate analysis is the assessment 

of the rate of radionucl ide released into the inlet of the 

surfacial  aquifer after their migration from the disposal pit 

surrounding host rocks. Final ly, the analysis of the biosphere 

human dose rate is the assessment of the human dose rate 
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created by the radionucl ides that had affected the activity 

zones of human beings, animals, and plants and the 

biosphere food chain. 

This study constructed a virtual  repository and 

radionucl ide release conceptual model based on the test s ite 

study status quo, as well  as establ ished specific assessment 

and analysis models for the near-field and far-field 

radionucl ide release rates and the biosphere human dose 

rate under a TSPA analysis structure. Moreover, a systematic 

analysis procedure was conducted in the safety assessment 

of the total  repository system, and thereafter, a framework of 

the TSPA computer code was establ ished for the three 

subsystem codes; that is , near-field, far-field, and biosphere. 

This would enable a systematical ly sequential  connection 

among the three subsystem codes, as well  as the treatment of 

their respective input and output interface problems. 

Furthermore, the parameter sampl ing subsystem code and 

the uncertainty and sensitivity analysis subsystem code had 

been establ ished under the TSPA framework. This enabled the 

TSPA code to systematical ly conduct a probabil istic 

assessment on the complete repository system safety analysis 

and to understand the uncertainty range of the complete 

repository system safety analysis results and the degree of 

sensitivity of each parameter to the safety analysis resul ts. The 

analysis resul ts are then fedback to the members of repository 

design, and site and the parameter surveyors to provide them 

with a reference for the modification of future work trends. 

Related laws and regulations in the country also mandate the 

safety analysis conducted on a repository to also perform the 

uncertainty and sensitivity analyses. In short, at present (year 

2009), this Project has establ ished the related analysis 
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techniques for the safety evaluation of Taiwan SNF deep 

geological disposal sites; moreover, it is capable of 

conducting a prel iminary assessment of the final  disposal site. 

Furthermore, the analysis results showed that the diffusion 

coefficient in the buffer material has the most significant 

effect on the near-field radionucl ide release rate. In order to 

reduce uncertainty of the assessment resul ts, i t is imperative 

to especial ly enhance the precision of the parameter test 

resul ts. The parameter having the most s ignificant effect on 

the radionucl ide release to the far-f ield is the Darcy flow 

velocity. As a whole, it was found that the parameter having 

the most s ignificant effect on the total  radiation dose rate is 

the Darcy flow velocity; that is , the conductivity of the water 

flowing within the host rocks. Hence, the permeabil i ty and the 

hydraul ic conductivity of the host rocks are the primary 

factors affecting the biosphere dose rate. Therefore, in the 

future planning work on the assessment of the host rock 

permeabil i ty and conductivity, i t is necessary to obtain an 

accurate grasp of the accuracy of the related 

characteristics. 

Future work on this area would be based on the near-field 

axial/radial  radionucl ide release model, as well  as the 3D 

discrete fractured rock assessment model of the geosphere to 

be developed later and the biosphere water well  irr igation 

model for the TSPA analysis. 

 

5.4. Conclusion Remarks 

SNFD2009 report (as this report) compiled past surveys 

conducted on the rock characteristics and geological 

environment results of the potential  repository host rocks. 

Moreover, offshore is land sites were used to conduct a 
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small -scale hydraul ic test. Data obtained were used to 

construct a geological conceptual model adapted to local 

conditions and the necessary geological environment 

parameters, thereby providing evaluators with the 

information needed for establ ishment of a prel iminary model 

for the repository PSA evaluation. This report conducted a 

case study analysis procedure adapted to local conditions 

under the s impl ified conditions of the drinking water well  

scenario. Through this case study analysis, the report verif ied 

the outcome of three major issues: 

(1) Presence of potential  host rocks in the island of Taiwan 

Based on the existing geological characteristics data of 

Taiwan compiled in this report, and through a 

comparative study of the characteristics of granite, 

mudstone, and Mesozoic basement rock media, 

geological history (stabil ity), earth structures, and the 

earthquake and active faults, i t was found that properties 

of mudstone as a potential  repository host rock could not 

surpass the qual ities of granite and Mesozoic basement 

rock. Moreover, and Mesozoic basement rocks are found 

in the western region of Taiwan; however, they are 

located below a subterranean depth of 2,000 meters, 

even the ones found under the Taiwan Strait are located 

below a subterranean depth of 1,000 meters. This makes 

survey work difficult and technical requirements would 

have high-tech standards. Hence, at present, the more 

feasible action to take is the temporary assignment of 

granite as the priori ty potential  repository host rocks. 

Based on the compiled data, the granite region on the 

east side of Taiwan may have already reached a 

geologically stable state, and GPS survey records of past 
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domestic studies had pointed out that the horizontal  and 

vertical  rate fields of the region are manifesting minimal 

changes. In 2008, prel iminary results of the aerial 

electromagnetic survey also indicated that the region 

contained a rock mass area sufficient to meet the 

repository area requirements. Therefore, it may conclude 

from the prel iminary findings that Taiwan indeed has 

some potential  host rock deposits; however, the suitable 

of these rock masses sti l l  need further underground survey 

and tunnel-type research facil i ty tests to determine their 

suitabil i ty. 

(2) Whether Taiwan is equipped with the prel iminary 

technology 

According to the TSPA of the disposal technology 

proposed based on the experiences of OECD and 

developed nuclear nations in Europe, the United States, 

and Japan, the procedure should include a process for 

evaluating survey results, a TSPA technology, and 

technology verification procedures. In l ight of which, this 

report establ ished the procedure and method of an 

integrated survey technology (produced a geological 

conceptual model), developed the technology for 

evaluating the PSA of disposal concepts, and conducted 

a prel iminary TSPA analysis for a virtual  repository system 

under s impl ified conditions. 

The prel iminary assessment results showed that the 

establ ished operation procedures of the integrated 

survey would accurately produce the geological 

conceptual model for PSA. Evaluators may use this 

geological conceptual model to develop the TSPA 

models for the near-field, far-field, and biosphere 
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environments; then through a systematic integration of 

these models, successful ly conduct a prel iminary case 

study analysis of the total  system and obtain the 

necessary techniques needed to ful fi l l  a TSPA analysis. 

(3) Future research and development plans and 

development timetable 

Past studies had used the granite which would have 

minimal tremor and no structural  impact to establ ish the 

site deep host rock characteristics survey technique, as 

well  as the geophysical, hydrogeological, geochemistry, 

earth stress survey integration technique and parametric 

processes. On the basis of the prel iminary assessment 

technology establ ished in this stage, it had not been 

possible to understand the effects of the variable 

scenarios, such as flood, earthquake, etc., on the 

repository safety since case study of the well  water 

drinking water consumption scenario had been 

conducted under simpl ified conditions. The establ ishment 

of these variable scenario analysis techniques shall  

depend on the future efforts and development. Hence, 

future deep characteristics survey on granite as potential 

host rocks would involve the acquisition of site data on 

the effects of orogenesis, f lood, earthquake, and other 

actions in Taiwan’s geology. Suitable conditions shal l  be 

verified and evaluated in the tunnel-type research facil ity 

to foster the achievement of the objectives of the 

“Investigation and Evaluation of Potential  Host Rocks 

Stage” in 2017. The subject, period, and budget planning 

of research and development projects depend on the 

existing development status quo. As provided by law 

(Enforcement Rules of the Nuclear Materials and 
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Radioactive Waste Management Act), such should be 

revised and included in the Spent Nuclear Fuel Disposal 

Plan every four years, thereafter proposal should be 

submitted to the competent authorities for approval and 

implementation. 
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