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A B S T R A C T

This study investigates the enhancement of disposal efficiency for deep geological repositories (DGRs) based on
three design factors: decay heat optimization, increased thermal limit of the buffer, and double-layer concept
using coupled thermo-hydro-mechanical (THM) numerical simulations. Decay heat optimization is achieved by
iteratively emplacing spent nuclear fuels having the maximum and minimum decay heat in a canister. Disposal
areas can be reduced by 20 % to 40 % compared to the current reference disposal system in Korea (KRS+) in
accordance with the combinations of the three design factors, alleviating challenges in site selection for the DGR.
This study additionally identifies an optimal layer spacing of 500 m for the double-layer concept in the viewpoint
of the buffer temperature, where thermal interaction between the upper and lower layers nearly disappears.
However, determining the ultimate disposal and layer spacing requires engineering judgement, considering not
only the thermal performance of the DGR but also various factors such as cost and difficulties of the construction
and rock mass stability. DGRs designed with an increased thermal limit of the buffer poses a greater probability
of rock mass failure around disposal tunnels and deposition holes due to elevated thermal stresses. Densely
arranged heat sources for the DGRs with enhanced disposal efficiency lead to larger temperature increase even at
the far-field scale, raising a possibility of thermally driven fracture shear activation with associated hydraulic,
mechanical, and seismic changes.

1. Introduction

Deep geological repository (DGR) is currently considered the most
viable concept for isolating high-level radioactive waste (HLW) from
living sphere of human beings (IAEA, 2003). The DGR concept employs
a multi-barrier system that combines an engineered barrier system (EBS)
and natural barrier system (NBS). The EBS materials, including a
canister encapsulating spent nuclear fuels (SNFs), bentonite buffer, and
backfill are placed in deposition holes and disposal tunnels. These ma-
terials provide mechanical stability to the SNFs, reducing physical im-
pacts and prevent direct exposure of the SNFs to groundwater flowing
from the near-field rock mass (Wersin et al., 2007; Rutqvist, 2020). The
NBS indicating rock mass surrounding the DGR, will retard the transport
of radionuclides if released and migrated out of the EBS materials (Kwon

and Min, 2021; Zhang et al., 2022).
Bentonite is commonly chosen as a primary material for buffer and

backfill due to its low permeability, high retention capacity for radio-
nuclides, and swelling capability, which can seal gaps between the EBS
materials and the surrounding rock mass (Zheng et al., 2015). Such
characteristics of bentonite may be compromised by chemical alter-
ations if the bentonite is exposed to high temperature resulting from
decay heat and groundwater migrated from the near-field rock mass
(Pusch and Karnland, 1996; Pusch et al., 2010; Wersin et al., 2007;
Zheng et al., 2017). Most of the DGRs worldwide impose a thermal limit
of 100 ◦C on the buffer to maintain its safety performance (Zheng et al.,
2015; Ahonen et al., 2008; SKB, 2010; Lee et al., 2007).

Thermal limit of the buffer is one of the most important factors in
DGR design, as it determines the spacings between disposal tunnels and
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deposition holes containing SNFs (Zheng et al., 2015). However, a
considerably large area required for the DGR designed with a thermal
limit of 100 ◦C can cause difficulties in finding a suitable site, particu-
larly in highly populated countries with limited land areas (Cho and
Kim, 2016; Lee et al., 2020a; Lee et al., 2023b). This necessitates the
development of alternative DGRs with reduced disposal areas for
effective use of national territory and mitigation of social acceptance
issues. Numerous laboratory and numerical studies have assessed the
performance of bentonite at temperature exceeding 100 ◦C to adjust the
thermal design constraint (Yoon et al., 2022; Cho and Kim, 2016, Wersin
et al., 2007; Zheng et al., 2015; Couture, 1985). Although physical
phenomena related to the long-term stability of the repository above
100 ◦C have not been fully understood yet, partially due to complex
multiphase fluid flow and heat processes (Chang et al., 2022), various
studies suggest that changes in the swelling performance of bentonite,
which affect the integrity of the repository, are not significant around
125 ◦C (Cho and Kim, 2016; Wersin et al., 2007; Pusch et al., 2003). In
that context, National Cooperative for the Disposal of Radioactive Waste
(NAGRA) in Switzerland adopted 125 ◦C as the thermal limit of the
buffer, measured at the outer half of the bentonite barrier for their re-
pository design and layout (NAGRA, 2002). Efforts to demonstrate the
performance of bentonite at high temperatures under realistic condi-
tions have been undertaken through several field experiments involving
different types of host rocks (Bossart et al., 2017; NAGRA, 2019; Kober
et al., 2023). In-situ heater tests, aiming to investigate key coupled
thermo-hydro-mechanical (THM) processes and parameters of EBS ma-
terials, named HE-E and FE (Full-scale emplacement) experiments, were
conducted at the Mont Terri underground research laboratory located in
the Opalinus clay formation in Switzerland (Bossart et al., 2017;
NAGRA, 2019). The temperature at the interface between the buffer and
heater was increased by more than 130 ◦C. For granitic host rocks, an
international field experiment titled “High Temperature Effects on
Bentonite Buffers (HotBENT)” was initiated at the Grimsel test site in
Switzerland (Kober et al., 2023). The heating of two types of bentonites,
namely Wyoming-type bentonite and Czech bentonite of type BCV
(Bentonite Černý Vrch), up to 200 ◦C commenced in 2021 in two sectors
separated by cement-based plugs. These sectors are scheduled to be
dismantled after 5 and 20 years of heating, respectively (Kober et al.,

2023).
Development of alternative disposal concepts including multi-layer

and multi-canister repositories (Fig. 1) has been considered as an
additional option to reduce repository area in several countries (Kwon
and Choi, 2006; Cho et al., 2017; Lee et al., 2020a; Malmlund et al.,
2004; Carvalho and Steed, 2012). In Korea, Kwon and Choi (2006)
evaluated thermal performance and rock mass stability of the multi-
layer concept using thermo-mechanical numerical simulations. Cho
et al. (2017) assessed the multi-layer and multi-canister repositories in
terms of temperature, mechanical stability, and nuclear criticality,
demonstrating a disposal density improvement of 200 % to 400 %
compared to the single-layer repository. Lee et al. (2020a) conducted
numerical analysis on coupled THM behavior in single- and multi-layer
repositories based on the Korean reference disposal system (KRS). The
double-layer disposal concept was considered as an alternative layout
for a DGR at Olkiluoto in Finland with an approximately 20 % smaller
area than the single-layer disposal concept (Malmlund et al., 2004). In
Canada, Carvalho and Steed (2012) calculated optimized disposal
spacing in the double-layer concept and investigated ground uplift and
rock failure using thermo-mechanical analysis.

The disposal area can also be reduced through the optimization of
decay heat per canister. Jeong et al (2022) developed a computer pro-
gram called ACom (Assembly Combination), by which respective SNFs
with maximum and minimum decay heat are iteratively placed in a
canister. The optimum combinations of SNFs per canister calculated by
ACom resulted in relatively lower decay heat compared to a conven-
tional model assuming that all SNFs in a canister emits identical decay
heat (hereafter referred to as the reference decay heat model). Based on
the optimized decay heat model derived by Acom, along with an
increased thermal limit of the buffer, Lee et al. (2023b) proposed a high-
efficiency DGR, significantly reducing the disposal area by 40 ~ 60 %
compared to an existing disposal system in Korea, but the multi-layer
concept was not considered in their study.

In order to provides various options for designing a high-efficiency
DGR tailored to the target disposal area and rock mass qualities in po-
tential repository sites, this study presents a numerical investigation for
the enhancement of disposal efficiency, which is inversely proportional
to the total disposal area, incorporating three design factors for DGRs:

Fig. 1. Conceptual diagrams of a quarter section of a symmetrical disposal module for reference and alternative disposal concepts. d and s denote disposal tunnel
spacing and deposition hole spacing, respectively.
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decay heat optimization, increased thermal limit of the buffer, and
double-layer concept. Specifically, an existing disposal concept in Korea
designed with the reference decay heat model and termed the improved
Korean reference disposal system (KRS+) is used as a reference DGRwith
brief introduction in the next section (Section 2). Section 2 also provides
descriptions of the optimized decay heat model. The numerical model
setup including simulation cases, model geometry, initial and boundary
conditions, and model properties is presented in Section 3. Section 4
presents simulation results such as comparison of repository perfor-
mances with the reference and optimized decay heat models, determi-
nation of optimal disposal spacings considering the three design factors,
mechanical stability of the host rock, and the effect of layer spacing in
the double-layer concept. Discussions on the effect of material properties
and rock mass stability issues in both near- and far-fields are provided in
Section 5, followed by the conclusion in Section 6.

2. Reference and optimized decay heat models

In Korea, a series of disposal concepts were developed based on a
thermal limit of the buffer of 100 ◦C. Initially, the Korean reference
disposal system (KRS) was introduced by Korea Atomic Energy Research
Institute (KAERI) (Lee et al., 2007) referring to the KBS-3 V concept
designed by the Swedish Nuclear Fuel andWaste Management Company
(SKB) (SKB, 2010). For pressurized water reactor (PWR) SNFs with an
initial enrichment of 4.0 wt% and a discharged burn-up of 45 GWd/MtU
corresponding to the initial decay heat per canister of 1.915 kW, the
spacings of disposal tunnel and deposition hole for KRS were 40 m and 6
m, respectively. In 2013, KRS-HB was developed for high burn-up SNFs
with an initial enrichment of 4.5 wt% and a discharged burn-up of 55
GWd/MtU, featuring spacings of 40 m for disposal tunnel and 9 m for
deposition hole (Kim et al., 2013). The improved Korean reference
disposal system (KRS+) is the up-to-date concept that enhances disposal

Fig. 2. Unit disposal modules and cross sections of canisters for (a) the reference (modified from Lee et al. (2020b)) and (b) optimized (modified from Lee et al.
(2023b)) decay heat models.

Fig. 3. Variations of (a) the decay heat per canister and (b) cumulative decay heat for the reference and optimized decay heat models.

K.-I. Kim et al. Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 153 (2024) 106017 

3 



efficiency through modifications to the dimensions and cooling time of
the SNFs (Lee et al., 2020b). The deposition hole spacing for KRS+ was
reduced to 7.5 m, while the disposal tunnel spacing was maintained.

Detailed strategies for optimizing decay heat per canister are pro-
vided in Lee et al. (2023b). Descriptions of the optimized decay heat
model are briefly presented in this study in comparison with the refer-
ence decay heat model used for the KRS+. Fig. 2 shows unit disposal
modules and cross sections of canisters for the reference and optimized
decay heat models. In the KRS+, four reference SNFs releasing identical
decay heat are placed in a canister with an assumed cooling time of 45
years (Lee et al., 2020b). For the optimized decay heat model, seven
SNFs with maximum and minimum decay heat depending on actual
burn-up and cooling time are iteratively combined in a canister using the
ACom program (Jeong et al., 2022). Consequently, the decay heat of
each canister is evenly distributed with a relatively low level of
maximum decay heat at the beginning compared to the reference decay
heat model (Jeong et al., 2022). The average cooling time of SNFs in the
canister of the optimized decay heat model is 93 years if the operation of
the repository is initiated from 2070. The diameters of the canister and
deposition hole in the optimized model are increased from those of the
KRS+ to contain three additional SNFs. The radial thickness of the buffer
between the canister and the wall of the deposition hole is maintained as
36 cm. Fig. 3a shows the variations of decay heat per canister for the
reference and optimized decay heat models after disposal. The initial
decay heat of the optimized decay heat model is 1.563 kW, which is 18
% lower than that of the reference decay heat model, but both are
reversed about 34 years after disposal (Fig. 3a). Fig. 3b shows the cu-
mulative decay heat for both models, indicating the total emitted ther-
mal energy from the canister. The cumulative decay heat of the
optimized model exceeds that of the reference decay heat model about
82 years after disposal, and the total decay heat released from the
optimized decay heat model is approximately 52 % larger than that from
the reference decay heat model 10,000 years after disposal.

3. Numerical model setup

3.1. Numerical simulator and coupling procedure

A numerical simulator employed in this study is the TOUGH2-MP/
FLAC3D simulator, which couples the two commercial codes:
TOUGH2-MP (Zhang et al., 2008) and FLAC3D (Itasca, 2012). TOUGH2-
MP is a parallel version of TOUGH2 (Pruess et al., 1999) used for
modeling multiphase and multicomponent fluid flow and heat transfer.
FLAC3D is employed for handling coupled thermo-hydro-mechanical
processes in rock and soil mechanics. The TOUGH-FLAC simulators
(Rutqvist et al., 2002; Rutqvist, 2017; Rinaldi et al., 2022) linking the
TOUGH-family codes such as TOUGH2 and TOUGH3 with various ver-
sions of FLAC3D has been widely applied in various applications related
to coupled THM processes in the subsurface such as oil and gas devel-
opment (Rutqvist et al., 2013), CO2 geosequestration (Rutqvist and
Tsang, 2002; Rinaldi et al., 2022), enhanced geothermal systems
(Jeanne et al., 2014; Kim et al., 2022a), and deep geological disposal
(Rutqvist et al., 2014; Tounsi et al., 2023). The TOUGH2-MP/FLAC3D
simulator uses a similar but faster calculation algorithm compared to
the original TOUGH2 and FLAC3D version by means of parallel
computing systems, so it was mainly applied to the long-term perfor-
mance evaluation of the DGRs (Lee et al., 2020a; Lee et al., 2021; Kim
et al., 2021).

Detailed coupling procedures of the TOUGH-FLAC simulator almost
identical to those of the TOUGH2-MP/FLAC simulator are presented in
Rutqvist et al. (2002), and are briefly summarized here. The coupled
equations in TOUGH2-MP and FLAC3D are solved sequentially by
exchanging coupling parameters at specific time intervals. Pressure,
temperature, and saturation data calculated after solving the thermal-
–hydraulic equations in TOUGH2-MP on the Linux operating system are
transferred to FLAC3D via a coupling algorithm embedded in TOUGH2-

MP. Subsequently, the mechanical equations in FLAC3D are solved
considering the pore pressure, swelling stress, and thermal stress to
update the stress and strain of the medium. TOUGH2 then solves the
thermal–hydraulic equations with the updated permeability and
porosity based on the stress and strain data transferred from FLAC3D. In
this study, however, we uses a partially-coupled scheme, in which the
mechanical effect on thermal and hydraulic conditions are not
considered.

3.2. Governing equations

The basic mass and energy balance equations solved by TOUGH2-MP
are as follows:

d
dt
Mκ +∇ • Fκ = qκ (1)

where t is time M is total mass or energy, κ is the mass or heat
component (water and air), F is mass or heat flux, and q is the sink or
source.

The general form of the mass accumulation term is obtained by
summing over the fluid phase β as given in Eq. (2).

Mκ = ϕ
∑

β
SβρβXκ

β (2)

where ϕ is the porosity, Sβ and ρβ are the saturation and density of
phase β, respectively, and Xκ

β is the mass fraction of component κ present
in phase β.

The heat accumulation term in a multiphase system is

MK = (1 − ϕ)ρRCRT+ϕ
∑

β
Sβρβuβ (3)

where ρR and CR are the grain density and specific heat of the rock,
respectively, T is the temperature, and uβ is the specific internal energy
in phase β.

Advective mass flux is a sum over phases, and individual phase fluxes
are given by a multiphase version of Darcy’s law:

Fκ
adv =

∑

β
Xκ

βFβ =
∑

β
Xκ

βρβuβ =
∑

β
Xκ

β(− k
krβρβ

μβ

(
∇Pβ − ρβg

)
) (4)

where uβ is the Darcy velocity in phase β, k is the absolute perme-
ability, krβ is the relative permeability to phase β, μβ is the viscosity, Pβ is
the fluid pressure in phaseβ, and g is the vector of gravitational
acceleration.

Along with the Darcy flow, the diffusive mass transport is

Fκ
diff = −

∑

β
ϕτ0τβρβdκ

β∇Xκ
β (5)

where τ0τβ is the tortuosity, defined as a product of a porous medium
dependent factor, τ0 and a coefficient depending on phase saturation, τβ,
and dκ

β is the molecular diffusion coefficient for component κ in phaseβ.
Heat flux including conductive and convective components is

FH = − λ∇T+
∑

β
hβFβ (6)

where λ is the thermal conductivity and hβ is the specific enthalpy in
phase β.

In the case of static equilibrium of the medium, the linear momentum
equation solved by FLAC3D is as follows:

∇ • σ + ρb = 0 (7)

where σ is the Cauchy stress tensor, b is the vector of body forces.
The effective stress can be calculated as

σʹ = σ − IαP (8)

where σʹ is the effective stress tensor, I is the unit tensor, P is the pore
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pressure.

3.3. Simulation cases

Five simulation cases are generated to investigate the increase in
disposal efficiency based on the three design factors of the DGR: decay
heat model, thermal limit of the buffer and the number of layers
(Table 1). The first case is the reference case representing the conditions
of the KRS+ with the reference decay heat model, a thermal limit buffer
of 100 ◦C and the single-layer concept. Other four cases are the alter-
native DGRs named after the used design factors. For example, the case
named OS100 uses the optimized decay heat model (O), the single-layer

Table 1
Decay heat model, thermal limit of the buffer and the number of layers for the
reference and four alternative cases.

Case Decay heat
model

Thermal limit of the
buffer (◦C)

Number of
layers

KRS+

(reference)
Reference 100 Single

OS100 Optimized 100 Single
OS130 Optimized 130 Single
OD100 Optimized 100 Double
OD130 Optimized 130 Double

Fig. 4. (a) Schematic diagram of the disposal tunnels and deposition holes from top-down view illustrating the periodicity of the symmetrical numerical model.
Geometry of a quarter section of a symmetrical disposal module for the (b) single- and (c) double-layer concepts with data monitoring points at buffer (A1 to A3) and
rock mass (B1 to B8) (not to scale). d and s indicate the spacings of disposal tunnel and deposition hole, respectively.
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concept (S), and a thermal limit of the buffer of 100 ◦C (100). The effect
of decay heat optimization on the enhancement of disposal efficiency
can be identified by comparing the disposal area of the reference case
and OS100. In addition to the decay heat optimization, increased ther-
mal limit of the buffer to 130 ◦C and the double-layer concept are
considered in OS130 and OD100, respectively. Lastly, OD130 takes
advantage of all three design factors together, and the highest
enhancement of disposal efficiency is expected.

3.4. Geometry and initial and boundary conditions

Considering the periodicity of the repository design with fixed
disposal spacings, a quarter section of a symmetrical disposal module is
generated for the single- and double-layer concepts with data moni-
toring points at the buffer and rock mass (Fig. 4). The quarter symmetric
geometry represents simultaneous excavation of neighboring disposal
tunnels and deposition holes, and heating of the disposal system. In the
double-layer concept, data monitoring points are located at the lower
layer, as the temperature of the buffer at the lower layer is higher than
that at the upper layer due to the effect of the geothermal gradient. A1 to
A3 are located in the buffer for calculating temperature, pressure, and
saturation. Near-field rock mass stresses are calculated at B1 to B8. The
sizes of the disposal tunnel and deposition hole refer to the geometry of
the unit disposal modules shown in Fig. 2. The canister is assumed to be
an equivalent single material emitting a quarter of the decay heat per
canister given in Fig. 3. The height of the single- and double-layer
models is set to 5 km to eliminate boundary effects from the fixed
temperature at the bottom of the models. For the reference case, the
spacings of disposal tunnel (d) and deposition hole (s) are 40 m and 7.5
m, respectively, which are identical to those of the KRS+. For the four
alternative cases, various values of the deposition hole spacings are used
to identify the optimal disposal spacing satisfying the thermal limit of
the buffer. The distance between the upper and bottom layers in the
double-layer concept is arbitrarily fixed as 300 m.

No fluid flow and heat transfer occur at all lateral boundaries, indi-
cating that the numerical domains are surrounded by identical decay
heat sources, indicating the conditions at the center of a repository for
the conservative analysis. The displacement normal to the lateral and
bottom boundaries is fixed, whereas the free displacement condition is
applied at the upper boundary, representing the ground surface. This
boundary conditions were used in several previous studies, using the
quarter symmetric repository models (Rutqvist et al., 2005; Lee et al.,
2020a; Rutqvist, 2020). Temperature and pressure are fixed as 10 ◦C and
0.1 MPa, respectively at the ground surface. A geothermal gradient of
0.03 ◦C/m and a hydrostatic condition are considered in the remaining
domain, excluding the EBS materials. The initial temperature and
pressure of the EBS materials are set as 15 ◦C and 0.1 MPa, respectively
considering the excavation and ventilation of the repository for 10 years.
Initial liquid saturation of the EBS materials is set as 0.507 converted
from an initial water content of 13 % according to Choi et al. (2008)
except for a canister assumed to be in a dry condition. The in-situ stress
condition is applied according to Eqs. (9)-(11) representing the regional
stress in the Korean peninsula (Synn et al., 2013). Here, Z indicates the
depth using a positive value, and the compressive stress is expressed by a
positive value.

σx(MPa) = 0.0202Z+1.5405 (9)

σy(MPa) = 0.0352Z+1.5759 (10)

σz(MPa) = 0.0265Z (11)

3.5. Model properties

The material properties of canister, buffer, backfill and rock mass
listed in Table 2 are identical to those provided in Lee et al (2020a),

which were used to model the coupled THM behaviors of the KRS and
multi-layer disposal concepts. This study considers crystalline rock as a
host rock for the DGR due to its low permeability, high strength, and
stable geological conditions (Birkholzer et al., 2012; Kwon and Min,
2021). The rock properties were mostly measured by laboratory tests
using granite specimens from the KAERI underground research tunnel
(KURT) and the temperature (T)-dependent linear thermal expansion
coefficient (αT) is considered as Eq. (12) (Lee et al., 2019). Measured
properties of the Ca-type bentonites produced in Korea, called KJ-I and
KJ-II are used for the buffer (Lee and Cho, 2009; Lee et al., 2019; Yoon
et al., 2018, Cho et al., 1999; Cho et al., 2010). Most of the properties of
backfill and canister are assumed.

αT =
(
0.7704

̅̅̅
T

√
+ 1.3306

)
× 10− 6 (12)

4. Simulation results

4.1. Repository performances using the reference and optimized decay
heat models

Repository performances using the reference and optimized decay
heat models are investigated under the condition that both models have
identical disposal spacings for the KRS+ based on coupled TH simula-
tions. Fig. 5 shows the thermal and hydraulic behaviors of the buffer
adjacent to a canister and rock for the reference and optimized decay
heat models. In case of the reference decay heat model, the buffer
temperature reaches a peak value of 82.0 ◦C after 18 years at the
interface between the buffer and canister (A1). The optimized decay
heat model presents a relatively slower increase in buffer temperature at
A1 compared to the reference decay heat model, attributed to the
smaller initial decay heat of the optimized decay heat model, but both
decay heat models are reversed at 33 years after disposal. The maximum
buffer temperature of the optimized decay heat model is calculated as
81.6 ◦C after 179 years. Contrary to the reference decay heat model,
where the buffer temperature immediately decreases after reaching the
peak value, the optimized decay heat model shows a flat peak, main-
taining the temperature above 81.0 ◦C for approximately 300 years. This
characteristic of the flat peak temperature might occur in the specific

Table 2
The properties of EBS materials and rock mass used for the coupled THM
modeling of the DGRs (Lee et al., 2020a).

Parameter (unit) Canister Buffer Backfill Rock
mass

Density (kg/m3) 6,577 1,600 1,600 2,650
Porosity (%) 0.001 41.0 40.0 1.16
Dry thermal conductivity (Wm-

1K− 1)
401 0.521 1.00 3.05

Wet thermal conductivity (Wm-

1K− 1)
401 1.234 2.00 3.31

Specific heat (Jkg-1K− 1) 390 1.061 980.0 820.0
Thermal expansion coefficient
(◦C− 1)

1.7 × 10-
5

5.0 × 10-
6

5.0 × 10-
6

Eq. (12)

Permeability (m2) 0.0 2.32 ×

10-20
1.0 × 10-
19

1.0 ×

10-18

van Genuchten’s (1980)
parameter, 1/Pvan (MPa− 1)

− 2.6 × 10-
7

3.3 × 10-
7

5.0 ×

10-7

van Genuchten’s (1980)
parameter, λvan (− )

− 0.2941 0.5 0.6

Exponent for relative
permeability, n

− 3.0 1.9 3.0

Residual liquid saturation (− ) 0.01 0.01 0.01 0.01
Klinkenberg parameter (Pa− 1) − 5.0 × 108 1.61 ×

106
6.86 ×

105

Tortuosity (− ) − 0.67 0.80 0.80
Biot’s coefficient (− ) − 1.0 1.0 1.0
Young’s modulus (GPa) 155.0 0.59 0.59 32.8
Poisson’s ratio 0.285 0.20 0.20 0.3
Maximum swelling stress (MPa) − 5.0 3.0 −
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disposal spacings used here, where the relatively higher rate of heat
accumulation in the buffer, caused by the larger decay heat of the
optimized model after 34 years (Fig. 3a), is balanced with the rate of
heat diffusion to the surrounding rock masses. The long-lasting peak
temperature of the buffer in the optimized decay heat model can lead to
a more evenly distributed temperature profile throughout the buffer
compared to the reference decay heat model. Thus, the maximum
temperature of the optimized decay heat model at the interface between
the buffer and rock mass (A2) is calculated as 77.2 ◦C after 334 years,
which is 8.3 ◦C higher and occurs 300 years later than that of the
reference decay heat model.

The different thermal behavior of the reference and optimized decay
heat models results in variations in hydraulic behavior at the buffer
through coupled thermo-hydraulic processes. At the interface between
the buffer and canister (A1), water evaporation initially occurs due to
elevated temperature, causing a decrease in liquid saturation to a min-
imum of 0.32 and 0.38 for the reference and optimized decay heat
models, respectively (Fig. 5b). The relatively rapid increase in temper-
ature at the beginning period for the reference decay heat model induces

more active vaporization in comparison with the optimized decay heat
model. Increased suction at A1 due to reduced saturation draws water
from the outer part of the buffer, causing continuous saturation increase,
and the buffer is saturated more than 99 % after 170 years and 190 years
for the reference and optimized decay heat models, respectively. At the
interface between the buffer and rock mass (A2), groundwater flows
from rock mass to the buffer due to suction and pressure difference, so
the buffer is gradually saturated from the beginning and almost fully
saturated after 167 years and 185 years for the reference and optimized
decay heat models, respectively. In terms of the pore pressure evolution,
both models are almost similar at A1 and A2, but the optimized decay
heat model has slightly higher peak pore pressure possibly due to
thermally-induced pore pressure increase (Fig. 5c).

Fig. 6 shows the temperature profiles along the vertical line passing
through the center of the canister at different times for both models.
Before disposal, the temperature distribution near the depth of the re-
pository is lower than the temperature profile following the geothermal
gradient owing to the excavation and ventilation effect (Fig. 6a). The
temperatures of the reference and optimized decay heat models increase

Fig. 5. Variations of the (a) temperature, (b) saturation, and (c) pressure at interfaces between the buffer and canister (A1) and between the buffer and rock mass
(A2) for the reference and optimized decay heat models.
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to 77.2 ◦C and 66.5 ◦C, respectively near the depth of 500 m at one year
after disposal, while the ventilation effect still remains in surrounding
areas (Fig. 6b). The ventilation effect is eliminated in all areas at 10
years for both models, and the areas of elevated temperature continu-
ously extend by the diffusion of decay heat to the upper and lower rock
masses as time passes (c-6f). At 100 years, the spatial range and amount
of temperature increase are similar for both models, but a larger amount
of heat is accumulated throughout the rock mass for the optimized decay
heat model as it emits a larger amount of cumulative decay heat per
canister compared to the reference decay heat model. At 10,000 years, a
temperature increase of 10 ◦C reaches approximately 1,000 m below the
repository for the optimized decay heat model. Based on a simple
calculation using Eq. (13), a temperature increase of 10 ◦C possibly in-
duces thermal stress at the rock mass on the order of 10-1 MPa, which
might trigger shear activation of critically-stressed existing fractures and
faults (Reasenberg and Simpson, 1992; Stein, 1999).

σT = 3αTKΔT (13)

where σT is the thermal stress, K is the bulk modulus used as 27.3

MPa in this study, and ΔT is the temperature change.
As undesirable permeability increase by fracture shear activation

could degrade the safety performance of a DGR in terms of radionuclide
transfer, a more in-depth analysis for the mechanical stability of the rock
mass in far-field as well as near-field is required for the optimized decay
heat model.

4.2. Estimation of the disposal spacings

In order to estimate the optimal disposal spacings of the four alter-
native DGRs in Table 1, satisfying the thermal limit of the buffer,
numerous symmetrical disposal modules are generated with various
values of deposition hole spacings. The interval between deposition hole
spacings is set as 0.5 m, and the disposal tunnel spacing is fixed as 30 m
for simplification. Variations of buffer temperature at A1 and A3, which
represent the midpoint of the interface between the buffer and canister
and the location of the largest temperature increase as calculated in
previous studies (Lee et al., 2020a; Kim et al., 2021), are evaluated for
the single-layer (OS100 and OS130) and double-layer (OD100 and

Fig. 6. Temperature profiles along the vertical line passing through the center of the canister at (a) 0, (b) 1, (c) 10, (d) 100, (e) 1,000 and (f) 10,000 years after
disposal for the reference and optimized decay heat models.

Fig. 7. Variations of buffer temperatures at A1 with various values of deposi-
tion hole spacings (s) for the single-layer concept. The optimized deposition
hole spacings for the OS100 and OS130 are indicated by red lines. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 8. Variations of buffer temperatures at A3 with various values of deposi-
tion hole spacings (s) for the double-layer concept. The optimized deposition
hole spacings for the OD100 and OD130 are indicated by red lines. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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OD130) concepts through coupled TH simulations.
Figs. 7 and 8 present the variations of buffer temperature for the

alternative DGRs in single- and double-layer concepts, respectively with
various values of deposition hole spacings. In the cases of the single-
layer concepts (Fig. 7), the evolution of buffer temperature is almost
identical regardless of the deposition hole spacings in the very early
periods before 0.05 years. Afterwards, DGRs with smaller deposition
hole spacings result in more substantial temperature increases at the
buffer, showing the peak temperature at a similar time, approximately
between 300 and 400 years after disposal. The maximum buffer tem-
peratures are calculated as 105.0 ◦C, 99.8 ◦C, and 95.3 ◦C for deposition
hole spacings of 6.5 m, 7.0 m, and 7.5 m, respectively. Consequently,
7.0 m is determined as the optimal deposition hole spacing for OS100,
conforming to the thermal limit of the buffer. In the same manner, the
optimal deposition hole spacing for OS130 is identified as 5.0 m. In cases
of the double-layer concepts (Fig. 8), one additional inflection point
appears in the temperature evolution curves due to thermal interference
caused by delayed heat transfer from the upper layer. Delayed thermal
interference affects both the magnitude and timing of the peak tem-
perature. For example, in the case of the deposition hole spacing of 7.5
m, the maximum buffer temperature is calculated as 117. 8 ◦C at
approximately 1,350 years after disposal, which is 21.7 ◦C higher and
1,000 years later than the single-layer model with an identical deposi-
tion hole spacing. Relatively higher surrounding rock mass temperature
at the lower layer due to the geothermal gradient could contribute to the
larger temperature increase in the double-layer concepts. The optimal
deposition hole spacings for OD100 and OD130 are determined as 10.0
m and 7.0 m, respectively. The maximum buffer temperatures and
determined disposal spacings for the four alternative DGRs are pre-
sented in Table 3.

Based on the determined disposal spacings, the number of SNFs per

canister and layers, unit disposal areas (A) for the four alternative DGRs
are calculated using Eq. (14), where D is the disposal tunnel spacing, S is
the deposition hole spacing, N is the number of SNFs per canister, and L
is the number of layers. Disposal efficiencies of the reference and four
alternative DGRs are calculated as the multiplicative inverse of the unit
disposal area. These values are then normalized by the KRS+. The unit
disposal areas and normalized disposal efficiencies for the reference and
four alternative DGRs are presented in Table 3.

A =
DS
NL

(14)

Fig. 9 presents the normalized disposal efficiency with the used re-
pository design factors for the alternative DGRs. By adopting the opti-
mized decay heat model (OS100), the disposal efficiency can be
increased as much as 2.5 times that of the KRS+. In addition to the decay
heat optimization, increasing the thermal limit of the buffer to 130 ◦C
(OS130) or adopting the double-layer concept (OD100) provides an
extra 40 % improvement in disposal efficiency. If all three design factors
are applied together (OD130), the disposal efficiency can be enhanced to
five times compared to that of the KRS+, which could significantly
alleviate the difficulties of site selection for the DGR, particularly related
to the public acceptance issues. It should be carefully noted that this
study solely uses the thermal limit of the buffer as a design constraint to
determine the disposal spacings of the alternative DGRs. The determined
disposal spacings can be modified if additional design constraints such
as rock mass stability and performance degradation of EBS materials at
high temperature are considered. Furthermore, securing a larger volume
of continuous and homogeneous host rock in vertical direction for the
double-layer concept may be more challenging from engineering and
geological perspectives compared to the single-layer concept. However,
this study merely assumes that such continuous and homogeneous ver-
tical host rock can be secured for the potential DGR site.

4.3. Rock mass stability analysis

In the deep geological repository, temperature increase caused by
decay heat under the confined conditions of the rock mass induces
thermal stress (Rutqvist, 2000; Rutqvist and Tsang, 2004). Simulta-
neously, groundwater inflow from the surrounding rock alters the de-
gree of saturation and pore pressure, resulting in the swelling of
expansive buffer materials. The thermal stress and swelling stress can
perturb the stress state in the repository, with a much larger stress
perturbation applied to the rock mass compared to the buffer and
backfill due to the relatively higher brittleness of the rock mass. Addi-
tional coupled THM simulations are conducted for the four alternative
DGRs with the determined disposal spacings to analyze the mechanical
stability of the rock mass based on two failure criteria. Firstly, the
maximum effective principal stresses are compared to the half of the
uniaxial compressive strength (UCS) of an intact rock to investigate
potential spalling failure near the disposal tunnels and deposition holes
(Martin, 2005). Since disposal tunnels and deposition holes are sup-
ported by swelling pressure from the buffer and backfill, considering the
possibility of spalling failure of rock under the unconfined condition is a
conservative approach (Lee et al., 2020a). Mohr-Coulomb failure crite-
rion (Jaeger and Cook, 1979) is used as the second failure criterion to
consider the enforced rock mass strength due to the confining stress
generated by the swelling of buffer and backfill.

Fig. 10 shows variations in maximum principal stresses of the rock
mass with the rock spalling failure criteria. As intact rocks have large
variability in the UCS, ranging from less than a hundred to several
hundred MPa (Chau and Wong, 1996; Zhao et al., 1999; Villeneuve
et al., 2018), measured UCS values from granite specimens obtained at
two different test locations in KURT are used for the spalling failure
criteria. The average UCS values for granite specimens from the bore-
hole heater (BH) test and in-situ demonstration of the engineered barrier
system (In-DEBS) test are 91.4 MPa and 149.5 MPa, respectively (Lee

Table 3
The maximum buffer temperature, spacings of disposal tunnel and deposition
hole, unit disposal area, and normalized disposal efficiency by the KRS+ for the
reference and alternative DGR cases.

Case Maximum
buffer
temperature
(◦C)

Disposal
tunnel
spacing
(m)

Deposition
hole
spacing
(m)

Unit
disposal
area
(m2)

Normalized
disposal
efficiency
(%)

KRS+ 82.0 40.0 7.5 75.0 1.0
OS100 99.8 30.0 7.0 30.0 2.5
OS130 128.0 30.0 5.0 21.4 3.5
OD100 97.6 30.0 10.0 21.4 3.5
OD130 123.9 30.0 7.0 15.0 5.0

Fig. 9. Bar charts of the normalized disposal efficiency by the KRS+ for the
reference and alternative DGRs.
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et al., 2019). The overall trends in stress change for all alternative DGRs
are similar to those of the temperature evolutions presented in Figs. 7
and 8 because the thermal stress is the primary cause of the rock stress
change. Consequently, a broader area is anticipated to experience
spalling failure in the cases with the thermal limit of 130 ◦C (OS130 and
OD130) than the cases with the thermal limit of 100 ◦C (OS100 and
OD100). For OS100 and OD100, spalling failure is expected at all
monitoring points except at B3 of OS100 when the failure criterion
based on the BH test is applied, whereas rock mass stability can be

secured at all monitoring points when the failure criterion based on the
In-DEBS test is applied. In contrast, for both OS130 and OD130, spalling
failure can occur at all monitoring points except at the bottom of the
deposition hole (B3 and B7), even with the failure criterion based on the
In-DEBS test. It should be noted that the area of rock spalling failure
might be overestimated, as the increase in rock mass strength due to
confining stress by the swelling of buffer and backfill is not considered in
this analysis.

The Mohr-Coulomb failure criterion describes the conditions for
failure of an isotropic material with principal stresses (Eq. (15)), while
the effect of the intermediate stress is excluded (Labuz and Zang, 2012).

σ1 = σc + qσ3 (15)

where σc is the uniaxial compressive strength, and q is the slope
between the minimum (σ3) and maximum principal stresses (σ1). σc and
q can be calculated using cohesion (C0) and friction angle (ϕ) as pre-
sented in Eqs. (16) and (17).

σc = 2C0cosϕ/(1 − sinϕ) (16)

q = (1+ sinϕ)/(1 − sinϕ) (17)

Fig. 10. Variations of the maximum principal stresses of rock mass near the disposal tunnel and the deposition hole for (a) OS100, (b) OS130, (c) OD100, and (d)
OD130 with the failure criterion of rock spalling calculated as 50 % of the UCS of granite specimens from heater test and In-DEBS test areas in KURT.

Table 4
Empirical equations to calculate friction angle and cohesion of rock mass based
on RMR (modified from Lee et al., 2020).

Property Equation Reference

Friction angle (◦) ϕ = -0.086 + 0.7891RMR-0.0031RMR2

Bieniawski (1989)
ϕ = 0.25RMR+27.5

Kim (1993)
ϕ = 0.5RMR+5

Trueman (1988)
Cohesion (MPa) C0 = 0.25exp(0.05RMR) Trueman (1988)
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Friction angle and cohesion of rock mass can be estimated based on
rock mass rating (RMR) using empirical equations provided in Table 4.
RMR is a geomechanical classification of rock mass quality into five
classes: very poor (<20), poor (21 ~ 40), fair (41–60), good (61–80),
very good (81–100) based on six parameters such as UCS, rock quality
designation (RQD), spacing, condition, and orientation of

discontinuities, and groundwater conditions (Bieniawski, 1989). The
mean friction angle (ϕm) averaged from the three equations in Table 4,
CO, σc and q are listed in Table 5 for various RMR values.

Fig. 11 presents the stress paths of the minimum and maximum
effective principal stresses of rock mass at different times using the
Mohr-Coulomb failure criteria. In all alternative DGRs, the intersection
point of the disposal tunnel and deposition hole (B1 and B5) exhibits the
most significant variation in the maximum effective principal stress due
to high stress concentration, consistent with the findings of previous
studies by Rutqvist et al. (2005) and Rutqvist and Tsang (2024).
Conversely, the smallest variation in the minimum effective stress,
which is the vertical stress, results from the relatively less vertically-
confined condition caused by the low elastic modulus of the backfill as
well as the tensional stress from swelling of the buffer in the vertical
direction. This indicates minimized strengthening of rock mass strength.
Thus, the intersection point of the disposal tunnel and deposition hole
shows the highest susceptibility to failure among the monitoring points,
necessitating an in-depth evaluation of rock mass failure and its impact

Table 5
Estimated values of mean friction angle (ϕm), cohesion (C0), uniaxial compres-
sive strength (σc) and slope between the minimum and maximum principal
stresses (q) using the empirical equations listed in Table 4 for RMR of 60, 65, 70,
75, and 80.

Parameter RMR
60 65 70 75 80

ϕm(◦) 37.87 39.79 41.65 43.47 45.23
C0 (MPa) 5.02 6.45 8.28 10.63 13.65
σc (MPa) 20.53 27.52 36.89 49.45 66.29
q (− ) 4.18 4.55 4.96 5.41 5.90

Fig. 11. Stress paths of the minimum and maximum effective principal stresses at the monitoring points of rock mass with the Mohr-Coulomb failure criteria for (a)
OS100, (b) OS130, (c) OD100, and (d) OD130. The circles indicate the stress states at 0, 1, 10, 100, 1,000 and 10,000 years after disposal.
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on the EBS materials during the design of alternative DGRs.
On the other hand, the reinforced rock strength resulting from the

largest increase in the minimum effective principal stress contributes to
the reduced probability of failure at the rock mass in the vicinity of the
center of the canister (B2 and B6). In the case of RMR of 60, corre-
sponding to the highest rock mass quality categorized as ‘fair’, failure is
anticipated at the intersection point of the disposal tunnel and deposi-
tion hole (B1 and B5) and the top of the disposal tunnel (B4 and B8) in all
alternative DGRs. Except for OS100, the remaining three alternative
DGRs also experience failure at the bottom of the deposition hole (B3
and B7). As RMR gradually increases from 60 to 80, the area susceptible
to failure gradually decreases. In the case of RMR of 80, corresponding
to the highest rock mass quality categorized as ‘good’, OS100 and
OD100 exhibit no failure at any monitoring point. However, OS130 and
OD130 still experience failure at the intersection point between the
disposal tunnel and deposition hole due to the relatively high induced
thermal stresses. According to RMR results investigated along a 252 m
long declined borehole in KURT, approximately 63 % of the area ex-
hibits RMR>60, and the area with RMR>80 is limited to only 24 % (Cho
et al., 2013). Therefore, it is important to investigate the potential
impact of the failure of the surrounding rock mass on the integrity of the
EBS materials. In addition, increasing the thermal limit of the buffer may
impose additional constraints on rock mass temperature.

4.4. Effect of layer spacing

In this study, the spacing between the upper and lower layers is
assumed to be 300 m for the double-layer concept. However, the layer
spacing can influence the buffer temperature due to the interplay be-
tween the boundary rock mass temperature and the thermal interaction
between the upper and lower layers. Increasing the layer spacing
weakens thermal interaction between the layers, reducing the maximum
buffer temperature, while the higher boundary rock mass temperature at
the lower layer influenced by the geothermal gradient inversely affects
the maximum buffer temperature. In order to investigate the effect of
layer spacing on the maximum buffer temperature, additional coupled
TH simulations are conducted with various layer spacings for OD130.
The layer spacing is increased from 100 m to 700 m, while the depth of
the upper layer is fixed as 500 m.

Fig. 12 shows the variations in the maximum buffer temperature at
the upper and lower layers with different layer spacings for OD130. At
the upper layer, the maximum buffer temperature is calculated as 142.7
◦C with a layer spacing of 100 m, and it decreases as the layer spacing
increases. If the layer spacing exceeds 500 m, the effect of thermal

interaction between the layers on the maximum buffer temperature
nearly vanishes, as the maximum buffer temperature at the upper layer
almost converges to the maximum buffer temperature at 500 m depth
for the single-layer concept. At the lower layer, the maximum buffer
temperature is higher than that at the upper layer due to the effect of the
geothermal gradient. The difference in the maximum buffer temperature
between the layers is similar to the difference in the boundary rock mass
temperature between the layers, corresponding to the geothermal
gradient of 30 ◦C/km (Fig. 13). The maximum buffer temperature at the
lower layer declines as the layer spacing increases, and it has the lowest
value as 116.9 ◦C when the layer spacing is 500 m. The maximum buffer
temperature begins to rise with higher layer spacing due to the dominant
effect of the geothermal gradient. If the layer spacing is set as 500 m, the
disposal efficiency could be further enhanced in the double-layer
concept. However, determine the optimal layer spacing requires engi-
neering judgement, considering not only the thermal performance of the
DGR but also various factors such as cost and difficulties of the con-
struction as well as geomechanical conditions such as fluid pressure and
in-situ stresses.

5. Discussion

This study provides a numerical investigation to enhance the
disposal efficiency based on three design factors for a deep geological
repository: decay heat optimization, increased thermal limit of the
buffer, and the double-layer concept. Disposal spacings for the various
alternative DGRs with different combinations of the design factors are
determined using coupled TH simulations. Mechanical stability of near-
field rock mass with different conditions of rock mass strength and
qualities are identified through additional coupled THM simulations for
the alternative DGRs with the determined disposal spacings. However, it
is of importance to note that the calculated maximum buffer tempera-
ture and the determined disposal spacings in this study may vary
depending on the type of SNFs and the properties of the buffer and rock
mass. Numerous attempts have been made recently to improve the
thermal conductivity of buffer materials with various additives
(Rutqvist, 2020; Lee et al., 2023a; Feng et al., 2024), which enables
more densely arranged canisters containing SNFs by means of the
elevated heat release to surrounding rock masses. Kim et al. (2022b)
developed regression equations estimating the peak buffer temperature
based on various types of bentonite and rock thermal properties, offering
disposal spacing maps for the Korean Peninsula. This highlights that

Fig. 12. Variations in the maximum buffer temperature at the upper and lower
layers for OD130 under various layer spacings.

Fig. 13. The difference in both the maximum buffer temperature and the
boundary rock mass temperature between the upper and lower layers for
OD130 under various layer spacings.
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regional variations in rock properties can influence the disposal spac-
ings. Thus, the disposal spacings for the alternative DGRs determined in
this study should not be regarded as absolute values. Instead, emphasis
should be placed on assessing the relative improvements in disposal
efficiency compared to the reference DGR within the context of the
specified type of SNFs and material properties.

The key outcome of this study is further illustrated in Fig. 14, which
presents a comparison of disposal areas and temperature-depth profiles
for the reference and four alternative DGRs together with schematic
diagrams showing various phenomena related to the potential
thermally-induced rock failure at near- and far-field scales. The combi-
nations of three design factors can lead to a reduction in disposal areas
from 20 % to 40 % of the current reference disposal system in Korea,
which may substantially alleviate the difficulties associated with site
selection for the DGR, particularly in gaining public acceptance. How-
ever, this study has a limitation in that the thermal limit of the buffer
was used as a single design constraint to identify the disposal spacings
without consideration of cost and difficulties of the construction as well
as geomechanical aspects such as rock mass stability. Increasing the
thermal limit of the buffer raises the probability of thermally-induced
failure in the near-field host rock, resulting in irreversible perme-
ability enhancement (Rutqvist and Stephansson, 2003; Min et al., 2005;
Min et al., 2013). This, in turn, may lead to an increased groundwater
inflow rate possibly degrading the integrity and performance of sur-
rounding EBS materials through piping and erosion processes
(Börgesson and Sandên, 2006; Suzuki et al., 2013). Thus, some

deposition holes with high stress-strength ratio or large intersecting
fractures, which are deemed susceptible to the thermo-mechanical
damage, may be ruled out for the emplacement of SNFs. Moreover, an
additional thermal constraint on rock mass may be imposed similar to a
nuclear waste disposal concept in Switzerland, which allows a temper-
ature up to 125 ◦C at half of the bentonite barrier with an additional
thermal constraint on argillaceous host rock (Opalinus clay) of
approximately 80 ◦C (Leupin et al., 2016; Rutqvist, 2020). The analysis
of rock mass stability with various rock mass properties provided in this
study (Figs. 10 and 11) can be briefly used to determine the suitability of
deposition holes and the thermal constraint on granitic host rock.
However, further studies are needed to investigate the extent of
permeability increase and its impact on the performance of EBS mate-
rials. If the exclusion of certain deposition holes and the additional
thermal constraint on rock mass are adopted into the design of alter-
native DGRs, the enhancement of disposal efficiency given in Fig. 9
might be reduced, particularly in cases with an increased thermal limit
of the buffer.

Thermally driven fracture shear slip, termed as thermoshearing, in
the far-field should be handled with importance as well, as it is associ-
ated with hydraulic and mechanical changes. These fractures serve as
major pathways for fluid flow containing radionuclides (Min et al.,
2005; Min et al., 2013). In addition, potential seismic events induced by
fracture shear slip itself may raise public concern, similar to applications
in enhanced geothermal systems and oil and gas development (Häring
et al., 2008; Lei et al., 2013; Kim et al., 2022a). According to Seo et al.

Fig. 14. Temperature profiles along the vertical line passing through the center of the canister at 10,000 years after disposal for the reference (KRS+) and four
alternative DGRs along with schematic diagrams showing a comparison of disposal areas and various phenomenon related to the possible thermally-induced failure in
the near- and far-field host rock.
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(2024), who investigated shear slip potential around the reference and
various alternative DGRs including multi-layer and multi-canister
disposal concepts in the far-field scale, stress variations at distances
several kilometers away were similar for the reference and alternative
DGRs, as the total amount of SNFs corresponding to the total heat
generation is the same for all DGRs. Nevertheless, the alternative DGRs
with concentrated heat generation in relatively small areas exhibited
higher stress variations compared to the reference DGR within a 1 km
distance (see Fig. 6 in Seo et al., 2024). This study analogously identifies
that more densely arranged heat sources for the alternative DGRs entail
a larger temperature increase at the far-field scale (Fig. 14). However,
studies on the potential fracture shear slip around the alternative DGRs
are in an embryonic stage, and further in-depth investigations are
needed, taking into consideration a network of discrete fractures,
various in-situ conditions and rock types.

6. Conclusion

This study provides various options for designing a high-efficiency
deep geological repository tailored to the target disposal area and rock
mass qualities in potential repository sites. The key findings can be
summarized as follows:

• The maximum buffer temperatures of the reference and optimized
decay heat models are calculated as similar values. Contrary to the
reference decay heat model, the buffer temperature of the optimized
decay heat model exhibits a flat peak lasting about 300 years,
resulting in a larger temperature increase in the rock mass at near-
and far-field scales.

• Disposal efficiency can be increased as much as 2.5 times that of the
current reference disposal system in Korea (KRS+) solely by decay
heat optimization (OS100). In addition to the decay heat optimiza-
tion, increasing the thermal limit of the buffer to 130 ◦C (OS130) or
adopting the double-layer concept (OD100) provides an extra 40 %
improvement in disposal efficiency. If all three design factors are
applied together (OD130), disposal area can be reduced by 20 % of
that of the KRS+, which may substantially alleviate the difficulties
associated with site selection for the DGR.

• Deep geological repositories designed with an increased thermal
limit of the buffer (OS130 and OD130) poses a greater probability of
spalling failure in near-field host rock due to relatively high thermal
stresses. Furthermore, rock mass failure can occur at the intersection
point between the disposal tunnel and deposition hole for OS130 and
OD130, based on the Mohr-Coulomb failure criterion derived from
the assumed RMR of 80 regarded as the highest rock mass quality
categorized as ‘good’.

• In the case of the double-layer concept, the maximum buffer tem-
perature at the lower layer declines with increased layer spacing up
to 500 m, because thermal interaction between the layers dominates
over the effect of geothermal gradient. However, the maximum
buffer temperature starts to rise with larger layer spacing because the
thermal interaction between the layers almost disappears, and the
boundary rock mass temperature increases following the geothermal
gradient.
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