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Abstract 
 
In Japan, the long term safety of geological repository for high-level radioactive waste is achieved 
using a multibarrier system, including an engineered barrier system (EBS) consisting of bentonite-
based buffer material and overpack sealed vitrified wastes. The performances of the EBS and 
operation safety of the repository are significantly influenced by remote handling and emplacement 
technologies of the overpack and buffer materials. It is extremely important to show applicability of 
remote handling and remote emplacement technologies widely at various site conditions by 
technological development of the geological repository, because specific candidate site has not been 
selected yet in Japan. In this study, test results of full scale demonstration were provided for basic EBS 
concepts of Block, Pellet and In-Situ Compaction. 

 

1 Introduction 
 

In the geological disposal program of the high-level radioactive wastes (HLW) in Japan, the waste 
which is generated nuclear power plant operation and reprocessing of spent fuel is placed into a host 
rock at the depth more than 300m below surface. The concept of the geological disposal of HLW in 
Japan is shown Figure 1. The long-term safety is ensured by multi-barrier system, which includes 
natural and engineered barriers that retard the transport of the radionuclide to the biosphere. The 
natural barrier consists of the host rock with low permeability around the underground facility. The 
EBS consists of metal overpack vitrified waste and buffer material. 

 

Figure 1: The engineered barrier system in Japan 

The buffer material made of bentonite or bentonite silica mixture is placed around the overpack which 
enclosed vitrified wastes. The buffer material exhibits a function of radionuclide migration delay by 
the stress buffering properties to dynamic change of the barrier circumference, the low conductivity, 
and sorption of dissolved nuclides, etc.  

The construction method of buffer material is classified into two different manufacturing places. One 
of the methods is within aboveground facilities, and it is a Block concept and a Monolith concept. 
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Another is the method manufacturing at the disposal position in underground facility, and it is a Pellet 
concept and an In-Situ Compaction concept (Figure 2). It is important to develop construction method 
of the buffer material as the EBS which satisfies the requirements.  

Radioactive Waste Management Funding and Research Center (RWMC) has been conducing to 
develop these construction methods, and has been evaluating potential technologies by test since 2000. 

In this study, test results of full scale demonstration were summarized and discussed on basic EBS 
concepts of Block, Pellet Filling and In-Situ Compaction.  

 

 

Figure 2: Various emplacement concepts 

 

2 Block Method 
 

2.1 Concept 
Piling the bentonite blocks was recognized as one of the most typical construction technique to place 
EBS at disposal pit (vertical) and/or drift (horizontal) in our study. Manufacturing the blocks at the 
aboveground facility is the most advantage for this method, because required process and treatment on 
the blocks can be done at the facility, which will be able to maintain high quality control for each 
block. It means that a high-performance and a high-quality EBS system can be realized at the 
repository if such highly controlled bentonite blocks are usedto the repository. This concept gives 
flexibility to the system design of remote handling and remote emplacement of EBS, because of its 
flexibility of block’s shape, dimension and dividing. The key technical issues in this construction 
method were the following two items: 

• Bentonite Block Manufacturing Technique (Degradation Control of Bentonite Block);  

• Bentonite Block Remote Handling Technique. 
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2.2 Block Manufacturing Technique 
2.2.1 Block Manufacturing Test 

For the circle block, 2,260 mm diameter and 300 mm thickness with dry density 1.9Mg/m3, was 
chosen to our basic specification for vertical emplacement concept. Bentonite block manufacturing 
test was performed to form several bentonite blocks with 50~700 mm diameter, 6.6~450 mm 
thickness, as parameters of silica sand content ratio, water content ratio, by single-axis, static pressing 
machine, and forming pressure, density distribution of formed blocks and size precision was observed  
as show in Table 1.  

For the separate type block manufacturing, one-eighth (1/8) section dividing block forming was 
performed by using capacity of 20kN of single-axis press machine, as show in Figure 3. The 1/8 
section dividing block was compacted under 20~30MPa of forming pressure, which achieved dry 
density of 1.97~1.98Mg/m3 with considering about 5vol.% gain caused by release of elastic 
deformation. Formed bentonite blocks showed slight dimension differences as planed block about -
4~+3mm in thickness and 1~4mm in radius direction, respectively. The formed blocks were divided 
into small blocks to measure dry density distribution and relatively lower density (1.7Mg/m3) at the 
part of lower corner and relatively higher density(2.0Mg/m3) at the upper corner were observed in 
general trend , as show in Figure 4. 

Table 1: Block manufacturing test: Test condition 

 Specification 
Bentonite Kunigel-V1 Material 

Sand Mixture Silica Sand 
Dry Density 1.9Mg/m3 

Sand Mixture Content 30~70% 
Water Content 7~10% 

Compaction Method Single Axis 

 

 
Figure 3: Block manufacturing test 

Inside
Upper

Bottom

High Low

Density

High Low

Density
Block No：70-CO9-1/8-300-1

B:S=70:30、w=9％
Cutting out part
（In Red Line）

Outside Inside
Upper

Outside

Inside

Bottom

 
Figure 4: Density distribution of the block 
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2.2.2 Friction test 

In order to design a block emplacement device, the coefficient of the static and dynamic friction of the 
bentonite block was acquired by test as parameters the content ratio of bentonite and silica sand, the 
dry density, and the dryness and humidification of the block’s surface. The result showed that the 
coefficient of static friction was approximately 0.6 and 0.4 in dry and humid conditions, respectively. 
It was identified that the friction doesn’t have a difference as parameters. 
 

2.2.3 Exposure Test 

After manufacturing, degradation of bentonite block will be induced by the atmospheric condition of 
high temperature and high humidity and the block specification (density, combination ratio, and initial 
water content). In order to such degradation process, it was verified by an exposure test using a full 
scale block in a laboratory which was controlled at 45°C and relative humidity 95%. 

From the result of test was summarized in Table 2. Cracking and swelling were induced on many test 
parameters. Such degradation of block was typically occurred for relatively lower water content of 
bentonite block as shown in Figure 5. The typically degradation of block was that tremendous 
swelling was observed in the sides of the block. That supposed the macrostructure of the sidewall must 
be disturbed by friction affect by a mold which used during the process of block manufacturing. In 
addition, around the corners were typically degraded since unevenness of density distribution was 
relatively large. In case of high water content blocks, it took longer time until cracking and swelling. 

Therefore, it was verified to that degradation process was possible to restrain and/or retard by 
balancing the surrounding environment and water content of the block to incorporate such as 
ventilation system, etc. Moreover, if providing a highly water contained bentonite block at an 
aboveground facility which adjusted to a underground facility condition of relatively high temperature 
and high humidity, dryness will be generated in an aboveground, and thus, problems such as dry 
shrinkage may occur.  

Table 2: Results of exposure test 
Measuring Time(hours)  

0 7 24 31 48 
Condition 

Upper   E E E 
Lateral   E E E 
Inside   E E E 

Water Content  9% 
Kunigel VI  70% 

Outside  E E E E 
Upper    E E 
Lateral  C C C C 
Inside   C C C 

Water Content  14% 
Kunigel VI  70% 

Outside    E E 
Upper  E E E E 
Lateral  E E E E 
Inside  E E E E 

Water Content  4% 
Kunigel VI  70% 

Outside  E E E E 
Upper      
Lateral      
Inside   E E E 

Water Content  7% 
Kunigel VI  50% 

Outside      

 
 
Temperature 
45 °C 
 
Humidity 95% 
 
 
 
 
 
 
 
(Legend symbol) 
  C; Cracked 
  E; Exfoliation 
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2.3 Block Handling Technique 
As a handling mechanism of the vertical type block, the vacuum suction cup was selected, which can 
avoid any mechanical clearance (Figure 6). The following test was performed to obtain performance 
the vacuum suction cup gripping the block. 

 

 

Figure 6: Illustration of the emplacement machine for Block 

 
2.3.1 Vacuum Suction Cup Performance Test 

Vacuum suction cup performance test was conducted to identify static gripping capability and 
dynamic gripping performance, which foresee several operation modes assumed in emplacement. 
These dates were supposed to be used as basic data to design operation of the emplacement device.  

In static test, detachment force was gradually added to vacuum gripped block, then limitation of 
gripping capability was measured and the relationship between the gripping capacity and vacuum 
pressure was identified. Gripping capacity of 19.5 kN can be obtained by vacuum pressure at 100 kPa 
toward a bentonite block with 30wt. % of silica sand mixture. This performance was almost as same as 
gripping a steel plate and almost no air leak occurred during gripping. 

On the other hand, for the block with 70wt. % of silica sand mixture, vacuum pressure was observed 
30% less than that of the block with 30wt. % silica sand mixture, so that an apparent descending of 
gripping capacity was observed since leak of pressure caused by added silica sand mixture. 

Through these results, the gripping performance of bentonite with a vacuum cup was equivalent to that 
of gripping steel plate can be obtained at up to 50 % or less of sand mixture. This performance was 
sufficient as a gripping mechanism for bentonite block. 

 

 
 

(a) Start                      (b) 7 hours later             (c) 31 hours later          (d) 48 hours later 

Figure 5: Degradation phenomena of block 
at high temperature (45°C) and high humidity (95%)
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2.3.2 Vacuum Suction Cup Handling Test 

Vacuum suction cup handling test for full scale circle block was conducted to bundle module of 1/8 
section dividing blocks with two steel bands and inner steel support. In this test, four (4) vacuum cups 
were assembled into one hoisting mechanism, as shown in Figure 7. The total weight was 
approximately 2300kg; include divided block 266kg each and two steel bands and inner steel support 
135kg. It was verified that a full scale block was gripped four (4) vacuum cups and performed 
operations, moving-up, horizontal moving, and moving-down the floor.  

During these operations, a full circle block could be hoisted by assembled vacuum cup mechanism 
securely, no negative incidents were observed. As the results, it was verified to be possible gripping 
blocks in a full scale block by using 4 vacuum cups gripping equipment. 

 

Figure 7: Full scale block handling test 

 

3 Pellet Filling Method 
 

3.1 Concept 
The pellet filling system is a repository concept which is increased in work efficiency of emplacement 
overpack and buffer material. The pellet system is thus emplaced in 3 steps: (1) transporting and 
placing the compacted bentonite support bentonite block, (2) transporting and placing the overpack on 
the bentonite block (3) filling remaining void space with pellets. Important considerations when 
evaluating the practicality of this process include (1) the operational process for conveying and 
emplacing the granular material, (2) the resultant density of the granular material in the tunnel and (3) 
the feasibility of achieving high uniformity of filling, without significant remnant void space. In this 
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study, the result of full scale test was described to validate the feasibility of buffer construction in 
horizontal tunnels using a pellet filling system. 

 

3.2 Pellet filling technique 
The filling equipment consists of a screw conveyor system, a belt conveyor system and a hopper. 
Figure 8 shows the full scale filling test equipment for the horizontal emplacement of bentonite 
pellets. The simulated disposal tunnel was a half tunnel model with a crescent-shaped cross section 
made by dividing a disposal tunnel with an inside diameter of 2.22 m into right and left halves and 
installing a clear acrylic resin panel onto one of the two halves. The length of the simulated disposal 
tunnel was set to 6.0 m assuming the emplacement of one overpack in the tunnel. Two dummy 
bentonite blocks and two dummy overpacks were placed in the tunnel before the filling test. Figure 9 
shows the configuration of the simulated disposal tunnel used for the filling test. 
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Figure 8: Screw conveyer test system for granulated bentonite 
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Figure 9: Geometry of mock-up disposal tunnel 

The full scale filling test consists of two phases. In Phase 1 of the test, bentonite pellets were 
discharged into the tunnel from the discharge end of the screw conveyor fixed at the deepest part of 
the simulated tunnel. In Phase 2 of the test, bentonite pellets were discharged into the tunnel while 
moving the filling equipment in 10 cm increments so that the discharge end of the screw conveyor 
stayed inserted into the slope formed by pellets. The filling operation was terminated when the filling 
material reached the end of the simulated disposal tunnel. The weights and volumes of the granulated 
bentonite fill measured in Phase 1 and Phase 2 of the full scale filling test were 2.67 t and 2.06  m3 and 
6.12 t and 4.74 m3, respectively, so the total weight and volume were 8.79 t and 6.80 m3. The 
operating time of the filling equipment was 42 minutes in Phase 1 and 117 minutes in Phase 2. The 
filling rate calculated from the volume of the filling volume and the operating time was 2.94 m3/h in 
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Phase 1 and 2.43 m3/h in Phase 2. The fact that the filling rate achieved with the screw conveyor 
system was roughly equal to the design filling rate (2.5 m3/h) demonstrates that basically the screw 
conveyor system has the filling performance. 

Figure 10 shows the simulated disposal tunnel filled with the granulated bentonite. Though the 
occurrence of voids in the upper part in the filling of tunnel was worried so far, filling was performed 
successfully. The average dry density of the granulated bentonite fill calculated from the slope 
geometry and the mass of the material measured after the Phase 2 filling operation was 1.29 Mg/m3. It 
was slightly lower than the effective dry density of clay (1.36 Mg/m3) indicated in the JNC H12 
Report, but a nearly comparable level of low permeability can be expected. 

 
Tunnel Wall

Tunnel Wall

Upper part of simulated drift 
(Phase.2)

Upper part of simulated drift 
(Phase.1)

Upper part of through screw

 

Figure 10: Detail of local point view after full scale pellet filling test 

The density of filling bentonite measured using the RI density meter. In this measurement, the buffer 
material was divided into 221 regions for density measurement. The average value of measured dry 
densities, 1.27 Mg/m3, was corresponded approximately to the average dry density, 1.29 Mg/m3, 
calculated from the mass and volume of the filled material. According to this result, the density values 
obtained by RI density meter are reasonably accurate. As an example of a density measurement result 
obtained from RI density meter, Figure 11 shows the distribution of dry density at a height of 100 cm 
above floor level. Dry density varied considerably between two overpacks and showed more or less 
uniform near-average values around the overpacks. It was considered that the low density area and the 
ununiformity of grain size distribution are arisen from changing the continuity and the slope shape of 
buffer material induced the gap between two overpacks. 
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Figure 11: Results of dry density distribution on GL100cm 

 

4 In-situ Compaction Method 
4.1 Concept 
The in-situ compaction technique to be applied for the compaction of buffer materials at the disposal 
pit of radioactive waste, which is originated in the compaction technique of soil, has an advantageous 
feature of constructing homogeneous buffer closely contacted with rocks. Given the working condition 
under the existence of radioactive waste, it may require remote handled construction work. Therefore 
it would be desirable for the construction system not to require complex construction management. 
The dynamic compaction method not requiring reaction force in the tunnel would be preferable; 
however, it is a concern that surrounding rocks may be damaged due to impacts during the 
compaction. Hence applying too large compaction energy can result in reduction of safety during the 
construction. In establishing a construction system, it would be important to select appropriate and 
reasonable compaction technique and compaction energy to ensure that the buffer with a specified 
quality could be constructed. Full scale compaction tests were conducted to accumulate data for the 
establishment of an in-situ compaction system. 

 

4.2 In-situ compaction technique 
An in-situ compaction by free weight drops with inner frame-box system is one of the methods of 
buffer construction technology (Figure 12). The method was validated in this study with full scale 
disposal pit made of concrete and semi-automatic compaction machine designed for work with remote 
controlled system. 

Weight

Buffer

Weight

Weight

Buffer

Disposal Tunnel
①Compaction 

of lower part 
②Compaction 

of the side 

Waste FormInner Frame-box 

Buffer Buffer

Waste Form

③Emplacement 
of waste form 

④Compaction 
of upper part 

Disposal TunnelDisposal TunnelDisposal Tunnel

 

Figure 12: Construction procedure of In-situ Compaction 
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Figure 13 shows the procedure for the full scale in-situ compaction tests. The compaction system 
consists of two fan-shaped steel weights installed symmetrically, connected with a shaft by a support 
mechanism on the top. The weight of the system was 2100 kg in total; 2000 kg for the weights and 
100 kg for the shaft. It will be lifted to the specified height and then free dropped to compact the 
material.  

 

Figure 13: Procedure of full Scale test 

In this test, an inner frame-box was set in the center of the circular concrete pit (2,360 mm I.D., 3,260 
mm Depth) simulating a disposal pit (Figure 13 (1) Step 1), and then the weights were free dropped 
on the bentonite-silica sand mixture, paved and smoothed in advanced in the pit (Figure 13 (2) Step 2). 
The compaction system capable of rotating weights within 160 ° rotated the weights at 20 ° increment 
automatically at every drop to compact the cross section overall. The clearance between the weight 
and the concrete pit wall was 50 mm, and that between weight and the inner frame-box was 15 mm. 
The inner frame-box installed in the centre of the pit was cylindrical steel form with 860 mm OD 
designed to withstand the stress due to impacts during the compaction to prevent deformation. 
Because of difficulty anticipated for the recovery after compaction due to pressure from the compacted 
buffer, the inner frame-box was designed to contract the outer form to release the pressure from the 
buffer. The volume generated after the removal of the inner frame-box formed the waste package 
emplacement pit (Figure 13 (3) Step 3). 

The bentonite produced at Tsukinuno in Japan, mixed with silicate sand composite as an aggregate, 
was used. The specifications and compaction curve of the material used in the test are shown in Table 
3 and Figure 14.  

 
Table 4 shows test conditions and dry densities of the buffer after the compaction. The test was 
conducted for nine layers (S1–S9) with the compaction energy and layer thickness as parameters. The 
drops at each layer were repeated until little increase in the density by a drop was observed. (In 
practice, in this test, a deformation of 1 mm or less at one drop was used as a measure.) For layers 
where two or more compaction energies were tested, the above procedure was repeated at each 

Table 3: Specification of material used  
in compaction test 

Items Specification 

Bentonite Sodium-type Bentonite (Kunigel-V1) 
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Mixture of No, 3, 4, 5, 6, 7 Sand 

(Mixed Evenly by Dry Weight) 

Sand Mixing Ratio 30%( By Dry Weight) 

Water Content 15% 

Curing Period 
24 hr or More after Moisture Control 

and Mixing of Material 

1,2

1,4

1,6

1,8

2,0

0 5 10 15 20 25 30 35 40
含水比w (%)

乾
燥

密
度
ρ

d(
M

g/
m

3 )

1Ec
5Ec
10Ec
20Ec

S r =100%

Figure 14: Compaction test by JIS A 
1210 (1Ec=5.5kJ/m3 ) 

D
ry

 d
en

si
ty

 

Water Content w (%) 

(2) Step.2 Dropped the weight (1)Step.1 Set Inner frame box  (3) Step.3 Removal of Inner frame-box 

Concrete Pit
(t=400)

Inner 
Frame-Box

Wire

2360

860

32
60

Clearance
Weight-inner15mm

Clearance
weigt-pit:50mm

685 685
Weight 2000kg

Shaft 100kg

Buffer material

Inner Frame-
Box

Wire

860

Buffer material

（unit：mm）



International Conference 
Underground Disposal Unit Design & Emplacement Processes for a Deep Geological Repository. 

16-18 June 2008, Prague 

 

 11 - 11

compaction energy in sequence from the small to large. At completing the compaction, layer thickness 
was measured for each layer, and the dry weight of the material provided for the layer was divided by 
the volume of the layer calculated based on the layer thickness to estimate the dry density of the layer. 

Table 4: Conditions and Results of compaction test 

Layer 
Compaction 

Energy 
 (Ec) 

Total 
Number 
of Drop 

Total  
Compactio
n Energy 

(Ec) 

Weight of  
material 

(kg) 

Water 
Content 

(%) 

Layer 
Thickness  

(cm) 

Dry density 
(Average) 
(Mg/m3) 

S1 0.2 20 4.0 701.4 14.4 9.82 1.646 
S2 0.15 20 3.0 729.1 14.5 10.45 1.607 
S3 0.3 16 4.8 715.8 14.6 10.70 1.540 
S4 0.3 24 7.2 697.6 14.4 9.30 1.729 
S5 0.4 16 6.4 708.9 14.2 9.94 1.647 

S6 0.05 (20),   0.1 (20) 
0.2  (20),  0.3 (20) 80 13.0 702.6 14.6 8.87 1.824 

S7 0.1(32),  0.2(16) 48 6.4 1068.8 14.5 15.32 1.607 
S8 0.1(24),  0.2(24) 48 7.2 1394.5 14.7 20.12 1.594 
S9 0.1 32 3.2 705.6 14.8 10.47 1.548 

Total － 348 65.5 9,560.5 14.5 133.91 1.644 

 
Cores samples (100 mm in diameter) were collected at six points distributed horizontally as shown in 
Figure 15 to acquire spatial distribution of the dry density and water content in the constructed buffer. 
The core samples were sectioned into three to six fragments along the length depending on the layer 
thickness to measure the water content and density. 

The average dry density of each layer calculated by the cores density was in the range of 1.526-1.646 
Mg/m3, which, especially for the layers with higher density, are smaller that those calculated based on 
the provided quantity. The trend could be explained that the cores density was decreased due to the 
release of confinement pressure, i.e. increase in the core volume. The dispersion (difference between 
the maximum and the minimum) in dry density for each layer was in the range of 0.16-0.36 Mg/cm3. 
Within each layer, the dry density was different by 10-20 % depending on the location. 
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Figure 15: Sampling position 
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After completing the compaction, the outer of the inner frame-box was contracted to release the 
pressure from the buffer, removed with the crane and checked for its physical integrity. After 
removing the inner frame-box, the waste package emplacement pit was checked for its construction 
quality in terms of self-supportability and integrity of the wall and inner space size (Figure 16). The 
release of pressure from the buffer by contraction of the outer form and removal of the inner frame-
box were successful. The recovered inner frame-box indicated no deformation or damage by impacts 
during the compaction. 

 

 
 

Figure 16: Full scale compaction test with inner frame-box 

Full scale tests were conducted simulating in-situ compaction by free weight drops with inner frame-
box system to demonstrate the applicability of this technique to the buffer construction. With regard to 
the mechanical structure, no difficulty in the operability of the pressure release mechanism of as well 
as no deformation or damage on the inner frame-box due to the impacts during compaction was 
observed during a series of test. However; decentring due to inaccurate installation of the inner frame-
box and uneven dry density due to slightly tilted weight may be issues to be addressed. The quality of 
the construction would be improved by developing more precise positioning and attitude control 
mechanism. 

 

5 Conclusions 
 

In this study, full-scale demonstration of EBS construction technology for HLW repository operation 
were performed for mainly focused three(3) basic concepts of Block, Pellet and In-Situ Compaction 
method.  

(1) For the Block method, block manufacturing techniques, block protection technique against 
degradation process under repository atmospheric conditions for full-scale block and block 
handling technique by vacuum suction cup were tested. 

• Block which achieved dry density of 1.97-1.98Mg/m3 was manufactured using 20kN 
of single axis press machine. 
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• The coefficient of static friction was approximately 0.6 in dry condition and 0.4 in wet 
condition. 

• The block construction system against degradation must be considered a water content 
balance between block and surrounding condition in repository tunnel including 
effects of air conditioning and ventilation system, etc. 

• Four vacuum suction cups assembling device was evaluated that it has sufficient 
capacity to handle a full scale block. 

(2) For the Pellet method, a full-scale filling test for a horizontal pellet filling system conducted 
using equipment and quality of emplaced buffer material in terms of dry density and grain size 
distribution. The applicability and characteristics of buffer construction carried out by using 
granular materials have been investigated, and data that can be used to create a buffer 
construction system have been acquired. 

• Granular material can be filled into a disposal tunnel without creating voids by using a 
conveyance and filling system equipped with a screw conveyor. 

• The screw conveyors are excellent to convey and fill granular material because of 
their ability to maintain conveyance capacity and minimize dust generation. 

• The average of dry density is 1.29 Mg/m3 was obtained. The low-dry-density regions 
tend to occur because of material segregation in the areas distant from the outlet of the 
screw conveyor. 

(3) For the in-situ compaction method, full-scale tests were conducted simulating in-situ 
compaction by free weight drops with inner frame-box system to demonstrate the applicability 
of this technique to the buffer construction. 

• Maximum dry density of 1.82 Mg/cm3 was achieved for the buffer in the simulated 
disposal pit using the compaction test system. The required average dry density of 1.6 
Mg/cm3 or higher would be achieved by applying the impact energy of 0.15 Ec 
(1Ec=5.5 kJ/m3) or higher. 

• Dry density and water content were measured for core samples collected from the 
constructed buffer. The dry density of core samples were in the range of 1.27-1.77 
Mg/cm3, with a trend of lower dry densities near the inner frame-box and in the lower 
part of each layer. 

• For the waste package emplacement pit formed by the inner frame-box, no exfoliation 
or damage, that cause difficulties to emplacement or affect on its performance, were 
observed. 
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