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Abstract 

An assessment program for the evaluation of a high-level waste (HLW) 

repository has been developed by utilizing GoldSim, by which nuclide 

transports in the near- and far-field of a repository as well as a transport 

through a biosphere under various natural and manmade disruptive events 

affecting a nuclide release could be modeled and evaluated. To demonstrateits 

usability, three illustrative cases including the influence of a groundwater 

flow pattern through canisters associated with a flowing groundwater 

through fractures, and the possible disruptive events caused by an 

accidental human intrusion or an earthquake have been investigated and 

illustrated for a hypothetical Korean HLW repository. 



요약 

한국원자력연구원 처분안전해석분야에서는 고준위 방사성 폐기물 처 

분장의 안전성평사를 통하여 그 성능을 입증할 수 있는 평가 프로그 

램을 상용 범용 개발 도구인 골드심을 이용하여 개발하였다. 이렇게 

개발된 프로그램을 통하여 처분장의 근계 및 원계영역에서의 핵종의 

유출과 생태계에서의 핵종의 전이를 정량적으로 평가하는 것이 가능 

하다. 이 프로그램을 활용예를 보이기 위하여 개발된 평가 프로그램 

을 활용하여 처분장 주변의 지하수 유동 패턴에 따른 영향과， 지진과 

같은 자연재해와 인간침입과 같은 사고 시나리오를 상정하고 이에 

대한 평가를 수행하고， 그 결과를 관련된 주요 입 력변수의 민감도 분 

석을 통하여 확률론적으로 보였다. 이러한 프로그램은 향후 처분장의 

설계에도 적극 활용될 것으로 기대된다. 
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1.lntroduction 

During the last decade much effort has been devoted to the development of 
a safety assessment for a repository for spent nuc\ear fuels (SFs) from both 
PWR and CANDU reactors which are the only types of HLW arising in 
Korea (e.g. Lee et al., 2007). 
According to the Korean basic repository design concept, which is similar 
to the Swedish KBS-3 repository concept (KBS , 1983), SFs encapsulated 
in canisters are disposed of in deposition holes drilled into the bottom of 
tunnels which is backfilled with a mixture of crushed rock and clay later 
when c\osing it, at a depth of up to 500 m in a crystalline rock and then 
filled with consolidated bentonite c\ay buffer (Kang et a1., 2002) 
1n order to quantify a nuc\ide release and transpoπ through the possible 
pathways in the near- and far-field of a repository system as well as the 
dose rate with various exposure patbways in a biosphere system, robust 
programs capable of an assessment of various possible release scenarios are 
needed. Evaluation of this release is very important not only in view of a 
safety assessment for a repository but also for the design feedback on its 
performance. 
A program that seems very suitable for such an evaluation has been 
developed by utilizing GoldSim (GoldSim, 2006), which is a commercial 
Windows-based development tool and by which nuc\ ide transports in the 
near- and far-field of a repository as weJ] as a farther transport through a 
biosphere under various release scenarios could be modeled and evaluated, 
is introduced with i llustrations through this study 
Even though some other models and programs have previously been 
developed for similar purposes, which also offer both deterministic and 
probabilistic calculations, during the last few years by utilizing such 
general purpose development tools as AMBER (AMBER, 2002), this 
newly developed GoldSim model has been found to be more flexible for 
simulating such complex systems as a repository where a complicated 
nuc\ ide transport behaviour in manmade and various natural system 
components are associated with various release scenarios and disruptive 
features, events, and processes (FEPs). 
For this GoldSim program lots of unit modules such as a source-term 
evaluation, a detailed near- and far-field transport and biosphere assessment 
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models as well as various disruptive FEPs which could be caused naturally 
or by human activities have been integrated together with much 
consideration on a safety assessment of an HLW repository in a rather 
realistic approach by excluding a conservatism. 
1n order to demonstrate the usability of the developed program, some 
illustrative results for a nuclide transport not only through a near- and far
field but also through a biosphere, associated specifically with a 
hypothetical Korean HLW repository, are introduced by demonstrating 
what happens to a nuclide release and exposure dose if certain variations 
are applied to the parameter values when selected release scenarios take 
place. 

2. ModeUng 

Fig. 1. shows the near- and far-field area in and around an HLW repository 
system with a connection to a biosphere, typically envisaged under the 
geographical circumstances of Korea. 
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Fig. 1. Conceptual modeling domain for an HLW repository system 

Once the groundwater contacts with an initially damaged part of a canister, 
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from which a nuc1 ide release could initiate to caπy them from a damaged 
canister through tiny holes, the nuc1 ides will spread out through the buffer 
material sUITounding the canister as well as the backfill region in the tunnel 
before transporting farther into the flowing groundwater in the intemal 
fractures ofthe far-field area ofthe repository. Such a release through these 
possible pathways could be different from each other depending on the 
features of the repository system itself as well as the distribution of the 
fractures and fractured zones. Nuclides could finally reach a human 
environment by passing over a geosphere-biosphere interface (GBI) 
resulting an exposure to human bodies. 
Especially in the near-field of a repository, before the nuc1 ides meet the 
fractures with a flowing groundwater in them, possibly embedded at 
various locations of the host rock medium, through which a preferential 
nuc1ide transfer may take place or the fracture zones, di댄lsive transports 
into a rather stagnant groundwater in the buffer, and tunnel , as well as the 
sUITounding host rock are modeled as the dominant ones due to their low 
permeabi1ity. 
However, in the fractures, advective and dispersive transports could mainly 
occur in the groundwater flowing fractures with the matrix diffusion into 
the stagnant groundwater in the rock matrix pores. Sorption behavior onto 
both the fracture wall and the matrix surfaces, and a decay and ingrowth 
are also accounted for. 
Certain parts of the canister are directly in contact with the fractures where 
the groundwater flows or sometimes remains stagnant. The flow could 
happen upward from the deposition hole to the tunnel or vice versa. 
In order to numerically model a transport through the repository system 
described in Fig. 1, the entire system should be discretized properly into 
elements and transport modules, each of which could be modeled by 
utilizing such proper GoldSim readymade elements and containment 
transport modules as, for example, “ a mixing cell pathway", very similar to 
AMBER’s compaπment， based on the basic mass balance equation 때d “a 
pipe pathway" by which a flux of nuclides leaving a pipe pathway can be 
expressed as a function of the dissolved concentration in the flowing water 
at the end of a pipe pathway as a function of the time, and an 치nput 

element" for supplying the input data 
Two above-mentioned transport modules, a mixing cell pathway and a pipe 
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pathway are modeled as follows: The nuclide mass balance for a cell 
pathway is represented by 

웰 = -miÀs + 않1 mip Àpf; R~ (옳)+ 앓1f/ + sg 
) l / , . ‘ ‘ 

、

Where 
mi = mass of nuclide s in cell i [M] 
p = denotes for parent 

Às. Àp = decay constant for s and parent nuclide, respectively [T 1
] 

Np = nu뼈 

땀 = 잠action ofparent which decays into s 

R~ stoichiometric ratio of moles of s produced per mole of parent 

decayed 
AS , AT = molecular weight of s and parent, respectively [M/mol] 
Nc = number of mass f1ux links fromlto cell i 
f/ = in f1ux ratio of s into i through advective and diffusive mass f1ux link 
c [M/T] 
sg = rate of direct input of s to i from extemal sources [MlT) 

The f1ux of each nuclide leaving the pipe pathway is also represented as a 
function of the time and as a function of the dissolved nuclide 
concentration in the f1uid at the end of the pipe pathway, which can be 
expressed as 

Øs = (1 + c SS K;효) 1 QC S 
- (Ds + aQ) 헐fI (2) 

‘ V^' ~ 'X=L 

φS f1ux of s leaving the pipe pathway [M/T] 
Q = volumetric f10w rate in the pathway [e/T] 
CSS = concentration ofthe suspended solid in the mobile zone [MlL3

] 

K효 = sorption coefficient between the suspended so!id and f1uid for s 
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[L3세1] 
cS = dissolved concentration of s in mobile zone of pathway [M/e] 
Ds = effective diffusivity of s in the mobile zone [e/T] 
α dispersivity ofthe pathway [L] 
L = length ofthe pathway [L] 
x = distance into the pathway [L] 

GoldSim then solves Eq.(2) using Laplace transforms. 
The whole system could be categorized for a modeling convenience into a 
near-field system which comprises a manmade repository system confined 
in a host rock, or a far-field system which is composed of natural fractured 
rock media and the major water conducting fault (MWCF), and a biosphere 
system 

2.1. Near-Field System 

As shown in Fig. 2, the excavated damaged zones (EDZs) along the wal\s 
ofthe deposition hole and tunnel are discretized into several compartments. 
For the deposition hole itself, a rather finer discretization was made since a 
paπ of the bentonite buffer compartments is directly in contact with the 
damaged canister and a few compartments around it may behave as 
sensitive media in view of the nuc\ ide transport, but on the other hand, a 
tunnel fi l\ed with a mixture of crushed rock and c\ay is assumed as one 
large compartment which does not need to be further discretized. 
Unlike the far-field of the repository where both an advection and a 
dispersion are assumed to dominate a nuc\ ide transport, for the al\ near
field transports among these various components, a diffusive transport is 
assumed to dominate, but an advective transport is also assumed to occur 
especial\y for the three EDZs associated with a deposition hole, upper 
deposition hole, and the tunnel where a groundwater flow could take place. 
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Fig. 2. Near-field system modeling scheme: engineered system and flow 
scheme (l강ì) ， tunnel (center) , and deposition hole (right) 

Only two exit points where a nuclide may be transported from the near
field into a fracture are assumed to be available for the release to the far
field of the repository throughout the current study; one is from the EDZ in 
the tunnel wall and the other is the one adjacent to the bentonite buffer 
compartment near a defect part of the canister. Irrespective of the 
groundwater flow patterns, al1 the nuclide releases from the near-field to 
the fracture could only happen through these two release points, other than 
where no outward nuclide transport is assumed to occur. 
Three patterns of a groundwater flow have been considered in and around 
the tunnel and deposition hole, which are controJled simultaneously by two 
parameters; “ noflow fraction" and “ inflow fraction" , the former of which 
represents the fraction of the canisters which is free from a flowing 
groundwater in a fracture and by the latter, the portion of a canister in 
contact with the groundwater that flows into the tunnel from a deposition 
hole. 
In case of “no flow" , none of the in- and outflow groundwater is assumed 
to flow throughout the repository area except for al10wing for a near-field 
release of a nuclide into the far-field indirectly but only through the “ tunnel 
EDZ" by a diffusive transpoπ 
On the contrary, in the case where the canister is in contact with the 
groundwater that flows through a fracture, according to the composition of 
two groundwater flow patterns, a nuclide release from the canisters which 
remain in contact with tbe groundwater in a fracture is ready to transport 
upward by an advection to the tunnel (inflow case) and/or through 
internal fracture for a direct transport to the far-filed (outflow case). For the 
inflow case, the nuclide transport occurs by an upward advection to the 
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tunnel EDZ through a “deposition hole EDZ" and a “ upper hole EDZ" in 
turn, avoiding a direct release through an intemal fracture to the far-field. 
However, for the outflow case both release points are activated 
simultaneously; the nuclide transferred into the deposition hole EDZ is to 
be released into the internal fracture directly, whereas the nuclide 
transferred to the backfill in the tunnel through the buffer and upper buffer 
is to be released to the tunnel EDZ, ready for a transport to the far-field. 
Such three flow pattems are designed to be controlled arbitrarily by 
assigning each value of a fraction with the two aforementioned parameters. 

2.2. Far-field system 

In view of a typical Korean geological situation where two media are 
postulated for the natural fractured rock media: An internal single fracture 
exists between the near-field zone of the repository, mentioned in section 
2.1 and the MWCF zone through which all the nuclides released from the 
intemal single fracture are assumed to transport upwards into the biosphere. 
GoldSlm modeling scheme is shown in Fig. 3. For a simple modeling 
strategy, the MWCF is treated as a “ rectangular parallelepiped" of 800m 
long (20m wide and 500m high), in which 10 fracture bundles, each of 
which has an apeπure of 1 mm are imbedded. 
Nuclide transpoπ in the MWCF is assumed to be dominated by an 
advection and a dispersion with a matrix di뻐lsion ， facilitating in the 
creation of a pipe pathway in the same way as that of the internal fracture 
case. 
Two disruptive events, a human intrusion and an eaπhquake are also 
modeled as shown in Fig. 3 
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fracture (l캠)， MWCF and human intrusion (center) , and earthquake event 
(right) 

2.3. Biosphere system 

Excluding a geological transport before the GBI and a functional modeling 
of continuous dynamic systems as we l1 as applying it to such a simulation 
as discrete events and time-delayed effects, a similar modeling has been 
made for a biosphere assessment by utilizing AMBER. Even though 
through every step of a whole biosphere modeling, a nuclide transport from 
various geological media to a biosphere might need to be accounted for to a 
large extent, a biosphere modeling can be done independent1y with its 
linear behavior, even without knowing what happens in the geosphere, by 
making an access possible to it in a separate manner, as is current1y being 
done in many other countries. However, such a biosphere model that 
organica l1y accounts for a nuclides transpoπ from various geological media 
to a biosphere in practical detail as well as in a coupled manner with a 
geospheric transport is sti l1 to be constructed. 
For such a modeling case, GoldSim seems good enough with its easy 
applicability since it efficiently integrates the results of complex nuclide 
transport models through both engineered barriers and a ge이ogical 

fractured rock media surrounding an HLW repository for a consecutive 
farther transport, and a transfer modeling through a biosphere across the 
GBI. 
Throughout the current biosphere modeling approach, a groundwater flow 
is assumed to take place over the biosphere through various GBIs into the 
typical biosphere components such as the aquifer and the marine water 
sediment. Such fresh water bodies as running rivers, wel1 anψor sti l1 lakes 
and seawater as well as the sediments beneath fresh and marine water 
bodies are expected to be the principal biosphere components, into which 
the nuclides released from the geosphere could be introduced and ready to 
spread out to the biosphere through various exposure pathways, as seen in 
Fig.4. 
A linear mlxmg ce l1 model to describe the interaction among various 
biosphere components with various FEPs is modeled under the assumption 
of an instant mixing in each cell volume. Unlike in AMBER in which a 

。
。



nuclide transfer between two compaηments due to various processes is 
described by simple transition rates expressed as an inverse of the turnover 
time, in GoldSim, the intlow and the outtlow between two cells is 
expressed by mass and/or volumetric flow rates. Once the concentration in 
each compaπment or cell is calculated by governing equations as 
represented in Eqs. (1) and (2) with its volume, the concentration in a 
foodstuff in the food chain pathways is then calculated by assuming an 
instant equilibrium between plants and animals as well as their 
envlronment. 

Three exposure groups including farming, freshwater fishing and marine 
fishing groups are defined to account for the classification of an exclusive 
intake of local products with relevant assumptions. Nuclide uptake in 
aquatic biota is calculated by using concentration ratios for aquatic 
organisms or bioaccumulation factors , and an uptake in terrestrial 
vegetation is calculated by using soil-to-plant concentration factors, root
uptake factors and external to internal surface translocation factors. 
Specific transfer coefficients are also used when a nuclide transfer to 
animal products is calculated. External doses are calculated with relevant 
dose conversion factors as well. 
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Fig. 4. Biosphere modeling scheme: biosphere compartment (1，갱) and 
exposure pathway (right) 

3. IlIustration 

For a simple illustration only 100 PWR canisters are assumed to be 
disposed ofin an HLW repository. 
The system data used is listed in Tables 1 and 2. All the data used is 
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assumed for an illustrative purpose. 1291 and 135CS, both of which have long 
half-lives, are chosen for the illustration. Although 1291 is assumed to be 
almost nonsorbing for the whole media in the near-field and far-field and 
thus could have higher and faster breakthroughs than any other nuclides, 
135CS is selected mainly due to its long half-life and is one of the principal 
nuclides in a typical spent PWR canister with some sorption capability 
Both also have an instant release fraction (IRF) from a gap and the grain 
boundaries inside a clad that are assumed to amount to 10% of the total 
inventory which results a possible contribution of the early peaks in their 
breakthrough 
Three assumed natural and disruptive events by which a normal nuclide 
transport behavior in and around a repository system could be affected have 
been devised and evaluated 
、Tariation of the groundwater f10w scheme around the repository could be 
one of the most important phenomena that could affect a nuclide release 
into the far-field. Since the groundwater f10w rate passing through a 
canister could be changed due to whatever reason, the sensitivity of the 
exposure rate to a far-filed transport and a human exposure due to a nuclide 
release need to be examined. To observe what happens to the release rates 
of a nuclide from the MWCF when the groundwater f10w scheme is 
changed in the repository, three parameters such as 1) annual f10w rate per 
each canister, 2) inf10w rate into the tunnel area from the deposition hole 
(“in f10w fraction") , and 3) another one that controls how many canisters 
are in contact with the f10wing groundwater in thefracture (“no f1ow 
fraction") are investigated. 
Two other possible disturbance scenarios considered here are a simple 
human intrusion incident and an earthquake event, due to which such 
disruptive changes as both a decrease of the MWCF len망h and 
groundwater f10w rate and even a possible loss of the repository system 
components which could cause a direct connection of the near-field to the 
MWCF by bypassing an internal 감acture are accounted for. 

3.1. Variation of groundwater flow scheme 

In order to observe the behavior of the nuclide f1ux released from the 
MWCF in accordance with a change of the groundwater f10w in the 
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repository, tbree varying parameters are introduced to control the flow 
schemes : 

a. three patterns of a ground water flow scbeme in the repository, by 
which the fractional flow ratio among the no flow, inflow, and 
outflow schemes can be determined, 

b. flow rate per canister, and 
c. noflow fraction, by which how many canisters are directly in contact 

with the flowing groundwater in a fracture wbicb is associated with 
the in- andJor outflow schemes is determined. 

It is assumed that the change of the groundwater flow rate per canister 
follows a loguniforrn distribution. Noflow fraction means the fraction of 
canisters not in contact with the groundwater flowing in a fracture, in 
which a “zero" fraction means tbat all the canisters are incontact with the 
groundwater flowing fractures, is assumed to have a uniforrn distribution. 
Then number of PWR canisters involved in the “no flow" group is 
calculated by the total number of PWR canisters multiplied by the noflow 
fraction; number ofPWR canisters involved in the 치nflow flow" group and 
the “ outflow flow" group can be calculated by tbe total number of PWR 
canisters multiplied by (l-noflow fraction) x (inflow fraction) and by (1-
noflow fraction) x (l-inflow fraction), respectively. 
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Fig. 5. 1291 and J35Cs fluxes released from tbe MWCF when the flow rate 
per canister and the noflow fraction vary together 

As seen in Fig. 5, which shows the breakthrough curves plotted as a 
function ofthe time in accordance with a varying flow rate per canister and 
a noflow fraction together, the peak values of the 135CS fluxes vary much 
more tban 1291 due to its larger retardation, even though both nuclides have 
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similar half lives as well as the same 10% fraction of their 1RF and a 1000 
years canister credit time. Broadening curves that are more noticeable for 
135CS than 1291 as the two parameters vary, are also due to the effect of a 
retardation during a matrix diffusion. 
Fig. 6 shows the scatterplot results with the input data listed in Tables 1 and 
2, with 1000 Latin hypercube (LH) samplings for the peak fluxes of 1291 
and 135CS from the MWCF when the flow rate per canister and noflow 
fraction are assumed to follow a loguniform distribution in the range of the 
groundwater flow rate in the internaJ fracture divided by the number of 
PWR canisters (given in Table 1) x [10키 104] and a uniform distribution in 
the range [0,1], respectively. For all the base cases 50% of an inflow 
scheme (that means 50% of outflow) is assigned by excluding a no flow 
scheme except when a nof1ow fraction has a zero value only. For all the 
other calculations, 50% of an inflow has been assigned, not otherwise noted, 
through the i l1ustration. 
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Fig. 6. Scatterplots of the peak fluxes of 1291 and 135Cs when the f10w rate 
per canister and no f1ow fraction v없y together 

As observed from the figure, generally speaking, peak f1uxes are sensitive 
to some extent to the groundwater flow rate. However tbey do not seem 
that sensitive to the f10w rate per canister once these values reach a certain 
value at around 1 m3j yr, and have greater values. Witb the f10w rates less 
than around 1 m3j yr, the peak f1uxes are shown to be strongly influenced by 
the flow rate per canister. 
A little different behavior between 1291 and 135CS is also observed due to 
their retardation capabilities in such near-field media as the buffer in the 
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deposition hole and the backfill in the tunnel area; while the peak flux 
seems less sensitive for a low flow rate per canister for 129], for 135CS, it still 
seems somehow sensitive to the flow rate. With the same value of the flow 
rate per canister, 1291 has much higher values for its a peak flux even though 
the 135CS inventory is a bit more than that of 1291. 

The upper boundary of the scatterplots implies a case where the noflow 
fraction has zero values tbat means the canisters are fully in contact with 
the groundwater. 1n such a case, a balf of the nuc1 ides released from all the 
canisters are ready for a direct transport to the MWCF via an intemal 
fracture (outflow scbeme) and the others are transported by an upward 
advection to the tunnel through the hole EDZ, the upper hole EDZ, and the 
tunne1 EDZ in tum (outflow scheme). Among all the cells in the near-field 
zone, a diffusive transport also takes place. 
On the contrary a lower boundary of the scatterplots is due to a 100% 
noflow 단action for all the canisters which means no contact with flowing 
groundwater in the fracture, resulting all flow schemes being changed into 
fully no flow schemes. From the scatterplots, it is easily e1ucidated tbat the 
peak fluxes are very much sensitive to tbe noflow fraction, showing a wide 
range between the upper and lower boundaries although it becomes less 
sensitive as soon as the flow rate per canister decreases due to no 
retardation in the near-fie1d of the repository, whicb is more severe 
especially for 1291. 

1n Fig. 7a, which shows tbe scatterplot of 135Cs when no retardation is 
assumed in the wbole media in tbe near- and tbe far-field areas, tbe peak 

129 fluxes seem to behave mucb like '':'1 in Fig. 6. Lower boundary is increased 
a Iittle upward. 
1f no retardation in tbe MWCF area is assumed, and by maintaining no 
changes for all tbe other areas in the near-field as well as in tbe intemal 
fracture, as seen in Fig. 7a, all tbe peak fluxes of 135Cs increase more tban 
tbe base case sbown in Fig. 6. Tbis is wby a retardation is exc1uded in tbe 
MWCF, despite a retardation still remains in the near-field area, from 
which it is shown tbat the far-field retardation is mucb more sensitive to tbe 
peak fluxes than tbe near-fie1d one. Also the peak rates become less 
sensitive to the noflow fraction in tbe range of the lower flow rates per 
canister making the band ofthe scatterplots slim. 
AJtematively, if no retardation in tbe near-field area is applied, keeping 
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retardation in the MWCF, as seen in Fig. 7c, the band of the scatterplots 
disappears dramatically, implying no sensitivity of both the noflow fraction 
and the flow rate per canister on the peak fluxes at all , which might be due 
to a long half-life (2.3x 106 y) of 35CS traveling through an 800m length of 
theMWCF. 
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Fig. 7. Behaviours of the peak fluxes of 135CS when the flow rate per 
canister and the noflow fraction vary with: a) no retardation in all the media; 
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Fig. 8. Behaviours of the peak f1uxes of 135CS and 1291 when the f10w rate 
per canister and the no f1ow fraction vary with different retardations with: (a 
and b) 100% of an inf10w scheme; (c and d) 100% of an ou f1ow scheme 

(c) 

1n Fig. 8, the scatterplots for two nuc1 ides with peak f1uxes are shown when 
all the groundwater that contacts with the canisters in the deposition hole 
f10ws into the tunnel (a and b) and flows into the intemal fracture (c and d). 
As seen in Figs , 8a and 8b, when compared to the base case in Fig. 6 with a 
50% inf1ow, the peak f1uxes for tbe lower flow rates per canister that are 
from the 50% outf1ow scheme, are almost gone. However, on tbe contrary, 

in Figs. 8c and 8d, a contribution due to a 50% increase for the outflow 
scbeme is clearly observed in the lower range of tbe flow rates per ca미ster 

by causing a faster release of tbe nuclides from the near-field to the far
field, and moving tbe peak f1uxes to higher values as well 
This phenomenon is also observed in Fig. 9, which is the result from a 

π
 ω 



probabilistic ca\culation with all the parameters of the flow rate per canister, 
noflow fraction , and inf10w fraction varying simultaneous\y. When 
compared to the base case in Fig. 6, it is seen that due to an increase of the 
out f1ow portion, the band ofthe scatterplots becomes a little thicker around 
the \ower paπ ofthe flow rate per canister. 
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Fig. 10. Scatterplots ofthe peak f1 uxes of 1291 and 135Cs when the f10w rate 
per canister and the noflow fraction vary together as a function of the 
noflow fraction 

Peak f1uxes of 1291 and 135CS from the MWCF as a function of the no f1ow 
fraction are shown in Fig. 10, where the band of the scatterplots represents 
a variation of the f10w rate per canister. The \ower boundary of the 
scatterplot for 1291 seems rather f1at, with a decreasing sensitivity of the 
flow rate per canister to the peak f1uxes as the no f1ow fraction increases, 
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unlike the case of 135CS that maintains a sensitivity of the f10w rate per 
canister to the peak f1uxes for the whole range ofthe no f1ow fraction. 
No f1ow fraction , which measures how much of a canister does not contact 
with the groundwater f10wing through a fracture, is not so sensitive if the 
no f1ow fraction has a value around 0.92 as seen in the figure, which means, 
in other words, if less than 18% of a canister remains in contact with the 
f10wing groundwater, then the peak dose is not so sensitive to the no f1ow 
fraction even though the groundwater f10w per canister continues to 
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Fig. 11. Scatterplots of the peak dose rate due to 1291 and 135CS when the 
f10w rate per canister and the no f1ow fraction vary together 

The scatterplots for the dose rates due to 1291 and 135CS to observe what 
happens to the final dose rate are also shown in Fig. 11 where 1291 is 
assumed to have some retardation for a biospbere transport unlike the case 
of a transport in the geosphere, but a retardation both in the near- and far
field was not allowed, which causes an earlier initiation of the plateau than 
the case ofthe f1ux from the MWCF, unlike for the case of 135CS. 
To investigate in detail the behaviors of the peak f1uxes with a change of 
the retardation, Fig. 12 was also investigated in the same manner as Fig. 7. 
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In Fig. 12a, which shows the case when no retardation is assumed in the 
whole media of the repository, the 135Cs peak f1uxes behave much like 1291 
in Fig. as similarly observed in Fig. 7. 
Lower boundary of the scatterplots, which is the case of the lowest f10w 
rate per canister, remained almost constant for the varying no f1ow fraction 
This is mainly due to no retardation in the MWCF as obseπed in Fig. 12b 
where a retardation is not applied in the MWCF, but sti l1 allowed in the 
near-field area. The entire scatterplots are observed to be a little enhanced 
when compared to the base case in Fig. 10b even though the slope of the 
lower boundary becomes a little steeper than the case ofFig. lla. 
Maintaining a retardation in the near-field, if no retardation is applied to the 
MWCF, as seen in Fig. 11 c, as similar1y discussed for Fig.6c, the band of 
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the scatterplots are almost gone, implying a little sensitivity of both the 
no f1ow fraction and the f10w rate per canister to the peak fluxes due to the 
same reason as previously discussed. 
To investigate the inf1uence of the f10w patterns of the groundwater in and 
around the repository, minimum and maximum inflow fraction values have 
been assigned to the base case as shown in Fig. 10b. As is seen in Fig. 13 , 
which is for a pure out f1ow scheme, which means all the nuc1 ides released 
from the canister are transported by an advection to the far-field via a 
deposition hole EDZ, not allowing any advective transport upward to the 
tunnel , for both two nuc1ides, the lower boundary of the scatterplots that 
originated from the lowest f10w rate per canister are found to be increased a 
little higher, making the band of the scatterplots narrower. On the contrary, 
however, for the case of the pure inflow scheme, where no faster direct 
advective release from the deposition hole to the far-field is allowed, the 
band of the scatterplots becomes wider by lowering the lower boundary of 
the scatterplots as shown in Fig. 14. 
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Fig. 13 . Behaviours of the peak f1uxes of 135Cs and 129r when the f10w rate 
per canister and the no f1ow fraction vary with a retardation in the case of an 
outf1ow only 
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Fig. 14. Behaviours ofthe peak f1uxes of 135Cs and 1291 when the f10w rate 
per canister and the no f1ow fraction vary with a retardation in the case of an 
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Fig. 15. Behaviours ofthe peak f1uxes of 135Cs and 1291 when the f10w rate 
per canister, noflow fraction, and inf10w fraction vary together 

Therefore, it is concluded, from the result of the probabilistic calculation 
with the three parameters ofthe flow rate per canisteι noflow fraction, and 
inflow fraction varying simultaneously, as plotted in Fig. 15, that only the 
varying values for the inf10w fraction impact on the lower boundary of the 
scatterplots which originates from the lowest flow rate per canister. And 
also the sensitivity of the inf10w fraction alone, on the peak f1uxes of 1291 
and 135CS, tumed out to be negligible unlike the other two parameters of the 

flow rate per canister and the no f1ow fraction. 
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3.2. Change of the MWCF feature due to a human intrusion 
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Fig. 16. Breakthroughs of the fluxes from the MWCF for 1291 and 135CS 
when a human intrusion occurs 

When a human intrusion event first occurs, it is assumed that not only the 
length of the MWCF is assumed to be shortened to 90% of the initial 
distance, but also the flow rate in it is assumed to increase immediately by 
10 times. However, this change is assumed to take place only once, with 
the first intrusion with an average rate of 10-4 per year based on a Poisson 
distribution of a random time interval. 
1n Fig. 16, breakthrough curves for 1291 and 135CS are plotted as a function 
ofthe time if a human intrusion occurs, in which 135Cs shows a much larger 
influence than 1291 on a human intrusion due to its higher retardation in the 
MWCF, as similariy discussed previously. 
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(c) 
Fig. 17. Scatterplots of the peak f1uxes of 135CS due to the in f1uence of a 
human intrusion when associated with the MWCF properties and a 
retardation in it: (a) when only Kd varies; (b) when the Kd and MWCF 
length vary and; (c) when Kd and both the MWACF length and f10w rate 
vary 

Peak f1ux rates for 135Cs 감om tbe MWCF, which decease naturally as a 
retardation does, are plotted in Fig. 17a, as a function of the sorption 
coe퍼cient in the MWCF, wbere tbe sorption coefficients for cesium in the 
far-field are assumed to vary loguniformly between 5 x 10"2 X(l O"4) m3/kg 
and 5 X 10"2 X (_10-4) m3/kg. Human untrusion is assumed to increase the 
flow rate in the MWCF by 10 times and to decrease the MWCF distance by 
0.9 times (Fig. 17b) or it only decreases the MWCF distance by 0.9 times 
without a cbange ofthe flow rate (Fig. 17c). 
As shown in Fig. 17b, the peak fluxes for 135Cs vary above the base case in 
Fig. 17a. And also this is almost identical to tbe case when only tbe f10w 
rate is increased by keeping the distance unchanged, even though not 
shown here, indicating almost no dependency of a change of the length of 
the MWCF on the peak flux, as also known from Fig. 17c. ln the meantime, 
for lower values of the sorption coefficients the peak f1uxes do not seem to 
be influenced by a human intrusion. This rnight be due to a rather fast 
transport of 135Cs in view of a rather slow frequency of a human intrusion, 
not causing an obvious influence on the peak f1uxes. However as the 
sorption coefficients increases continuously, the peak f1 uxes does so, even 
making the band much wider for greater sorption coefficient values, 
implying a remarkable impact ofhuman intrusions on the f1 uxes. 
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3.3. Change of the MWCF feature due to an earthquake 

For two such principal parameters, as the magnitude of an earthquake and 
the distance between a repository and its epicenter, they are assumed to 
have statistical behaviors of a loguniform distribution with a range of [5.5 , 
8.0] and a triangular distribution with a range of [0, 10, 25]km, respectively. 
Earthquake events are assumed to occur with a frequency of 10-4 per year 
based on a Poisson distribution at a random time interval. A simulated 
result from a Monte Carlo calculation with each 1000 LH sampling number 
for the magnitude of an eaπhquake and the distance to its epicenter is 
shown in Figs. 18a and 18b, respectively. 
For every sing1e earthquake event, whenever the magnitude divided by the 
distance to its epicenter is greater than 1.0 km.l(shown in Fig. 18c), the 
length of the MWCF is assumed to become 0.9 times shorter than the 
previous length and the flow rate in the MWCF is assumed to increase by 2 
times from the previous flow rate, and an earthquake that has a magnitude 
greater than 7.0 is a1so assumed to even allow for a bypass of an internal 
fracture, by connecting the repository tunnels to the MWCF direc t1 y. An 
example for a change of the flow rate and the distance in the MWCF 
among 1000 realizations is shown in Fig. 19 . 
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Fig , 18 , Simulated earthquake event: (a) magnitude distribution; (b) 
distance to its epicenter from the repository; (c) magnitude x distance 
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Fig , 19, Change of(a) the flow rate in the MWCF and (b) its length due to 
an earthquake event 

‘g ’ ~ 

옹얘 
,,' 

,,' 

~ I~: 

"’ 
11;_ 10‘ 

,,' 

1。’

" 

I: 

1 
1 
1 

m 
m 
」
”·
ω
 에 
서W
 ·” 
‘
깨
 에 JW 

1

씨
 
에
 

i;a 

ι
Q
a
i
 
§vag--ga8--

• 

ACIiv’ ""이 hαnMWCF앤렌ιjUake) 

/ 

>( 

"‘ 
π 

\0' 10 

tim‘ y 

T 

m’ ,,' 

(a 1) 

'"↑h“‘~ 1\UJl fl()lTl MWCF ~띤g를~~←←← 

\ 

‘ 

얘 1 →껴 T 
얘’ "‘ m‘ ”‘ ,,' 

tim‘ y ” 

(bl) 

~~~ 1 

휠‘ 3 
g 3; i 
홍 ”‘ i 
~.。’ 1

용:씨 
F :r 후끼주~ "'T 

,,' 

"‘ 
홍: 

애. 

i 10' 

!s 10 

•• 
10.' 

"’ 

- 24 -

A,…’ ”따 frum MWCF (earthqμlake1 

η 

".’ 
t 

,,' 111' \0‘ 
limfl.y 

,,' 

(a2) 

m‘ 
tlme. y 

,,' ,,' " 

(b2) 



ActlVÎty nux from MNCF (&arthquake_MWCF) '"…’Ilux from MWCF \eaηIqlJake. ‘’WCF) ，。

1。’

효$ ! 

，。

"’ 
.-" 

,,' 

"’ 
m ,,' ”’ 

，。 m‘ ,,' ’me.y 

(c1) 

I 
l 
------! 

1 

’ 
1 

ι”
 v 

.m 

에
 m 

에
 ‘
ω
 “… ‘… 

1m 
m 

에
 

ξ
@
@
 
‘
μ
〉
〉i
E
￡

!
a
t
s
i
8
·
u
e

「\&
애‘ 

,,' 
「
• 9’ "‘ ,.‘ 

tfme. y 
,.‘ ,.' 

(c2) 

Fig. 20. Breakthroughs of the fluxes of (1) 1291 and (2) 135Cs from the 
MWCF due to earthquake events: (a) both the flow and the length change 
as well as a bypass of an intemal fracture; (b) bypass of an intemal fracture 
only; (c) flow and length change only 

1n Fig. 20, breakthrough curves for 1291 and 135Cs are plotted as a function 
ofthe time in three groups in accordance with the results ofthe earthquakes: 
the first group is for the case of both a change in the MWCF and a bypass 
of an intemal fracture; the second group is for the case of only a change in 
the MWCF; and the final group is only for a bypass by excluding an 
intemal fracture resulting a direct connection of the near-field to the 
MWCF. 
1n the first group in Figs. 20al and 20a2, both nuc1 ides show a similar trend, 
but 135Cs behaves more sensitively due to the same reason discussed 
previously, and they show a variation of their breakthroughs at both an 
early time and a later time. From other plots in Figs. 20b and 20c, it is 
easily seen that the variation of the breakthroughs at an early time is 
influenced by the bypass effect alone, whereas the variation at a later time 
originates from a change of the flow rate and the length in the MWCF 
together without a bypass effect. 
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Backfill porosity 0.3 
Buffer plug height I.5 m 

Buffer porosity 0.4 1 
Buffer thickness 0.5 m 

Canister credit time 1000 Y 
Canister radius 0.52 m 

Deposition hole EDZ 
poroSJty 0.002 

Deposition hole EDZ 
thickness A 0.3 m 

Dispersivity in intemal ~/ \ 
fracture \ 30m 

Dispersivity in MWCF 50m 
EDZ density 2650 kg! m3 

Fracture apeπure， b F i ‘ 2X]0-5 m 

Fracture f10w porosity 1.0 
Groundwater f10w rate in 

intemal fracture f‘~-.，. 8926 m3!y 
Groundwater f10w rate ~ 거 

through the MWCF 5xl04 m3!v I 
Input data for biosphere Various literature sources 

assessment [e.g. , H1 2, 1999] 
Length of intemal fracture 100 m 

Length of MWCF / 800m 
Matrix diffusion distance 0.01 m 

Number of cell in buffer 、

5 (c이umn) x 4 (row) 
Number of cell in deposition 

hole EDZ 1 (column) x 8 (row) 
Number of cell in deposition 

hole sealing 2 (column) x 4 (row) 
Number of cell in tunnel 

EDZ 1 (column) x 1 (row) 
Number ofPWR Canister 100 
PWR fuel dissolution rate \0-4/ 

Repository area 2kmx2km 
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Rock density 2,700 kg/m3 

Rock porosity 0.002 
Sealing buffer above 

canister density 1800 kg/ m3 

Sealing buffer above 
camster pOroSlty 0.4 1 

Tunne1 EDZ porosity 0.01 
Tunnel EDZ thickness 0 .1 3 m 

Tunnel height 6.15 m 
Tunnel length A 6m 
Tunnel width ιr’ \ 5m 

‘ 

Table 2. Nuclide-specific data used 
Sorption coefficient, m'/kg 

Nuclide 
]nventory, 

River Marine 
mol/canister Buffer Bac‘dill Rock Soil 

sediment sediment 

13SCS 7.20 0.2 0.2 0.05 0.27 0.27 2 

1291 3.49 0 0 0 0 0.001 0.1 

4. ConcIuding Remarks 

A program developed by utilizing GoldSim, by which nuclide transports in 
the near- and far-field of a repository as well as a farther transport through 
a biosphere under various natural and manmade disruptive events could be 
modeled and assessed has been developed and demonstrated. This newly 
developed program seems very suitable for the evaluation of a nuclide 
release from such complex systems of an HLW repository. 
Three arbitrarily chosen cases are evaluated for an illustrative purpose in 
view of the behavior of a nuclide release f1ux from the MWCF, and the 
final exposure dose has been investigated to demonstrate the usability of 
the program when the groundwater f10w rate per canister as well as the 
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canister contact fraction to a tlowing groundwater through a fracture varies 
and two possible disruptive events occur naturally or accidentally by a 
human , all of which could be one of the key issues for the safety and 
performance of a repository among many others. Through the current study 
it was found that GoldSim can model a complicated mass transport easier 
by allowing its simple extension and adaptation to other thoughts and 
intemal/extemal models, and others. It also seems useful and suitable 
enough for further in depth feedback to refine a repository design concept 
and helpful to build an appropriate safety assessment tool even though 
there sti lI might be many more things to be developed with a proper input 
data set. 
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