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The guarantee of the performance of the engineered barriers in a geological repository is very important for the long-term safety of disposal 
as well as the efficient design of the repository. Therefore, the performance of the engineered barriers under repository condition should be 
demonstrated by in-situ experiments conducted in an underground research laboratory. This article provides a review of the major in-situ 
experiments that have been carried out over the past several decades at underground research laboratories around the world to validate the 
performance of engineered barriers of a repository, as well as their results. In-situ experiments to study the coupled thermal-hydraulic-
mechanical behavior of the engineered barrier system used to simulate the post-closure performance of the repository are analyzed as a 
priority. In addition, in-situ experiments to investigate the performance of the buffer material under a real repository environment have 
been reviewed. State-of-the art in-situ validations of the buffer-concrete interaction, and the installation of the buffer, backfill and plug, as 
well as characterization of the near-field rock and the corrosion of the canister materials are, also performed.
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1. Introduction

A geological repository would be constructed in a 
bedrock at the depth of several hundred meters below 
the ground surface. The repository is expected to be of a 
room-and-pillar design, and high-level waste canister will 
be deposited in an array of large-diameter deposition holes 
drilled into the floor of disposal tunnel. The space between 
the canister and the inner wall of the deposition hole will be 
filled with a buffer material of compacted bentonite. When 
all deposition holes in a disposal tunnel are filled, the tunnel 
is backfilled with a compacted bentonite-sand mixture, and 
the entrance of the tunnel is plugged with concrete plug-
ging material [1]. The canister, buffer, backfill, plugging 
and near-field rock are called engineered barriers because 
they are man-made barriers or their performance can be im-
proved through artificial efforts.

An engineered barrier controls the dissipation of decay 
heat from the high-level waste to the surrounding environ-
ment to prevent an improper increase of the temperature 
in the repository. As the performance of the repository is 
affected by the temperature, keeping a proper temperature 
in the repository is an essential factor for the design of a 
geological repository. The engineered barrier also has a sig-
nificant influence on the radionuclide release from the re-
pository to the surrounding rock. Therefore, the validation 
of the performance of engineered barriers is very important 

for the design and long-term safety of a geological reposi-
tory. At the initial stage of a research program for the vali-
dation of the performance of engineered barriers, validation 
is mainly carried out through laboratory works, which have 
essential limitations in that the experiments are done under 
unrealistic conditions on a small scale and in a short period. 
These limitations can be overcome by in-situ experiments 
carried out at a full scale or semi-full scale under realistic 
repository condition at an underground research laboratory. 
Therefore, in-situ experiments are of great importance for 
the efficient design of a repository and an improvement of 
public acceptance on the safety of high-level waste disposal. 

In this article, the in-situ experiments to demonstrate 
the performance of engineered barriers of a repository that 
have been carried out at underground research laboratories 
around the world for the past several decades are reviewed, 
and their results are analyzed.

2. Underground Research Laboratory

There are many underground research laboratories 
around the world for R&D on the disposal of high-level 
waste. Several underground research laboratories where in-
situ experiments for the performance of engineered barriers 
of a geological repository have been carried out actively are 
as follows (Table 1);

중심단어: 현장실험. 공학적방벽, 심지층처분장, 실증, 입증

심지층처분장 공학적방벽의 성능 보장은 장기처분안전성 측면에서 뿐만 아니라 심지층처분장의 효율적인 설계를 위해서도 

매우 중요하다. 따라서 지하실험시설에서 수행되는 현장실험들을 통해 심지층처분장 조건 하에서의 공학적방벽 성능을 입

증할 필요가 있다. 이 논문에서는 심지층처분장 공학적방벽의 성능을 실증하기 위해, 지난 수십 년 동안 전 세계에서 수행되

어온 주요 현장실험의 현황과 그 결과에 대해 검토하였다. 먼저 심지층처분장의 폐쇄 후 성능을 모사하는 공학적방벽시스

템의 열-수리-역학적 복합거동을 규명하기 위한 현장실험들이 분석되었다. 아울러 실제 심지층처분장의 환경에서 완충재의 

성능을 조사하기 위한 현장실험들이 검토되었다. 완충재-콘크리트 상호반응, 완충재, 뒷채움재 및 플러그의 설치, 그리고 근

계암반 특성과 처분용기 재질의 부식 현상을 규명하기 위한 현장실험들의 기술현황도 분석되었다.
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2.1 Grimsel Test Site 

 The Grimsel Test Site (GTS) is one of two operating 
underground research laboratories in Switzerland. GTS is 
located in a granite at a depth of 450 m below the ground 
surface of Central Aar Massif in Switzerland. The main 
tunnels with a diameter of 3.5 m and a length more than 
1,000 m were constructed from 1983 to 1984 using a tunnel 
boring machine (TBM), and extended in 1996 and 1998. 
Additional caverns were excavated using a conventional 
drill and blast technique [2,3].

2.2 Mont Terri Rock Laboratory

The Mon Terri Rock Laboratory (Mont Terri RL) is the 
other underground research laboratory in Switzerland, and 
is located in Opalinus Clay at a depth of 250 to 320 m below 

the ground surface. Mon Terri RL was constructed at the 
investigation tunnel of the National Highway N16 of Swit-
zerland with a width of 4.6 m and a height of 4.5 m. The 
investigation tunnel was excavated using a conventional 
drill and blast technique, whereas the research tunnels were 
excavated using a hydraulic or pneumatic hammer, hori-
zontal raise boring and large-diameter auger. In 1996, eight 
research tunnels with a width and height of 4 m and a length 
of 8 m were constructed, and in 1997, an additional 230 m 
long research tunnel with a width of 3.5 m and a height of 8 
m was excavated. After that, several extension works were 
conducted [3,4]. 

2.3 Aspö Hard Rock Laboratory

The Aspö Hard Rock Laboratory (Aspö HRL) is located 
in granite at Aspö Island, Oskarshamn in Sweden. The main 

URL Descriptions Remarks

Grimsel Test Site
∙ Host rock: Granite
∙ Location: Grimsel, Switzerland
∙ Depth: 450 m

∙ Managing organization: Nagra
∙ Operating since 1984

Mont Terri Rock Laboratory 
∙ Host rock: Opalinus clay
∙ Location: Mon Terri, Switzerland
∙ Depth: 250~320 m

∙ Managing organization: Swisstopo
∙ Operating since 1995

Aspö Hard Rock Laboratory
∙ Host rock: Granite
∙ Location: Oskarshamn, Sweden
∙ Depth: 460 m

∙ Managing organization: SKB
∙ Operating since 1995

Exploratory Studies Facility
∙ Host rock: Tuff
∙ Location: Yucca Mt. USA
∙ Depth: 300 m

∙ Managing organization: US DOE
∙ Operation from 1997 to 2009

ONKALO UCRF
∙ Host rock: Granite
∙ Location: Eurajoki, Finland
∙ Depth: 520 m

∙ Managing organization: Posiva
∙ Operating since 2004

HADES URF
∙ Host rock: Boom clay
∙ Location: Mol, Belgium
∙ Depth: 225 m

∙ Managing organization: EURIDICE
∙ Operating since 1984

KURT
∙ Host rock: Granite
∙ Location: Daejeon, Korea
∙ Depth: 100 m

∙ Managing organization: KAERI
∙ Operating since 2006

Table 1. Several underground research laboratories in the world
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access tunnel expands in a spiral down from the ground sur-
face to a depth of 460 m, and the total length of the tunnel is 
3,600 m. The main part of the tunnel from ground surface to 
a depth of 400 m was excavated using a conventional drill 
and blast technique and the last 400 m long research tun-
nels with a diameter of 5 m was excavated using a tunnel 
boring machine (TBM). The facility was constructed from 
1990 to 1995, and started operation in 1995 [5]. 

2.4 Exploratory Studies Facility

The Exploratory Studies Facility (ESF) was constructed 
at the site for the Yucca Mountain repository, Nevada in the 
USA. It is a 16 km underground network of inclined ramps, 
connection tunnels, and research tunnels with a total length 
of 8,000 m. The ESF is located in unsaturated tuff at a depth 
of 300 m, and the aquifer is 300 m below the ESF. The main 
ramp and tunnels are of a round shape with a diameter of 
7.6 m. The research tunnels were excavated using conven-
tional drill and blast technique from the ground surface to a 
depth of 60 m, and the rest was excavated by a tunnel bor-
ing machine (TBM) with a diameter of 7.6 m. The ESF was 
constructed in 1997 as an underground laboratory for the 
Yucca Mountain repository, and closed down in 2009 due to 
the suspension of the Yucca Mountain repository program 
[6]. US DOE makes constant efforts to continuing the re-
sumption of the NRC licensing process for Yucca Mountain 
repository [7].

2.5 ONKALO Underground Characterization 
and Research Facility 

The ONKALO Underground Rock Characterization 
and Research Facility (ONKALO UCRF) in Finland was 
constructed to collect data for the construction license of 
the spent fuel repository which was granted in November 
2015, and its host rock is a granite. ONKALO UCRF has 
also been used to develop excavation and disposal tech-
niques under the repository conditions. In the future, it will 

be used as a part of the final repository. The 5,500 m access 
tunnel expands in a spiral downward from the ground sur-
face to a depth of 520 m, and its slope is -10 %. The main 
part of the tunnel from ground surface to a depth of 400 m 
has been excavated by the conventional drill and blast tech-
nique. The research tunnels are located at a depth of 420 m 
and 520 m, and the width and height of tunnel are 5.5 m and 
6.3 m, respectively [8].

2.6 HADES Underground Research Facility 

The HADES Underground Research Facility (HADES 
URF) is located at a depth of 225 m in a deep clay formation 
in Belgium. It was the first underground laboratory in Eu-
rope to study the possibility of geological disposal in clay, 
and was constructed in a Boom clay formation which is 
100 m thick and its top is about 180 m deep.  In the HADES 
URF, the first phase tunnels were constructed from 1980 to 
1987, and the second phase tunnels were constructed from 
1997 to 2002. Finally, in 2007, the PRACLAY gallery was 
constructed. The PRACLAY gallery is used for the large-
scale PRACLAY Heater Experiment to study the effects of 
decay heat generated from high-level waste on the Boom 
Clay properties [9].

2.7 KAERI Underground Research Tunnel

The KAERI Underground Research Tunnel (KURT) is 
located at the site of the Korea Atomic Energy Research 
Institute (KAERI) in Daejeon, Korea, and its host rock is 
a granite. The length of the access tunnel is 345 m, and 
its slope up to 180 m from the portal is -10%. The total 
length of six research modules and the length of the connec-
tion tunnel are 165 m and 42 m respectively. Two research 
modules are located at 90 m, and the four research modules 
are located at 100 m below the ground surface. The access 
tunnel and research modules are all horseshoe shape, and 
their tunnel size is 6 × 6 m. The tunnels were excavated 
by a controlled blast technique. The access tunnel and two 
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research modules were constructed from 2003 to 2006, and 
the extension work for four research modules and the con-
necting tunnel was conducted from 2012 to 2014 [10].

3. In-Situ Experiments to Validate the 
Performance of Engineered Barriers

The in-situ experiments to demonstrate the performance 
of engineered barriers can be classified roughly into the fol-
lowing six categories based on their nature;

•  Coupled thermal-hydraulic-mechanical behavior of 
the engineered barrier system 

• Performance of buffer material
• Buffer-concrete interaction
• Installation of buffer, backfill and plug
• Characterization of the near-field rock 
• Corrosion of canister material

3.1 Coupled Thermal-hydraulic-mechanical Behavior 
of the Engineered Barrier System 

An in-situ experiment to study the thermal-hydraulic-
mechanical (THM) behavior is one of the most important 
in-situ validations for the performance of the engineered 

barriers of a repository. The THM behavior occurred in an 
engineered barrier system is importance with regard to the 
design and safety of the repository, because it simulates 
the post-closure performance of the geological repository. 
Therefore this in-situ experiment has been carried out pref-
erentially in many countries. The canister containing high-
level waste is simulated using a electrical heater with the 
same thermal power, and the heater is installed in a deposi-
tion hole excavated into the host rock. The gap between 
the heater and the wall of the deposition hole is filled with 
bentonite buffer. The coupled THM interactions between 
the engineered barrier system and the rock due to heat gen-
erated from the heater and the groundwater intruded from 
surrounding rock are investigated. The changes in tem-
perature, water content, and stress in the bentonite buffer 
and surrounding rock are measured. In some cases, only a 
heater is installed in the deposition hole without a buffer to 
measure the changes in temperature and stress in rock due 
to the heating, which is called a heater test. The major in-
situ experiments that have been carried out up to the present 
are as follows;

3.1.1 Drift Scale Test
The Drift Scale Test (DST) was a large scale heater 

test conducted at the ESF to evaluate the coupled THM 
response of the potential repository host rock which is un-
saturated tuff. Prior to the DST, a preliminary thermal ex-
periment, the Single Heater Test (SHT) had been conducted 
at ESF from 1996 to 1997 [11].

In the DST, nine canister-sized containers with a length 
of 4.6 m, a diameter of 1.7 m, and a thermal power of 15 
kW were installed in the test drift with a diameter of 5 m 
and a length of approximately 50 m. Considering the ef-
fects of heat generated from the adjacent tunnels, fifty 10 
m long wing heaters with a total power of 210 kW were 
installed in the boreholes in both walls of the tunnel (Fig. 
1) [12]. The DST was constructed during 1997. The heat-
ers were turned on in December 1997, and turned off in 
January 2002. Then cooling lasted four years. The surface 

Fig. 1. Layout of the Drift Scale Test at the ESF.
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temperatures of the rock mass surrounding the DST reached 
a maximum of about 200℃. A numerical analysis of the 
THM behavior of the near-field rock was conducted in the 
test scoping calculations [13,14] and in the Task B of the 
DECOVALEX III (1999~2003) [15-18] which is an interna-
tional research project for THM processes in hard rock. The 
time-dependent displacement of rock mass in the borehole 
located at the midpoint of the longitudinal axis of the heater 
tunnel was calculated, and the change in fracture perme-
ability was also predicted to investigate the variation of hy-
draulic properties around the heater tunnel. The calculated 
results were compared with the data measured from the in-
situ experiment. 

3.1.2 FEBEX
The FEBEX (Full-scale Engineered Barrier Experi-

ment) is a full scale in-situ experiment conducted at GTS. 
The main objective of the FEBEX was to investigate the 
performance of the engineered barrier system at full scale 
for the Spanish spent fuel repository. In the Spanish reposi-
tory concept, the spent fuel canister is deposited in hori-
zontal large-diameter deposition holes drilled into the wall 
of the disposal tunnel. The space between the canister and 
the inner wall of a deposition hole is filled with compacted 
bentonite. As a complementary experiment under con-
trolled boundary conditions, a mock-up test was conducted 
in CIEMAT at almost the same time [19]. 

For FEBEX, a 70 m long cylindrical horizontal deposi-
tion hole with a diameter of 2.28 m was excavated using a 
tunnel boring machine (TBM) in 1995. Two heaters with a 
total power of 4.3 kW simulating a spent fuel canister were 
installed in the deposition hole. The length and diameter 
of the heater were 4.54 m and 0.90 m, respectively. After 
backfilling with compacted bentonite block, the deposition 
hole was plugged with a 2.7 m long concrete plug (Fig. 2). 
The final dry density of bentonite after installation is 1.6 
Mg·m-3. In the first operational phase (1996-2002), the heat-
ing started in February 1997 and ended in February 2002. 
During heating the heater temperature was maintained at 
100℃ [20]. In the second operational phase (2002-2007), 
the excavation and dismantlement of section I including the 
first heater and surrounding bentonite buffer were complet-
ed in July 2002. A dummy steel cylinder with a length of 
1 m was inserted into the buffer in place of the first heater. 
A concrete plug with a total length of 3 m was installed. 
During the dismantlement of section I, the second heater 
was operated continuously, and the samples obtained from 
the dismantlement of section I were analyzed to investigate 
the THM behavior occurred in the bentonite buffer [21-23]. 
Since 2008, heating had been continued to observe the satu-
ration behavior under the name FEBEXe. The FEBEX-DP 
project completed the dismantlement of the second heater 
in August 2015 after 18 years of heating [24]. Benchmark 
modelling for the simulation of the THM behavior occurred 
in the engineered barriers during the first operational phase 
was performed by ten teams from six countries [25]. The 
modeling was capable of predicting the temperature dis-
tribution in an acceptable error range, and the hydraulic 
characteristics with a limited accuracy. However, there is a 
considerable difference between the total pressures predict-
ed and those measured. The results from the second opera-
tional phase are being simulated in the DECOVALEX-19 
project [26]. 

The major outcomes from the FEBEX project are sum-
marized in the NAGRA’s (Swiss National Cooperative for 
Radioactive Waste Management) report [27].

Fig. 2. Layout of the FEBEX in-situ experimental facility at the GTS.
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3.1.3 Prototype Repository 
The SKB (Swedish Nuclear Waste Management Com-

pany) constructed the Prototype Repository at the Aspö 
HRL to demonstrate in full scale the Swedish spent fuel 
repository concept, KBS-3. The Prototype Repository was 
excavated using a tunnel boring machine (TBM) in the 
granite host rock at a depth of 460 m below the ground 
surface. The Prototype Repository has a tunnel with a di-
ameter of 5 m and a length of 63 m, and is composed of two 
sections (Fig. 3). Six vertical deposition holes of a diameter 
of 1.75 m and a length of 8.3 m are drilled into the floor 
of the tunnel. Four holes are in an inner section (section I) 
with a length of 40 m, and two holes are in an outer section 
(section II) with a length of 23 m [28]. The center to center 
spacing between the deposition holes is 6 m. Two sections 
are separated from each other by a concrete plug. The cy-
lindrical canister with a diameter of 1.05 m and a length of 
4.83 m containing heaters to simulate the decay heat from 
spent fuel was placed in the deposition hole and surround-
ed by bentonite blocks with a final saturated density of 2.0 
Mg∙m-3. The tunnel was backfilled with a mixture of ben-
tonite and crushed rock (30:70), and plugged by a concrete 
plug. The installation of the inner section was completed 
in 2001, and the heating of the canister was started in Sep-
tember 2001. The backfilling and plugging were finished 
in December 2001. The outer section was installed in 2003, 
and the heating was started in May 2003. 

In November 2004, the drainage of the tunnel was 
closed, and it increased the pressure in the buffer and backfill 

resulting in a failure of the heaters in canister 2. Therefore 
the drainage of the tunnel was reopened [28]. The outer sec-
tion was dismantled in 2011 after approximately 8 years 
of heating. The outer plug and the backfill and buffer in 
the two deposition holes were dismantled [29,30], and the 
samples obtained were analyzed [31]. The results show that 
backfill was fully saturated, but buffer was not fully saturat-
ed in all parts. The hydraulic, mechanical, chemical and mi-
crobial characterizations of the buffer and backfill was re-
ported [32,33], and the investigation of the canister showed 
damages to the cables [34]. The works for dismantling the 
outer section was described in a summary report [35]. 

The THM modelling of the Prototype Repository was 
performed by several teams [36-41]. These results indicat-
ed that the calculated temperature history agreed well with 
the measured data. For the degree of saturation, there was 
a considerable difference between the calculated values 
and the measured data at the locations closed to the heater. 
There was a large difference between the calculated values 
and measured ones for the total pressure, and the numeri-
cal model should be improved significantly. These results 
were similar to those from the modeling of the FEBEX. The 
second phase of the modelling work to simulate the outer 
deposition holes was started in 2010, and seven teams are 
participating the modeling [42,43].

3.1.4 HE-E Experiment 
The HE-E experiment is a large-scale (1:2 scale) in-situ 

experiment to investigate the THM behavior of the ANDRA 
(French National Radioactive Waste Management Agency) 
near-field concept in the Opalinus clay at the Mont Terri 
RL [44], and was constructed from December 2010 to June 
2011. Prior to the HE-E experiment, an in-situ heating ex-
periment, HE-D was performed at the Mont Terri RL from 
October 2003 to December 2005 to enhance knowledge 
about the THM processes in argillaceous rocks [45].

The purposes of the HE-E experiment are to investi-
gate the early non-isothermal resaturation period and its 
impacts on the THM behavior, and to validate the present 

Fig. 3. Layout of the Prototype Repository at the Aspö HRL.
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THM models. In addition, it is intended to upscale the ther-
mal conductivity of the partially saturated buffer from the 
laboratory scale to the field scale. The experimental system 
is located in the horizontal deposition hole with a diameter 
of 1.3 m and a length of 50 m, and consists of two inde-
pendently heated sections of 4 m each (Fig. 4). The heat-
ers are placed in a steel liner supported by MX-80 benton-
ite blocks. Section I is filled with a 65/35 sand/bentonite 
mixture, and section II is filled with pure MX-80 bentonite 
pellets. The densities were about 1.45 Mg·m-3 for bentonite 
and 1.5 Mg·m-3 for the sand/bentonite mixture. The maxi-
mum temperature of the heater surface is 140℃.

The experimental results show that the distributions of 
temperature in the engineered barrier system and the Opa-
linus Clay agreed with those predicted. They also present a 
large temperature gradient in the engineered barrier system 
due to the low thermal conductivity of clay under dry con-
dition, especially in the inner part of the buffer. A complex 
development in the humidity profiles was observed because 
of the differences in the water contents, material densities, 
two-phase flow and vapor diffusion. The vapor is driven 
out from the heater, most likely in a radial direction and a 
part of the increase in relative humidity at the interface be-
tween the engineered barrier system and the host rock can 
be attributed to a condensation of vapor. The groundwa-
ter inflow from Opalinus Clay occurs by diffusion, and the 
hydraulic pressure front progresses through the engineered 
barrier system. An important observation is that the mea-
sured temperatures and relative humidity in the bentonite 

and sand/bentonite mixture are dominated by the distance 
from the heater and not by the differences in the material 
properties, and this rapid homogenization can be explained 
by vapor movement [44]. 

3.1.5 PRACLAY 
PRACLAY is a large scale in-situ experiment at the 

HADES URF (Fig. 5) [46]. PRACLAY is applied to inves-
tigate the effects of decay heat on Boom Clay, which is a 
candidate site for the high-level waste repository in Bel-
gium [47], and consists of a Gallery & Crossing Test, Seal 
Test and Heater Test. The Gallery & Crossing Test is ap-
plied to demonstrate the feasibility of a crossing between 
an access tunnel and a disposal tunnel, and to characterize 
the hydraulic and mechanical behavior of Boom Clay. The 
Seal Test is to provide the hydraulic boundary conditions 
required for the Heater Test. In the Seal Test, the heated 
section of the tunnel and its surrounding excavation dis-
turbed zone are isolated from the non-heated section. The 
Heater Test investigates the change in temperature, total 
pressure, pore pressure, and deformation of clay due to the 
heating. The Heater Test is performed under reasonably 
conservative thermal, hydraulic and mechanical conditions. 
This conservative approach is to make sure that the experi-
mental results remain valid even if the design of geological 
repository is changed in the future. The PRACLAY tunnel 
was constructed in 2007, and the sealing system and the 
primary heating system were installed in 2010. The gallery 
was backfilled with sand, and the hydration was started in 

Fig. 4. Layout of the HE-E experiment at the Mon Terri RL.
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2011. The installation of a secondary heating system was 
completed in 2014, and the heating was started in 2014. 
The temperature at the interface between the lining and the 
Boom Clay was increased stepwise to 80℃. The heating 
will last for 10 years or more, and the experimental system 
will be dismantled and the stability of tunnel lining will be 
investigated in 2025 [48]. 

3.1.6 In-DEBS 
The In-DEBS (In-situ Demonstration of Engineered 

Barrier System) which is the 1:2.3 scale of the Korea refer-
ence repository concept is an in-situ experiment being per-
formed at KURT to investigate the THM behavior of the 
engineered barrier system installed in granite rock. Prior to 
the In-DEBS, a borehole heater test was performed at KURT 
from 2007 to 2011 to investigate the thermal properties of a 
rock mass and the thermal and mechanical behavior around 
the deposition hole [49]. In In-DEBS, a deposition hole with 
a diameter of 0.8 m was excavated into the floor of the tun-
nel at a depth of 100 m below the ground surface. The heater 
was surrounded by bentonite blocks with a dry density of 1.6 
Mg·m-3. The heater, bentonite blocks, and measuring sensors 
were assembled in the OBPA (One-Body Pre-Assembly) in 
advance, and the OBPA was placed in the deposition hole by 
a crane (Fig. 6). The heating was started in July 2016 [50]. 

At present the temperature at the surface of the heater main-
tains 100℃, and the time-dependent change of temperature, 
relative humidity, total pressure and pore pressure in the 
buffer and rock are being measured. 

3.2 Performance of Buffer Material

The in-situ experiments for the performance of the buf-
fer material contains several experiments to investigate the 
long-term performance of a bentonite buffer under the geo-
logical condition of the repository.

3.2.1 Long Term Test of Buffer Material 
The Long Term Test of Buffer Material (LOT) was an 

in-situ experiment carried out at the Aspö HRL to collect 
the experimental data and to validate the existing models 
for the performance of the buffer under real repository con-
ditions. The buffer properties considered were the swell-
ing pressure, hydraulic conductivity, rheological proper-
ties, mineral redistribution and montmorillonite alteration. 
In addition, the cation diffusion and survival of bacteria 
in bentonite were also investigated. The LOT consists of 
seven test parcels, which are exposed to the repository con-
ditions for 1 to more than 10 years. The test parcel contains 
a heater, bentonite buffer and instruments, and was placed 

Fig. 6. Concept of the In-DEBS in-situ experiment at the KURT.
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in the vertical boreholes with a diameter of 300 mm and a 
depth of 4 m (Fig. 7). The maximum bentonite temperature 
was maintained at 90℃ for the standard tests and 120 to 
150℃ for the severe tests. The temperature, total pressure, 
pore water pressure and water content were measured dur-
ing the heating period. At the termination of the tests, the 
parcels were extracted using over-core drilling. For the pi-
lot tests (1 year tests), two parcels placed in the boreholes 
in 1996 were extracted after approximately 12 months of 
heating, and the bentonite material was analyzed [51].

The five parcels were installed in the boreholes in 2000 
[52]. The first and the second parcel were recovered in No-
vember 2001 and January 2006, respectively. The physical 
and rheological properties of the exposed bentonite were 
analyzed [53,54]. The results showed that the observed 
mineralogical alterations are relatively low and these alter-
ations did not change the physical properties significantly 
[55,56]. The development of model, particularly concern-
ing the influence of concentration discontinuities on the 
ion transport through bentonite was performed. The three 

Fig. 8. Illustration and the cross-section of the Temperature Buffer Test at the Aspö HRL.
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remaining parcels have been running for more than 10 
years [57], and no results have been reported since 2012.

3.2.2 Temperature Buffer Test
The purpose of the Temperature Buffer Test (TBT) is to 

improve the understanding and modeling for the THM be-
havior of buffers at high temperatures of above 100℃ [58]. 
The experiment was carried out at the -420 m level in the 
Aspö HRL. Two arrangements of heater and buffer were 
installed in a deposition hole with a depth of 8.5 m and 
a diameter of 1.76 m (Fig. 8). The lower heater was sur-
rounded by the compacted MX-80 bentonite rings, whereas 
the upper heater was surrounded by a composite barrier 
with a sand shield and bentonite. The experimental system 
was installed at the beginning of 2003 [59]. The length and 
diameter of each heater was 3 m and 0.61 m, respectively. 
The thickness of the bentonite block was 0.5 m, and the 
slots were filled with sand or pellets. The power of each 
heater was 1,500 W for the first phase of ~1,700 days, and 
it was subsequently changed to 1,000 and 2,000 W for the 
upper and lower heater, respectively in the second phase 
of the last ~600 days. In the second phase, the temperature 

at the innermost part of the bentonite around the lower 
heater reached approximately 155℃. The dismantling was 
performed from October 2009 to April 2010 [60]. The ben-
tonite samples were collected, and their water content and 
density were measured [61]. The hydraulic, mechanical 
and chemical investigation showed that no significant dif-
ferences could be observed between the samples and the 
reference material [62]. Several THM modelling works 
have been carried out [63-67]. The final modelling task was 
resumed after the dismantling operation, and three model-
ling teams presented several results [68]. The validity of the 
material models was also assessed [69].  

3.2.3 Alternative Buffer Materials
The main objectives of the Alternative Buffer Mate-

rial test (AMB) were to examine the mineral stability and 
physical properties of the several candidate buffer materi-
als, and to study the interaction between metallic iron and 
bentonite. In the ABM, eleven materials were examined 
under the repository conditions at a temperature of 130℃, 
and the laboratory analyses of the reference materials were 
also performed. 

Fig. 9. Cross section of the Alternative Buffer Material test at the Aspö HRL.

MX-80
MX-80
Ikosorb
Deponit
Ibeco Seal
Friedland
Asha 505
Calcigel
Callovo-Oxfordian
Febex
MX-80 granulate
MX-80 granulate+quarz
MX-80
Kunigel V1
Rokle
Deponit
Asha 505
Rokle
Callovo-Oxfordian
MX-80
Ikosorb
Friedland
Febex
MX-80 granulate+quarz
Ibeco Seal
Calcigel
Kunigel V1
MX-80 granulate
MX-80
MX-80

Heaters (central,
top and bottom)

Sand layer between
blocks and rock

Central tube (steel)

Bentonite pellets

Thermocouples at 5 levels:
Inside tube and 5, 40 and 60 mm from tube
(2 temperature indicators between each block)

To
p 

he
at

er
 (5

00
 W

)
Bo

tto
m

 h
ea

te
r (

50
0 

W
)

M
ai

n 
he

at
er

 (1
00

0 
W

)

30
00

300

30

25

20

15

10

5

4 x T

4 x T

4 x T

4 x T

4 x T



JNFCWT Vol.16 No.2 pp.137-164, June 2018

Won-Jin Cho et al. : Validation of Performance of Engineered Barriers in a Geological Repository: Review of In-Situ Experimental Approach

148

The test parcels containing heater, central tube, com-
pacted buffer blocks and instruments were placed in the 
vertical boreholes with a diameter of 300 mm and a depth 
of 3 m (Fig. 9). The slots between the buffer blocks and 
the wall of borehole are filled with sand. Three test par-
cels (ABM 1, 2, 3) were installed in December 2006, and 
parcels 1 and 2 were artificially wetted. The heaters in par-
cels 1 and 3 were activated from the beginning, whereas 
the heater in parcel 2 was activated after the saturation of 
the buffer. ABM 1 was retrieved in May 2009 [58], and 
the rock cores and the bentonite blocks were analyzed 
in the laboratory. The results showed that the degree of 
saturation was high at all positions of the test parcel, and 
the swelling pressure decreased slightly. In addition, the 
saturation with a Na-Ca type groundwater resulted in the 

replacement of some sodium in Na-bentonite by calcium 
[70]. The minor traces of trioctahedral clays were ob-
served, as well as an increase of Fe(II)/Fe(I) associated 
with the oxygen sensitive phases [71]. Two parcels (ABM 
4, 5) were installed in November 2012. The parcel ABM 2 
was retrieved in April 2013 after about 6 years of heating 
[29], and the bentonite block samples were analyzed. The 
various precipitates and corrosion products were observed, 
and a much higher content of trioctahedral smectite was 
found compared to the cases of ABM 1 and the TBT [72]. 
However, the degree of trioctahedral smectite formation is 
currently not expected to have any significant impact on 
the buffer performance [30].

3.2.4 Testing of Buffer Material
The Testing of Buffer Material (TBM) which is the first 

bentonite in-situ test at the ONKALO UCRF was started in 
September 2011. The purpose of the TBM is to obtain more 
information about the bentonite buffer and to apply this in-
formation on a larger scale. Another important purpose is 
to test the techniques to install buffer under the repository 
conditions. Two boreholes have been drilled into the bot-
tom of the tunnel (Fig. 10). A stainless steel canister sur-
rounded by bentonite buffer was installed in the boreholes. 
The diameter and depth of the borehole were 0.8 m and 3 
m, respectively, which are at a scale of 1:3 [73]. The bore-
holes were sealed with leak-proof covers anchored to the 
rock. The groundwater was supplied to one borehole, and 
not to the other. The purpose of the supply of groundwa-
ter is to investigate the effects of enhanced resaturation of 
the bentonite. The canister with a heating power of 600 W 
was installed in the hole, and the temperature of the canister 
was increased to 90℃. The temperature, humidity and pres-
sure of the bentonite buffer were measured. The test was 
completed around 2016, and no results have however been 
reported up to now. 

3.2.5 Large Scale Gas Injection Test
The Large Scale Gas Injection Test (Lasgit) is a full-scale 

Fig. 10. Testing of Buffer Material at the ONKALO UCRF.

Fig. 11. Large Scale Gas Injection Test at the Aspö HRL.



Won-Jin Cho et al. : Validation of Performance of Engineered Barriers in a Geological Repository: Review of In-Situ Experimental Approach

JNFCWT Vol.16 No.2 pp.137-164, June 2018 149

in-situ experiment to investigate the gas transport through a 
bentonite buffer, and was carried out in the deposition hole 
located at a depth of 420 m in the Aspö HRL (Fig. 11) [74]. 
In Lasgit, a series of gas injection tests were performed in a 
full-scale KBS-3 deposition hole to improve the understand-
ing of the gas migration through bentonite and to validate 
the numerical model for the performance assessment. A de-
position hole with a diameter of 1.8 m and a depth of 8.5 m 
was drilled into the tunnel floor, and the full-scale KBS-3 
canister without a heater was placed in the hole. Thirteen 
circular filters with variable dimensions were located on the 
surface of the canister, and the compacted bentonite blocks 
with high initial water content were installed in the deposi-
tion hole. The hole was capped by a conical concrete plug 
with a reinforced steel lid. 

Lasgit consists of four operational phases, namely 
the installation phase, the hydration phase, the gas injec-
tion phase and the homogenization phase. The installation 
phase including the design, construction and emplacement 
of the infrastructure necessary to conduct the Lasgit was 
carried out from 2003 to early 2005. The hydration phase 
began in February 2005, and the buffer was saturated with 
the natural and injected groundwater. The gas injection test 

was started in 2007, and continued until 2013. The break-
through of gas occurred at a pressure of 5,660 to 6,195 kPa, 
which were similar to the local stresses [29]. In 2013, af-
ter completion of the gas injection test, the experimental 
system was modified to investigate the suction of water in 
the buffer. Two-stage hydraulic constant head tests were 
conducted in eleven canister filters to determine the hydra-
tion state of the buffer. At present the natural and artificial 
hydration of the bentonite buffer is being monitored [75].

3.3 Buffer-Concrete Interaction

This in-situ experiment is to investigate the interaction 
between the bentonite buffer and concrete which is a mate-
rial for grouting and plugging in the repository. The buffer-
concrete interaction may have a significant influence on the 
long-term integrity of the buffer, grout and plug in the geo-
logical repository.

3.3.1 Concrete and Clay Project
The Concrete and Clay Project at the Aspö HRL aims 

to investigate the decomposition of waste form materials, 
the mineral alterations in the concrete and the transport of 
degradation products in bentonite. From 2010 to 2014, nine 
waste packages including concrete cylinders or bentonite 
blocks had been deposited at different locations in the Aspö 
HRL. From 2010 to 2011, four packages containing 12 con-
crete cylinders with a diameter of 0.3 m and a length of 1 
m were deposited in two boreholes with a diameter of 0.35 
m (Fig. 12). The slot between the concrete specimens and 
the wall of rock was filled with sand. In 2014, five packag-
es containing 150 bentonite blocks with a diameter of 0.27 
m and a length of 0.1 m were deposited. The specimens 
were prepared by ordinary cement and low-pH cement or 
pure bentonite and bentonite containing metallic powder or 
metal salt [76]. This project is expected to run for up to 30 
years. The first retrieval of the waste package will occur 
after about 5 years, and the waste packages will then be 
retrieved at regular intervals and only a few will be left for 

Fig. 12. Lowering the bentonite package into the deposition hole at the 
Aspö HRL.
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the entire 30 year period [30]. All cylinders have now been 
stored at the Aspö HRL and the analyses will be performed 
in the future. 

3.3.2 Low-pH Program 
The purpose of the low-pH Program at the Aspö HRL is 

to develop low-pH cement products for a geological reposi-
tory. These products will be used for the sealing of fractures, 
the grouting of rock bolts, a rock support and plugs for the 
tunnels. SKB has developed a low-pH concrete [77], and 
the in-situ experiment of low-pH concrete grout for the rock 
bolts was started at the Aspö HRL in 2009. A total of 20 
rock bolts were installed, and these bolts were planned to 
be over-cored after 1, 2, 5 and 10 years to investigate the 
behavior of the low-pH concrete grout and the corrosion 
of the bolts. An in-situ experiment to study the corrosion 
behavior of steel in low-pH concrete was also started, and 
a total of 24 samples were prepared and placed in an open 
container at the Aspö HRL. The results for the rock bolt 
grout, the shotcrete and the corrosion of steel after one year 
of exposure were reported [78]. In 2013, three rock bolts 
were over-cored and analyzed to investigate the corrosion 
behavior of the bolts after almost five years of exposure 

under a repository environment. The results showed no 
signs of corrosion [75]. 

Six concrete blocks containing three steel bars each 
were also examined in 2013. The corrosion behavior of 
the steel bars in low-pH concrete and conventional con-
crete with or without chlorides was investigated. Due to the 
unclear results, it was decided to extend the period of the 
in-situ experiment. The next examination will be done in 
2018 and, and its results will decide the schedule for the 
further investigation. The low-pH concrete was used for the 
construction of a full size plug to seal the deposition tun-
nel in 2013, and a monolith was also prepared at the same 
time using the low-pH concrete to investigate the long-term 
properties. Concrete cores taken from the monolith were 
analyzed to investigate the strength and the modulus of 
elasticity [79]. The concrete cores will be taken out and 
investigated every 2 or 3 years of exposure, and the inves-
tigation may be continued for a longer period of time if its 
results are interesting [30].

3.3.3 Cement-Interaction Experiment 
The purpose of the Cement-Interaction Experiment (CI) 

at the Mont Terri RL is to investigate the spatial extent and 
time-dependent evolution of the chemical interactions be-
tween the cement and the Opalinus Clay/bentonite and the 
changes in porosity [80]. Two boreholes with a depth of 9.1 
m each were drilled into the bedding of the Opalinus Clay. 
Each borehole was filled with multiple 1~1.5 m long sec-
tions of 2 types of low pH concrete (LAC and ESDRED), 
an ordinary portland cement (OPC) and an in-situ saturated 
natural Na-bentonite (MX-80) segment (Fig. 13). Sampling 
of the various cement-Opalinus Clay interfaces was carried 
out in 2009 and 2012 using an over-coring technique. The 
analysis of samples focused on the interface between one 
of the three different cement matrices (OPC, LAC, ES-
DRED) and the clay. The element distribution developed 
show complex patterns at the concrete-clay interface. Up to 
6 chemically distinct zones were observed at the concrete 
side within 2~4 mm from the interface. Depending on the 

Fig. 13. Concept of the Cement-Clay Interaction Experiment at the Mon 
Terri RL.
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cement recipe, they included the zones with sulfur enrich-
ment, the carbonated zones and the zones with strong Mg 
enrichment adjacent to the interface. The carbonated zones 
showed a 7% lower porosity than the undisturbed OPC. On 
the clay side of the interface, a single zone with increased 
Ca or Mg content was observed in the first 100 μm next 
to the interface. In the clay phases close to the OPC, Mg 
was depleted, and Na was enriched, whereas there were no 
changes in the porosity at all. The analysis of the samples 
from the second sampling is under way. The CI is expected 
to be continued for about the next 15 years.

3.4 Installation of Buffer, Backfill and Plug

This is to develop practical technologies to install the 
buffer, backfill and plug in a geological repository. 

3.4.1 Backfill and Plug Test 
The Backfill and Plug Test at the Aspö HRL was applied 

to test the characteristics of the backfill materials, the em-
placement techniques and the performance of a full-scale 
plug. This test investigated the integrated function of the 
backfill and the near-field rock in the disposal tunnel and the 

hydraulic and mechanical functions of the plug. Prior to the 
Backfill and Plug Test, the single-hole hydraulic tests had 
been carried out in the selected boreholes to investigate the 
initial hydraulic characteristics and the hydraulic connection 
between the boreholes and the surrounding fractures [81]. 

A schematic illustration of the Backfill and Plug Test 
is shown in Fig. 14. The test tunnel with a length of 30 
m was divided into three parts, namely, the inner part (six 
sections), the outer part (four sections), and the concrete 
plug. The inner part was filled with a mixture (30:70) of 
bentonite and crushed rock, and the outer part was filled 
with only crushed rock. Because the crushed rock was not 
swelled, and settled with time, a slot of a few centimeters 
was left between the top of the backfill and the ceiling of 
the tunnel. This slot was filled with a layer of highly com-
pacted bentonite blocks to ensure a good contact between 
the backfill and the rock. The remaining voids between the 
bentonite blocks and the ceiling were filled with bentonite 
pellets. The preliminary tests showed that inclined com-
paction with a slope of about 35° should be applied to the 
entire cross section. The inner and outer parts are divided 
by drainage layers of permeable mats in order to supply 
hydraulic gradients between the layers and to study the flow 

Fig. 14. Illustration of the Backfill and Plug Test at the Aspö HRL.
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of water in the backfill and near-field rock. The outer part 
ends with a wall made of the prefabricated concrete beams 
to support the backfill temporarily before the installation of 
the plug. The plug was designed to resist the water flow and 
the swelling pressures of the backfill, and was equipped a 
1.5 m deep triangular slot with an “O-ring” of highly com-
pacted bentonite at the contact surface with rock. After the 
installation, the wetting of the backfill was started at the 
end of 1999. The water pressure was increased to 500 kPa 
and kept at 500 kPa until the backfill was saturated at the 
beginning of 2003. During 2003 the equipment was rebuilt 
for a flow test which had been conducted until 2005. The 
experimental data from 1999 to 2007 were reported in 2008 
[82]. In 2010, it was decided to keep the project dormant 
for the coming years, and after then, the temperature, water 
pressure, water flow and total pressure have been measured 
[57]. However, the results have not been reported.

.
3.4.2 System Design of Buffer Project

In the SKB reference concept, the backfilling of the 
disposal tunnel is started when all deposition holes in the 
disposal tunnel are filled with a buffer. This means that the 
buffer is left for up to three months in a deposition hole 
before the backfilling of the tunnel. During this period, 
the buffer needs to be protected from drying and wetting 
to prevent the occurrence of crack or uplift in the buffer 
blocks. In the SKB reference design, the buffer is protected 

by a rubber sheet installed in the deposition hole until the 
backfilling. However, the test results [83] showed that the 
protection of the buffer did not work as well as intended, 
and as an alternative, controlling the environment in the 
deposition hole was suggested.

The purpose of the System Design of Buffer project car-
ried out at the Aspö HRL is to ascertain whether controlling 
the environment in the deposition hole is efficient to protect 
the buffer [29]. Several activities for the System Design of 
Buffer project were performed in 2013 [30], and their re-
sults were reported [83-86]. To simulate the realistic situa-
tion, the experiment was done in a deposition hole using a 
canister with a heat power of 1700 W. The dehumidified air 
was led down to the bottom of the deposition hole through 
six tubes installed in the slot between the buffer and the 
rock wall to keep the relative humidity in the bottom of the 
deposition hole to 75%, and temperature and relative hu-
midity sensors were installed (Fig. 15). The results showed 
that the applied method worked reasonably well up to 6 m 
from the bottom of the deposition hole as long as the flow 
rate of air though the system was high, but the top three to 
four blocks would probably need extra protection [30]. The 
second test for the installation of the buffer conducted in 
2016 showed that the cracks occurred in the two top ring 
blocks. Therefore, it was concluded that the installation of 
the bentonite blocks and pellets in the deposition hole at the 
same time without a buffer protection could guarantee the 
performance of the buffer [75]. 

Fig. 15. Illustration of the System Design of Buffer Project at the Aspö HRL.

Fig. 16. The installation of the full-scale backfill at the Aspö HRL.
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3.4.3 System Design of Backfill Project 
The disposal tunnels are backfilled with pre-compacted 

bentonite blocks stacked on the bed of bentonite pellets. The 
slot between the bentonite blocks and the rock wall is filled 
with pellets. The purpose of the System Design of Back-
fill project at the Aspö HRL was to verify the efficiency of 
the SKB’s reference backfilling method and to improve the 
backfilling concept [30]. Since 2010, studies on the system 
design, the production of bentonite components, and the in-
stallation equipment have been performed. In 2014, a full-
scale backfill installation test with prototype equipment was 
carried out at the Aspö HRL. The tunnel with a length of 12 
m located at a level of -450 m was filled with blocks and 
pellets. An installation robot and a wheel loader was used 
to install the backfill, and the control system was operated 
in semi-automatic mode. In total, 1,684 blocks weighing 
about 225 kg each, were installed, and 72,000 kg pellets 
were filled into the gap between the tunnel wall and the 
block stack using shotcrete equipment. The total mass of the 
pellets including pellets placed on the tunnel floor was 84,
500 kg (Fig. 16). The in-situ backfilling test was evaluated 

as successful from the viewpoint of the installation tech-
niques and the control of the works. However, further work 
is needed to improve the efficiency of the work [87].

3.4.4 System Design of Plug Project
The plug of the disposal tunnel in the KBS-3V concept 

consists of an arched concrete dome, a bentonite seal and a 
filter zone. Furthermore, a backfill transition zone is intro-
duced to moderate the swelling pressure from the backfill in 
the tunnel. The plug is made of low-pH concrete developed 
previously to avoid adverse effects on the bentonite [88].

The purpose of the System Design of Plug project is 
to examine the performance of the reference end plug of 
the disposal tunnel [30]. The end plug was demonstrated at 
a full-scale to prove its feasibility and controllability. The 
full-scale test, the Domplu (Dome plug) was carried out in 
the tunnel located at the -450 m level in the Aspö HRL. The 
height and width of the tunnel are 4.8 m and 4.2 m, respec-
tively. The plug slot area was excavated to obtain smooth 
surfaces using a wire sawing technique in an octagonal 
shape [89]. The installation of the inner plug components 
began in late 2012 and was completed in early 2013. In 
March 2013, the concrete dome was installed (Fig. 17). 
The main goal of the Domplu is to determine the leakage 
through the plug under the design pressure of 7 MPa. The 
monitoring of the Domplu was started in September 2013, 
and the applied water pressure was however reduced to 4 
MPa due to the leakage of water. Since February 2014, the 
water pressure has been fixed at about 4.0 MPa, and in Sep-
tember 2014, the recorded leakage rate was about 2.6 L∙hr -1 
which is well below the target leakage rate through the dis-
posal tunnel plug. Furthermore, the leakage was believed 
to decrease further since the swelling pressure of bentonite 
seal had increased continuously [90], and the leakage rate 
in December 2016, decreased to 1.8 L∙hr -1 [75]. The moni-
toring of the concrete dome showed that the dome was not 
fully released, and was partly bonded to the rock. This full-
scale test demonstrated the feasibility of the construction of 
the dome plug [90].

Fig. 17. The hardened concrete dome structure at the Aspö HRL.

Fig. 18. Illustration of the Full-Scale Emplacement Test at the Mon Terri RL.
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3.4.5 Full-Scale Emplacement Test 
The Full-Scale Emplacement (FE) Test is based on the 

Swiss disposal concept for spent fuel and high-level waste, 
and is being carried out at the Mont Terri RL. This in-situ 
experiment is intended to demonstrate the Swiss disposal 
concept and to test the THM model at a full scale [91]. The 
construction of the experimental tunnel with a diameter 
of 3 m and a length of 50 m was completed in September 
2012. At the far end of the tunnel, only steel arches were 
used for rock support, whereas the rest of the tunnel was 
supported by shotcrete. In the experimental tunnel, three 
heaters with the dimensions similar to those of waste can-
isters have been placed on the top of the pedestals made 
of bentonite blocks, and the remaining space of the tun-
nel was backfilled with granular bentonite (Fig. 18). The 
sodium bentonite blocks with a dry density of 1.8 Mg·m-3 
were used for the filling material of the tunnel as well as the 
pedestals below the three heaters, and the bentonite pellets 
with an average dry density of 2.18 Mg·m-3 were used to fill 
the slots. The overall target bulk dry density of the backfill 
was at least 1.45 Mg·m-3. A prototype machine to backfill 
the horizontal tunnels was manufactured and successfully 
operated. The heating phase started in late 2014, and early 
in 2015, the experimental tunnel was sealed with a concrete 
plug. With a heat output of 1,500 W per heater, the tempera-
tures at the heater surface and the rock surface are 120 to 
150℃ and 60 to 80℃, respectively. According to the present 
plan, the heating and monitoring of the FE Test will last at 
least 10 to 15 years [91]. 

3.5 Characterization of the Near-field Rock 

3.5.1 Characterization of Excavation Damaged Zone 
(EDZ)

An excavation damaged zone (EDZ) is a zone around 
the tunnel where the rock properties and conditions have 
been changed owing to the excavation. As the EDZ has an 
influence on the groundwater flow characteristics as well as 
the stability of rock mass, the characterization of the EDZ 

is important for the performance of a geological reposi-
tory. The magnitude of an EDZ and the degree of property 
change in the EDZ depend on the rock conditions and the 
method of excavation, i.e. whether by blasting or by the 
use of a tunnel boring machine (TBM). In general, the tun-
nel boring machine generates a smaller EDZ and a lesser 
change of property than blasting. 

In the ZEDEX experiments at the Äspö HRL, the tun-
nels excavated using the normal smooth blasting, the blast-
ing with low-shock explosive and the TBM were studied. 
For the tunnel using the drill and blast technique, the EDZ 
was observed at up to 1 m from the tunnel wall, and for 
the tunnel using the TBM, the EDZ was extended to a few 
tens of cm. However, no significant change of property in 
the EDZ was observed for both techniques [92]. In the FE-
BEX at the GTS, it was concluded that the properties in 
the TBM-induced EDZ is comparable to those of the un-
disturbed rock [93]. Liedtke [94] reported however that 
the permeability of a TBM-induced EDZ was three orders 
of magnitude higher than that of the undamaged rock in 
the Prototype Repository at the Aspö HRL. The size of the 
EDZ and the effects of excavation on the permeability are 
remarkable in a blast-induced EDZ. Martino and Chandler 
[95] reported that the blast-induced EDZ extended to a 
depth of 0.3 to 0.4 m, and the permeability increased by 
less than three orders of magnitude relative to that of intact 
rock. In the Stripa mine, Sweden and the Aspö HRL, the 
blast-induced EDZ was generated more than 1 m from the 
periphery of the tunnel and the permeability was increased 
by two to three orders of magnitude [96]. 

In the Kamaishi mine, Japan where the blasting was 
used, the EDZ had a extent of about 1 m from the tunnel 
wall, and the permeability in the EDZ increased two orders 
of magnitude compared with that of the undamaged rock 
at the floor of the tunnel, but a permeability change was 
not observed at the side walls of the tunnel [97]. The in-
situ investigation on the sedimentary rock in the Tono mine, 
Japan showed that the permeability increased two orders 
of magnitude in the EDZ with a size of 0.5 to 1 m [98]. 
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In KURT, an in-situ experiment to investigate the charac-
teristics and size of the EDZ was carried out. The results 
showed that the EDZ size was with the range of 0.6 to 1.8 
m, and the value of the deformation modulus in the EDZ 
was about 40% of those in the undisturbed zone. The RQD 
(Rock Quality Designation) was decreased about 20% by 
the blasting within the range of 0 to 2 m [99]. The perme-
ability in the EDZ seemed to be increased up to 2 orders of 
magnitude compared with that in the intact rock [100]. 

In the ONKALO UCRF, the EDZ09 project and related 
EDZ studies were carried out from 2008 to 2010 [101]. The 
purpose of the EDZ09 project was to improve the drilling 
and blast excavation method for the control of the EDZ 
(Fig. 19). The results showed that the EDZ is not continu-
ous layer. The depths of the EDZ were within the ranges 
of 0.15 to 0.7 m, and the most common maximum depth is 
0.3 m. The depth and extent of the EDZ on the floor were 
greater than those on the wall. 

3.5.2 Characterization of Rock Mass Strength
In the Aspö HRL, the Pillar Stability Experiment had 

been carried out from 2004 to 2006. This was to demon-
strate the prediction of the spalling in a fractured rock mass 
and the effect of swelling pressure on the propagation of 
micro-cracks in the rock mass close to the deposition hole. 
Two large vertical holes with a diameter of 1.8 m were 
drilled into the floor of the tunnel, and the distance between 
the holes is 1 m. To simulate the confining pressure in the 
buffer (0.7 MPa), an internal water pressure was given to 
one of the holes [102]. The pillar was sawn into five large 
blocks, which were removed from the experiment site 
during late 2004 and early 2005, and the experiment was 
successfully finished in 2006 [51]. The main results were 
that the low confinement pressures significantly affects the 
start of yielding, and the primary mode of the initiation and 
propagation of the fracture is extensional. In addition, no 
significant time dependency of the yielding process was 
observed [103].

In the ONKALO UCRF, the in-situ test to determine 
rock mass strength, the Posiva’s Olkiluoto Spalling Experi-
ment (POSE) has been carried out since 2010 [104,105]. 
The objectives of the POSE are the investigation of the in-
situ spalling/damage strength of the Olkiluoto gneiss, the 
establishment of the state of in-situ stress at a depth of 345 
m and a comparison between the prediction and measured 
data. In phase 1 (Pillar test), two deposition holes with a 
diameter of 1.52 m and a depth of 7.2 m were drilled by a 
tunnel boring machine (TBM) in 2010. The pillar between 
two holes is 0.9 m (Fig. 20). The configuration of holes 
was intended to cause the maximum excavation-induced 
stresses and the consequent damage to the pillar. Phase 2 
(Pillar heating test) was conducted in 2011. One hole was 
heated by four heaters with a length of 7.5 m to increase the 
stresses around the experimental holes, and the other hole 
was backfilled with sand. The results showed that during 
the boring of the holes in phase 1, no damage except for 
three opened/sheared fractures was observed however, in 
phase 2, the heating induced a surface damage which was 

Fig. 19. EDZ09 Project at the ONKALO UCRF.

 Fig. 20. POSE Project at the ONKALO UCRF.
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concentrated in the mica and rich layers around the holes, 
and the depths of the damaged zones were less than 100 
mm. The depths and sizes of the damaged zones could be 
predicted relatively well using the thermomechanical and 
fracture mechanical analyses; however, the exact location 
of the damage was not defined due to the heterogeneity of 
the rock. 

3.6 Corrosion of Canister Material

3.6.1 Material Corrosion Test
The Material Corrosion Test (MaCoTe) is an in-situ can-

ister corrosion test carried out at GTS. The purposes of Ma-
CoTe are to confirm the long-term anaerobic corrosion rate 
of carbon steel, stainless steel and copper in the compacted 
bentonite under geological repository conditions and to ob-
tain experimental evidence for the inhibiting effect of the 
bentonite buffer on the microbial activity and the microbial-
influenced corrosion. The in-situ experiment consists of a 
series of specially designed modules (0.3 m long) that are 
inserted into a vertical borehole with a length of 10 m and 
sealed with a double packer system. Each module contains 
12 specimens embedded in the MX-80 bentonite with a dry 
densities of 1.25 or 1.5 Mg·m-3 (Fig. 21). The first eight 
modules were inserted into the borehole in September 2014. 
Retrieval of the module will be made at increasingly longer 
intervals, and the final two modules will be retrieved after 

10 years. The corrosion rates of the samples, the mineral al-
terations at the interface between the specimen and benton-
ite, and the microbial populations in both the bentonite and 
the borehole water will be analyzed [106]. 

3.6.2 Corrosion Test of Miniature Canister
After a failure of the outer copper shell, the solid iron 

corrosion products may give an internal load to the copper 
shell which could lead to a deformation of the copper shell 
[107,108]. The main objective of the in-situ corrosion test 
of the miniature canister at the Aspö HRL is to obtain infor-
mation on the evolution of the environment in a copper-cast 
iron canister when a failure of the outer copper shell occurs. 
In addition, it is intended to investigate the microbiological 
effects on the canister corrosion and degradation [30].

Since late 2006, five miniature copper-cast iron canis-
ters have been exposed to the groundwater in the boreholes 
at a depth of 450 m in the Aspö HRL [109]. The miniature 
canister simulates the main features of the SKB reference 
canister. The cast iron canister has four holes simulating the 
fuel pin channels, and a bolted cast iron lid sealed with a Vi-
ton O-ring. The width of the annulus between the cast iron 
canister and the outer copper shell is < 30 μm. All canisters 
have one or more defects with a diameter of 1 mm in the 
outer copper shell. The canisters are mounted in electrically 
insulated cages, which contain bentonite clay with two dif-
ferent densities (Fig. 22). One miniature canister does not 
have any bentonite to investigate the effect of the direct 
groundwater flow on the corrosion. The cast iron and cop-
per corrosion coupons are mounted inside the cages of each 
experiment and the corrosion behavior is monitored elec-
trochemically. The boreholes are located in the region con-
taining many fractures to supply the sufficient groundwater 
to the canisters. The corrosion potential and corrosion rate 
of the miniature canister, cast iron, and copper, the strain on 
the surface of two miniature canisters, and the hydrostatic 
pressure in the boreholes have been monitored continu-
ously. After several years, they are retrieved and the evolu-
tion of the corrosion front in the canister are analyzed. The 

Fig. 21. Experimental layout of Material Corrosion Test at the GTS.

Wrought copper
(10 mm)

Carbon Steel
(10 mm)

Stainless Steel
(4 mm)

Electro-deposited
Copper (3 mm)

Cold Spray Copper
(3 mm)



Won-Jin Cho et al. : Validation of Performance of Engineered Barriers in a Geological Repository: Review of In-Situ Experimental Approach

JNFCWT Vol.16 No.2 pp.137-164, June 2018 157

miniature canister 3 was retrieved in 2011, and analyzed in 
2013. The results containing experimental data until 2013 
were reported [110-112].  The miniature canister 4 and 5 
were retrieved and analyzed in late 2015 and 2016, respec-
tively and the final results were reported in 2017 [113]. The 
remaining miniature canisters 1 and 2 are being monitored, 
but no results have yet been reported [75]. 

4. Conclusions

A validation of the performance of the engineered barri-
ers in a high-level waste repository is very important to en-
sure the disposal safety and improve the disposal density in 
a geological repository. At the early stage of a research pro-
gram, the validations are mainly carried out in laboratories, 
and however, they are converted into in-situ validations at 
an underground research laboratory with the progress of the 
research program. The advantage of the in-situ experiments 
is to overcome the laboratory work’s limitation of the small 
scale, short-term and unrealistic experimental conditions. 
An in-situ validation is also necessary to improve the pub-
lic acceptance on the reliability of the high-level waste dis-
posal. Therefore, in many countries promoting a nuclear 
power program, various in-situ experiments to validate the 
performance of the engineered barriers have been carried 
out over the last several decades.

A comprehensive review of the state-of–the-art of ma-
jor in-situ experiments to demonstrate the performance of 

engineered barriers in a geological repository for high-level 
waste has been given in this article. The review indicates 
that the in-situ experiments conducted to study the coupled 
thermal-hydraulic-mechanical (THM) behavior of the en-
gineered barrier system have been carried out extensively 
around the world. Although valuable information has been 
achieved from in-situ experiments, the variation in the mea-
sured data originated from the differences of the engineered 
barrier system adopted in the repository design concept and 
the surrounding geological conditions has stimulated the 
necessity of a further in-situ research program. The numeri-
cal modelling of the THM behavior has shown considerably 
good results for the temperature in the buffer. However, 
there is a considerable difference between the mechanical 
stresses predicted and those measured, indicating the ne-
cessity of development of a robust model.

The most in-situ experiments conducted up to now to 
investigate the performance of a buffer material have been 
carried out at the Aspö Hard Rock Laboratory using several 
kinds of bentonite. However, the information obtained is 
restricted within the short-term behavior because the in-situ 
experiments are at the early stage, and more valuable infor-
mation will be obtained with the future progress of the ex-
periments. Other in-situ experiments on the buffer-concrete 
interaction, the application of a buffer, backfill and plug and 
the canister corrosion were started relatively late, and most 
experiments are progressing. For the near-field rock, the 
characteristics and size of the EDZ have been studied to a 
relatively large extent. However, the in-situ studies on the 
rock mass strength which has an influence on the long-term 
stability of the repository are scarce, and additional in-situ 
experiments are required. 

The information and data from these in-situ experi-
ments will contribute greatly to the efficient design, con-
struction and closure of the repository, as well as the suc-
cessful accomplishment of a high-level waste disposal 
project. Even though considerable achievements have been 
made through in-situ experiments on the engineered barrier 
performance, many technical problems remain unsolved. 

Fig. 22. Miniature canister for the Corrosion Test of Miniature Canister at 
the Aspö HRL.
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Additional validation programs on the performance of en-
gineered barriers in an underground research laboratory 
motivated by the above mentioned activities are expected. 
It is hoped that this article will stimulate researchers to 
conduct in-situ experiments for validation of the perfor-
mance of engineered barriers. 
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