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1 INTRODUCTION

In Finland, the facility to permanently store spent nuclear fuel wilbbated in Olkiluoto, at a depth
of approximately-420 metres. At this level the demonstration tunnels used to test the final disposal
techniques will also be present.

This report describes development of prototype machinery to demonstrate emplacentiest of
bentonite buffer that surrounds the spent fuel canister in a vertical deposition(KiB#$e3V
concept) This has been completed as D5:4 of the LUCOEX project.

Posivads bentonite buffer emplacement nhattthod
is possible to carry out buffer emplacemanthe requiredrate of 120 minutes per borehol&his

time requirement of 120 minutes does not include the time spent installing the spent fuel canister
before the 4 topnost diskshaped blocks are imdled. Placement must alattain an accuracy of +/

1 mm to the deposition halesentreline.

The machinery developdad accomplish buffer installatioconsists afa lifter device mounted on a
semttrailer format framea bentonite block transfer device and a modified suction gripper integrated
into bentonite block transfer containers for lifting and moving bentonite blocks.

A method for filling the gap between the bentonite blocks and host rock with bentonite pakets w
also developed and tested.



2 FEASIBILITY STUDIES

Two feasibility studies were performed; one to identify methods of handling the bentonite blocks and
pellets and one to develop the prototype machinery used to transfer and emplace the bentonite
blocks.

2.1 Bentonite block handling

As part of the bentonite buffer installation process the blockstaree transported from the
manufacturingfacility on the surfacdgo the central tunnel in ONKAL®-420m) where they are
loaded onto the transportation vehiclelt® moved further into the deposition tunnel. Bentonite
blocks areeasily damaged if brought into contact with water, for example water drops from the
tunnel ceiling. Ambient humidity changes can also be harmful to bentonite blocks. Bentonite blocks
are ato easily damaged by physical impact and they should be handled with care. Therefore the
blocks have to be covered and sealed from effects of the environment before moving them from the
manufacturing facilitieso the deposition hole

Three possiblenethods to cover the bentonite blocks have been investigated during the concept
development phase of buffer installation machinery. All methods include covering after
manufacturing in the factory before moving to storage or directly to ONKALO. These meihad
wrapping in plastic; use of a metal cover, or a sealed container.

2.1.1 Plastic cover

Wrapping in plastic is performed by first putting the block in a preformed plastic bag which is then
emptied of air by a vacuum system and then sealed airtight. Bogisepared are moved on pallet

type bases that are suitable to be handled with a forklift. On arrival at the emplacement level, the
plastic covemust bemanuallyremoved before the block can be manipulated with a suction gripper.
The uncovered blocks erthen subject to humidity in tunnel environment and must be installed in
deposition holes without delay.

2.1.2 Metal cover/dome

A metal dome can be used to cover the block. In this case the bentonite block is inside a metal
canister with bottom plate and aetal dome. The dome must be sealed to be airtight with bottom
plate. Low vacuum could be used to hold the dome in place during transportation. Alternatively
mechanical locks can be used instead of, or in combination with vacuum. To keep the block in place
during transport, adjustable pads that are tightened between dome and the bentonite block can be
used.The bottom plate of the transport dome has lifting points for handling in factory and in tunnel
before installation As with the plastic cover, it will & necessary to remove the cover prior to
positioning and using the suction gripper to move the block into place over the deposition hole.

2.1.3 Container with gripper

In this geometry, shown in Fig. 1, th@ansportcontainer also consists of a metal covertifier
bentonite block but a gripper is integrated into the transpoid it Hagh dhentonite block is put

4



into a separateontainer under controlled conditions in the factory. The container is then sealed,
thereby ensuring good protection against therenment.

The container can be constructed in several ways, but the main idea is &chaister that can be
easily separateidto suction gripper and container paEsachgrippercomponents usedonly once
for lifting during installation of thebentonite blockt is associated witinto the boreholeThe
grippers can besused but only aftereturn to the surface anmaspection in the block manufacturing
facility. The cover piece has all the necessary components of a suction gripper vathouat-
generating apparatud gripper is equipped with connection points that altbevhoist ofan
installation vehicle to attadio it. This allows for very littlgpotential formisalignment between the
lifter and container. The transport container alsoitsaswn externalifting points to be used when
moving the container in factory or driving tunnel.

In the process of preparing the container and block paci&&gatonite blak is first aligned with

the containdy ®p and thers lifted into place Sealing of the container is achieved through use of a
weakinternalvacuum. This weak vacuum is maintained on the vacuum grippers during
transportation, ensuring the alignment betw block and grippeAdjustable nechanical pads
between the canister and the bentonite block can be used to keep the block on place during the
transportation and handling ithefactory and tunnel.

A further consideration in the planning for block gawent in a borehole is that each bentonite block
may have a dedicated deposition hole and locatitnin that hole. In such a situation the amount of
pellets needed to achieve the target bentonite density can be precalculated based-on the pre
determined gometries of the bentonite block and borehole. Thus the amount of bentonite pellets can
be premeasured in the manufacturing facility and put into pellet storage and deposition compartment
that can be constructed on top of the gripper.

The container covepiece can be extended down to lower the height of the bottom piece and to
protect the block during the installatiofid. 2). This design is useful the lifting height becomes
critical in the installation equipment. Alsanoverpressure ring can be constructed inside the gripper
ring to get more lifting power.

A design alternative to use of a rigid walled container could be use of an upper extead® of

textile rather than metal has also been considered. This design would reduce the space needed for
empty containers. It would however not eliminate the need to move empty transport containers from
the deposition tunnel as there is not enough sfmacl the container cover pieces. As this option

does not provide a material movement advantage and also providelysgslprotection than the

metal version, this design has not been further evaluated.
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Fig.1. Containerconcept with vacuum gripper and pellet storage.

Fig.2. Container concept with extended cover piece.



2.1.4 Comparing block transportation alternatives

Each of the buffer block transportation options described above in Secticasihherent
advantages and disadvantages associated with them. These can be briefly summarized as follows:

Plastiewrapped/covered blocks:

Advantages:
)l

T

Ease of handling with forklifts. Forklifts are used to move the blocks from storage to
transport vehicles or from one vehicle to another.

Forklift handling can be considered safer than handling with vacuum lifleey. can

be stacked on each other ankketéess space compared with containers. When a

process that requires moving several blocks into the deposition tunnel at a time is
used, then using plastic covered blocks is the only alternative because rigid containers
cannot be moved over each other im@nel environment due to the limited space
available.

Disadvantages:

T

T
T
T

T

The plastic cover has to be removed before the blocks can be loaded into the
transportation vehicle. This has to be done manually which causes a safety risk.

Used plastic covers mule stored away, which causes waste and space problems.
Handling the pallets is an additional time and spamesuming task.

Bare blocks must be lifted repeatedly using vacuum lifter which causes a need to
realign the grippers on top of bentonite blockghwhigh accuracy. Lifters must also

be cleaned between the lifts. Here the time consuming alignment is done in the tunnel
compared to container concept where the alignment is done already in the factory
under controlled conditions. This slows down thédligtion process.

The plastic cover provides little or no mechanical protection to the block.

Metal cover or container over blocks:

Advantages:
)l
)l
1
)l
1

T

A metal coverliminatesneed to manually cut away the cover.

It gives good protection against humidity andchanical damage during the whole
transportation chain.

The gripper is used only once underground which makes it easier and faster to align
the blocks during installation compared with plastic covers.

Worker safety is also better when there is no neddmale covers manually.

Grippers do not need to be cleaned between blocks lifting because every block has its
own gripper.

Containers/covers can be used repeatedly.

Additionally, in the container option, by using integrated pellet storage in the grippereed to
measure out and install the pellets as a completely separate activity in the deposition tunnel can be
avoided. Thus pellet installation can be done with same lifter movement as bentonite block
installation. For other concepts this use of prasured pellet containers to make the gap filling

could also be undertaken, but that would again give rise to the logistic problem of how to deal with
empty pellet containers without adversely affecting operational cycle time.

Disadvantages:



1 The main dsadvantages of using a metal dome or container to cover the block are

logistical and cycldime related.

Empty domes have to be stored in the main tunnel and

There must be a vacuum lifter in the transportation vehicle to onos@veredlocks.

The needor block alignment in the tunnel applies for the dome as for the plastic

covered blocks.

1 The need to move thenprotectedlock within the deposition tunnel constitutes a risk
regarding block damage or dropping.

1 Speed at which equipment can move indbposition tunnel can also become a
limiting factor for installation time.

1 Inthe container option, the effect of an extended period of vacuum associated with the
gripper on the buffer block is not yet established and is the subject of ongoing
investigatian.

E N

2.1.5 Selection of preferred buffer handling approach

Before choosing the most suitable method to cover and transport the bentonitefioockisose
described abovehe transportation method/sequence from the central tunnel to the deposition tunnel
had b be selected.

Based oly on a need to minimize transportatioelated activity in the deposition tunnel and an
assumption that a full set of bentonite blocks are to be brought to the deposition hole at the same
time, the best solution would probably pkastic wrapped bentonite blocks. This option has the
smallest volume of handliagelatedwastematerials but extra care would need to be taken to ensure
that these materials do not get accidently transported into the deposition turaisd does not
however provide the same degree of physical protection to the blocks as the other options
considered.

The metal dome does not offer significant advantages over the plaapped blocks because the
buffer block has to be removed from the dome in theraktunnel. This transfer location is similar

to that of the plastic wrapped blocks (which could be mechanically shielded (e.g. in a boxed lorry) up
until this location in the repository.

The container alternative provides best protection through theevitasisportation chain until the
deposition hole. The most important surface in the block, the top surface is protected all the way to
the deposition hole, which is not the case with the other concepts. In this option, alignment of
bentonite block and gmer is accomplished at the factory facility and high accuracy weighing and
loading of pellets is also done on the ground level. Grippers and pellet storages are able to be
checked before installation on the bentonite block, and in the factory there larelkeaning agents

and sufficient space to make corrections to the gripper if needed. This significantly simplifies the
quality control process and should allow for reduction of block rejection at the deposition tunnel.

Based on these considerationswis determined that the contaktgpe cover is the preferable
choice for handling bentonite bl oc K/gepdsiofy.or e a



2.2 Bentonite buffer installation equipment

2.2.1 Alternative transfer vehicle concepts

In the bentaite buffer installation process, the blocks are transported from the factory to the driving
tunnel in ONKALO where they are loaded onto the buffer installation or transfer vehicle to be
moved into the deposition tunnel.

The main criterion in developintye transfer vehicle concept has been the need to use the machinery
underground, recognizing the limited space available for its operation. Other important criteria are
safety, reliability, speed, serviceability and manoeuvrability. When starting coreegbopdment for

the whole installation process it was assumed that the installation equipment would carry, at the same
time, all the bentonite blocks needed to fill a deposition hole. With time it became obvious that there
would be advantages gained withancept consisting of separate installation and transfer vehicles.

The development of workable concepts for installation and transfer vehicles plays an important part
in achieving the specified installation time and ensuring buffer block quality. Theusarehicle
concepts examined have inherent limitations with respect to what bentonite block handling methods
can be utilized. These differences were very important in the process of assessing options and
selecting suitable buffer installation equipment dogistic concepts. As equipment design options
were developed, tunnel space, equipment clearance and movement in the tunnels became issues
forcing study of possibilities of using a smaller transfer vehicle, carrying fewer blocks.

Five possible vehiel concepts have been developed, all of which have rubber wheeled chassis and
are moved with a terminal tractor. These concepts differ in two main ways: one is using a combined
transfer and installation vehicle or two different vehicles; the other is dategrthe amount of
blocks to be transported, all at once or lesgen only oneat-a-time.

The type of the vehicleltimately selected for uskas a great influence to the whole installation
concept. Limited space in the tunnel means that transposémgral blocks at the same time is
possible only with uncovered blocks. This again defines the way in which blocks will be handled.
Cycle-time calculations have also needed to be made in order to determine the total installation time
for each concept.

2.2.2  Full Set Combined Vehicle (FSCV)

In this concept, a vehicle with both transfer and installation vehicles integnéteshe construction
is used (Fig. 3). All bentonite blocks needed for the first installation phase (six blocks), can be
moved at the samante.

This vehicle has all the equipment needed for the buffer installation: suction gripper, moving lifting
mechanism, pellet storage and measuring device for quality control. Only uncovered blocks can be
used in this option and blocks are loaded ontovéiecle using an external loadsfore it enters the
deposition tunnelThe vehicle needs to moveinto the tunneby a terminal tractoonly oncefor

each deposition hole fillingafter aligning on the deposition hole the first six bentonite bloakbea
installed without moving the vehicle. Driving speed therefore has minimal effect on installation time.

The disadvantages of the FSCV are that only uncovered blocks can be used, thithareaisa
need to align each block to the suction grippeasselyat the deposition hole locatiomhe gripper



must becleaned or at least checked after each lift to ensure adequate gripping force. Pellet filling
steps during buffer installation will also need a separate filling device. This means a complicated
installation process with higher quality problem risks. Measuring pellets in the installation vehicle is
also difficult and timeconsuming. Estimated installation time for the buffer using FSCV concept is
130 minutes, exceeding the target of 120 minutessti leaves no time margin for slight delays in
cycling or operations.

The large size and heavy construction necessary for this type of placement equipment makes
handling in the narrow tunnel difficult. The large frame construction makes itpname o flexing

during loading and unloadingaking it difficult to load blocksaccuratelyinto the vehicle. Stiffening

the frame would make loading even more difficult. Uncovered blocks are subject to humidity in
tunnel environment and must be installed in é&pan holes without delay. Any device malfunction
during installation would be especially harmful with this concept.

L-

Fig.3. Full Set Combined Vehicle with terminal tractor.

2.2.3 Two vehicles concepts (TVC)

The wo vehicle concepts consist of an installation vehicle and a transfer veéFieldénstallation
vehicle is used for the buffer block and pellet installaiido the deposition holandthe transfer
vehicle for moving the blocks to the installation vehicle
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Installation vehicle

An Installation vehicle has a frame with one axle, preferably with rubber tires and four actuated
support legs to level the vehicle before and during the installation process (Fig. 4). The wheels can be
made steerable to ease rough positioning over the diepadsole. The installation vehicle is brought

to the deposition hole with a terminal tractor and removable fifth wheel. After rough positioning with
the terminal tractor,an installation vehicle is aligned with the deposition hei@ hydraulic
supportinglegs anda crane. Afterthis is accomplished, thiignment installation vehicle is ready to

start installing the bentonite blocks.

Handling the bentonite blocks is done with an electrically operated crane with hoisting ropes. The
crane moves on top ohe frame in the tunnel direction. The lifter is levelled and aligned with the
deposition hole. The lifter is equipped with guide wheels and movable pads for accurate final
positioning whera buffer block is about-B5cm above its final position. Pads ndéede constructed

so that they do not interfere with the water protection rubber that might be used for a wet deposition
hole The same type of installation vehicle is used in all two vehicle concepts.

The details related to the Lifter design differ deging on whether uncovered blocks or containers

are used. When using uncovered blocks, an additional pellet storage and filler tool is needed. Also
when using uncovered blocks, a platform is added to the frame for the blocks to be placed on when
moved fromthe transfer vehicle in the full set transfer vehicle concept.

Fig.4. Installation vehicle concept model.

Transfer vehicle
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Bentonite blocks are transported from the driving tunnel using a separate transfer vehicle. This
transfer vehicle can carry from one to six blocks at same time, depending on the specific design
adopted. It should be noted that transporting more than twakdblat a time needs the same vehicle
design as the six block transfer vehicle, complete with a second overhead crdretransfer
vehicle.

The simplest transfer vehicle type carries only one block in a simgier container (Fig. 5).
Although the last complicated with respect to basic vehicle design, it does pose logistical
complications as the gripper (container top piece) from the previous block has to be stored
somewhere near the installation vehicle (on tunnel floor near deposition hole), ehémrtsfer
vehicle is getting the next block.

The next step in transfer design evolution of the one block transfer vehicle is the one block plus
platform type. The main change in design is the addition of a movable platform to store the previous
gripper. This vehicle concept has two independently suspended turning wheels that can be used to
level the vehicle and assist in positioning and driving in tunnel. The operational sequence can be
summarized as follows:
1 When the transfer vehicle approaches thalladton vehicle the platform is
positioned above the container in the transfer vehicle.
1 When the transfer vehicle is aligned with the installation vehicle the previous gripper
is lowered to the platform which then moves aside to let the lifter graleitidiock
containero6s gripper.
T The transfer vehicle then moves the | at
part) to the driving tunnel where it is unloaded,
1 A new block container is then loaded onto the transfer vehicle and
1 The empty blockcontainers are sent back to the surface for reloading.

The one block transfer vehicle can be enlarged to carry two blocks. This construction provides no
advantages compared with the one block-phaglel, but is heavier and slower to handle. It requires
additional equipment to move blocks and empty containers over each other.

The estimated installation time for the buffer is 115 minutgag aninstallation vehicle and one
block plus gripper transfer vehicle concept.

12



Fig.5. Oneblockplusgripper type transfer vehicle concept.

Full set transfer vehicle (FSTV)

A transfer vehicle concept that can carry up to six bentonite blocks has also been studied (Fig. 6).
This vehicle type must have a lifter of its own to serve the installaehicle. Like with the FSCV
concept, only bare blocks can be handled.

Compared with the FSCV the full set transfer vehicle is lighter and so is easier to handle in the
confined underground environment. The full set vehicle needs to be driven atohpdsonly once

at the deposition hole so the driving speed that was a factor in two vehicle concepts where smaller
numbers of blocks needed to be moved and containers or lids needed to be stored has no effect or
installation time. The stationary instdlan vehicle used in this concept can be made rigid and easier

to position compared with the FSCV. The special type of lifter in the block transfer part of the
system has a limited horizontal adjustability to align a block correctly for the installattooles

This will facilitate the transfer and registering of the blocks during the installation process.

The main disadvantages of the FSTV concept as compared with FSCV and container concepts are
associated with:

1 The length of the vehicle. It is long atids makes it difficult to handle in narrow
tunnel space. Even with turning wheels it will be difficult to turn the vehicle from the
driving tunnel into the deposition tunnel.
The need to accurate position the blocks on the block carrier and the caileer t
The more complex block moving process that involves use of two lifters.
Two heavy vehicles near each other have an increased risk of coming into physical
contact. Even a small collision could disturb the installation process and result in a
needto realign the installation vehicle.

= =4 =

As with the FSCV concept there is also the need to align the lifter with each block and to clean the
gripper after each lift. The pellet gap filling is also complicated compared with container concepts
which include tle ability to complete pellet placement as part of each block installation cycle. All of
these factors lead to a long installation time similar to FSCV concept.

13
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Fig.6. Full set transfer vehicle with installation vehic®ncept drawing.

2.2.4  Comparing alternatives

In comparing the conceiteeliability, speed and safety are among the most important criteria.
Reliability of installation is primarily connected with the complexity of the machinery and
complexity of theinstallation process. Concepts that enable use of blocks in containers have an
advantage compared to those using bare blocks. Containerized blocks need less handling during
installation because the blocks are.gligned with a gripper in the factory pritw delivery to the

tunnel. Hence there is no need for alignment of the gripper on blocks in the tunnel before it can be
moved into place. Blocks not provided in foaded containers need repeated lifting and aligning
and hence cleaning of the gripper @es an issue since separate equipment for cleaning is needed.
Pellet filling is simpler using containers that have the pellets and filling equipment integrated with
the gripper. Without preloaded pellet/gripper units, the installation of the pelletsregilire
additional filling and measurement equipment, which will slow the entire process.

With respect to operational cycle time; less work in block handling and transfer means that the
installation process is faster using container blocks. Using one litaasfer vehicle means
travelling several times back and forth in the tunnel. This increases the number of steps in the
placement process, but as the transportation is made at the same time as the installation there is onl
little effect on total instafition time. Installation cycle time calculations show that full set
combination vehicle concept has an estimated installation time of 130 minutes per borehole. In
contrast the one block transfer vehicle concept is estimated to use 115 minutes to baorfier in
borehole. Installation speed in the dsleck transfer vehicle concept is of course very dependent on

the driving speed in the deposition tunnel and logistic arrangements in driving tunnel.

Personnel safety is highly dependent on how close to thervgonkachinery one has to go. Plastic
covered blocks require the plastic to be removed manually, potentially creating a safety risk since
underground staff will be moving around heavy equipment. In contrast, buffer supplied in containers
and metal domes cd® handled via remote control, reducing personnel risk. Remote control is used
to some degree with all the concepts, particularly when installing the last buffer blocks after the
canister has been installed.

14



A further general consideration is associatgth a case where installation malfunction or other
problem that needs the equipment to be removed from the deposition tunnel has occurred. In such
situations, the smaller and lighter the vehicles are, the easier they are to remove so access to
undertake @medial action is quicker.

Based on the considerations outlined above, a conceptual design for an installation and transfer
vehicle that handles two buffer and pefided containers has been developed. Fig. 7 shows how
such a vehicle might be configake

Fi'g.7. Suggested concefr installation and transfer vehicles avell agerminal tractor.
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3 DESIGN

3.1 Concept design stage

As outlined in Chapter 2, concepts of how bentonite buffer emplacement equipment might be
configuredhave evolved from a rather simplisticldlock at a time transfer system consisting of a
beamframed lifter system to a significantly more advanced automated device that will allow for
several buffer segments to be transported in a single cycle.

In the bginning of the concept design phase, it was necessary to break down all the steps involved in
bentonite buffer emplacement. From this it was possible to determine the necessary action speeds for
each step. Then the actuator sizes, motor power ratingseandagios necessary could be calculated.

3.1.1 Sequence of activities in buffer installation

Theeight basic steps associated withffer emplacement are showin Fig. 8

Fig.8. Buffer installation sequence.

3.2 Design stage, general description

In the course of developing basic designs for the buffer installation machinery, the following
software was used:
1 Mechanical 3bmodelling and 2Edrafting was done using Siemens PLM Software
NX.

9 Structural analysis was done using the ANSY Smegyiing simulation program.
1 Autodesk AutoCAD was used for electrical engineering and pneumatics drawings.
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3.3 Bentonite installation machine (BIM)

3.3.1 General description

The bentonite installation machingéig.9) , devel oped for use in Posi\
of a semitrailer format frame, on top of which a lifter unit is located.

There are five primary components to this machine:

1 The framg1): is equipped with two wheels on a single steerable axle.

1 The support leg subframe (2): The machine is levelled using four support legs moved
by electromechanical actuators. It can be moved transverseliydstion) allowing
the positioning of the maate directly on top of the deposition hole. The subframe is
attached to main frame via two linear guides and moved by two electromechanical
actuators.

1 The pulling beam (3): This contains a king pin connection that is lifted to enable the
bentonite transfedevice (BTD) to pick ugmnempty container top.

91 The lifter unit (4): The lifter is movable on a pair of linear guidesd{péction) and
actuated by two electric motors driving gear wheels against tooth racks. A winch with
three steel ropes is providing m@ment (Zdirection) to a mechanical gripper to raise
and lower the container top with bentonite blocks and pellets.

1 The gripper (5): It has three electromechanical actuators that enable accurate radial
positioning of the bentonite block during the lasd Xdm downwards travel. The
gripper attaches to the container top via three pneumatically actuated lock pins. The
container top has a vacuum lifting surface againstapeurface of bentonite block.

S 4.

Fig.9. 3D-model of bentonite installation machir{BIM)

Tablel. BIM technical specificatien

Mass 20000 kg
Length 7710 mm
Width 2590 mm
Height 3750 mm
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Power ElectricalP=30 kW
Electrical feed 3x400 VAC, 63 A, 5z (TNS) connection to tunnel network
Batteries 200Ah/24VDC control unit, lights and steering of rear ax
Control unit Crosscontrol CCpilot XM, CANopen, Ethernet
CoDeSys V3
Operators 1 person
Transfer speed <5 km/h
Buffer emplacement time | 120min/deposition hole
Buffer emplacement +1 mm measured from deposition hole vertical
accuracy centre line
Gripper carrying capacity | 5000 kg
Gripper Xmovement 2650 mm
Gripper ¥ movement 225mm
Gripper Zmovement 12000 mm
Ground clearance 280 mm

3.3.2 Actuation options

At the beginning of the BIM design process, the movements of the BIM were intended to be
hydraulically actuated. However, hydraulic oil used in this type of equipment creates a contamination
hazard for bentonite blocks and tdeposition hole. For this reason, there was a need for an
alternative actuation method to be identified and developed. Options identified were water
hydraulics, pneumatic and electromechanical actuators. Water hydraulics was studied and found to
be technially possible. As most components would need to be customized for water, the cost would
have been impractically high (5 to 7 times the cost of oil hydraulics).

Pneumatic actuation evaluation identified tha air flow and volume required to run the st

would have been a technical challenge, requiring a lot of space within the machine frame for hoses,
compressor and air storagec cur acy of such a systembs oper a
due to compressible nature of air. The size of the actuateeded to deliver the required forces
would have been very big.

Electromechanical actuation was the third option and it avoided most obpthational and
environmentalimitations identified for the other alternatives and still retained sufficienistoless
and accuracy of operation.

3.3.3 Lifter unit

The lifter unit frame is a welded steel plate construction onto which the winch, mechanical gripper
and other lifting equipment are attached (Fig. 10). It also carries the laser scanner, pneumatic hose
asso@ted with vacuum systerand electrical cable reels. The lifter unit moves longitudinally on
linear guide racks on BIM main frame unit (Fig. 9) and is powered by two electrical motors via
gearboxes and pinion wheels.
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Fig.10. BIMlifter unit.

Initially in the conceptual design process, all lifter components were duplicated as if the device was
going to be used as a production item. These components included the steel ropes on the winch, the
winch brakes, winch motors, winch geaxbe and steel rope adjustment actuators for gripper
balancing. This duplication would have increased the cost and complexity teGthevice without
providing any significant benefit with respect to the task of field testing buffer emplacement.
Therefoe a decision was made to abandon duplication and continue the design work with single
component sets, at least for the concept development and demonstration period. As theesult
winch drum used in the BIM is simpler and holds all steel rope on one fag&ing it less prone to

failure (rope entanglement etc.).

Fig.11. Winch assembly.
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3.3.4  Winch brake and gearbox system

The winch brake and gearbox system are critical in terms of ensuring safe and controlled movement
of the bufer blocks. The winch brake used in the BIM design is an electrically activated and
manually disengaged Dellner EFP 2x100 disc brake. The brake activates when an electric solenoid is
de-energized (e.g. electrical power failure). The tangential braking pew@0000 N.

The gearbox selected for the winch system will determine the smoothness and speed(s) at which
buffer blocks can be handled (raised/lowered). During the selection process for the winch gearbox
type needed, consideration was given to heliear gunit,worm gear unit, a Posiplan unit and a
planetary gear unit. As the planetary gear unit offered the required reduction ratio and torque
capacity in a compact enough space, it was the choice for further design.

3.35 BIM main frame

The BIM main frameunit (Fig. 12) is a welded steel plate construction, onto which the steerable rear
axle, linear guides for lifter unit and support legs, the pullirgribgoneumatics system and electrical
system are attached. It has a pair of longitudinal linear guides for the lifter unit and a pair of
transverse linear guides for the support leg subframe.

The steerable axle unit is a SISU SSHIBS front axle. The axles rated for 1M00 kg load at 10

km/h. There are no driving brakes on the unit as movement is controlled by the terminal tractor as
part of the unit positioning process. Turning of the rear wheels to allow for BIM manoeuvring within
the tunnel is actuadkeby a single electromechanical EXLAR unit.

Fig.12. BIM main frame.

3.3.6  Support leg subframe unit
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The support leg subframe assembly of the BIM is a welded steel plate construction with four
independently actuated legs (Fid). The subframe can be moved on linear guide units to enable
limited lateral positioning changes of the machine. Each support leg has one servo driven Exlar FT
60 electromechanical actuator (1) rated at 90.8 kN thrust force and 600 mm nominal trawal. Act
travel is limited to 550 mm.

1

Fig.13. Support leg subframe assembly.

3.3.7 Pneumatic system

While the design selected for the BIM does not use water or air actuators, there is still a need for a
vacuum system to operatgeveral of the peripheral components. The BIM therefore has an
independent pneumatic system to deliver compressed air for vacuum generation, pulling beam lock
cylinders, gripper lock cylinders and the container pellet release system.

The pneumatic systeinstalled in the prototype BIM consists of a Gardner Denver compressor, a
Hiross air dryer, piping, valves and accessories.

Table2. Pneumatic system specification.

Peak flow 360 I/min

Operating pressure 7 bar

Pressure reservotapacity | 2 units of 200 | each
Condensate water tank 301

capacity

3.3.8  Mechanical gripper unit

The original lifter (Saari et al. 2010) used in testing vacuum lifting of large concrete blocks
(simulating bentonite buffer blocks) was equipped with a rotary vane vacuum pump. As the
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temperature range in Onkal o de mo,axtthe ageiatomal t u n
ambient temperature lower limit farrotary vane pump is +12 °C it was necessary to find a pump
type suitable for underground environment. The solution identified was use of a set of three ejector
pumps rated to temperatures as lewvl® °C (Fig. 14).

The mechanical gripper unit is suspended from the lifter unit by three steel ropes, each individually
adjustable via electromechanical actuator for accurate levelling of the gripper and its load. The
gripper also has a robotic connecto the centre for electrical and pneumatics feedthrough to the
container.

Fig.14. Mechanical gripper unit

The mechanical gripper unit in the prototype BIM was designed with three guide wheels to prevent
block or grippercollision with deposition borehole walls. Each wheel unit is paired with an
electromechanically actuated centring pad for accurate horizontal adjustment of the load position.
During testing of the prototype BIM, the cenihg of the gripper unit in the hole pred difficult

because the pads caused radial movement while extending and retracting. For a production machine,
replacing solid rubber pads with horizontal wheels is suggested.

As discussed previously, in the container concept pellet storage is inteigtatéigde container top

and pellets are unloaded by lifting the outer skirt of container top. The gripper unit has three
pneumatically actuated levers that engage with the container skirt and control its opening and
closing.

3.4 Bentonite transfer device

Thebentonite transfer device (BTD) shown in Fig. 15, is a trailer moved by a terminal tractor unit. It
is equipped with a single steering axldfdoilitate its positioning near BIM and to limit the steering
effort while driving inthedemonstration tunnel.ie BTD is steered manually by the terminal tractor
operator. The operator has a direct view to BTD, assisted by live feed from video cameras on BTD.
The BTD gets both its hydraulic power and 24V electric power (for controls) from the terminal
tractor. AllBTD movements are actuated by hydraulic cylinders controlled by proportional valves.
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Before the bentonite block is lifted off, the BTD is levelled by two hydraulic support legs at the rear
corners and ter minal tr actheaxte8ubframe id lifted hydraubcally . A
so that the wheels are not in contact with the tunnel floor, thus eliminating any effect from
deformation of the rubber tyres with operation of the BTD or BIM.

As shown in Fig. 15, the transfer device in the proto®p® carries one block in a container. This
device has a longitudinally moving platform to store the previous container top. When the transfer
device approaches the installation machine the platform is positioned above the container in the
transfer deviceWhen the transfer device is aligned with the installation machine the previous
container top is lowered to the platform which then moves aside to let the lifter grab the next block
containerds top. The transf er danihe suctigntygper r e m
(container top part) to the driving tunnel and takes a new block container back to the tunnel.

Fig.15. 3D-model of bentonite transfer device.

Table3. BTD technicapecification.

Mass 4600 kg

Length 6960 mm

Width 2790 mm

Height 2500 mm

Power HydraulicP,,;;=200 bar From tractor unit

Electrical feed 24 VDC, 2x10 A From tractor unit

Control unit Crosscontrol CCpilot XM, CANopen, Ethernet
CoDeSys V3

Operators 1 person

Transfer speed <5 km/h

Maximum load

6000 kg total

Top shelf: empty container toj

440kg

Maximum lateral
inclination

20 %

Ground clearance

nXpnn YY

hydraulic adjustment
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3.5 Bentonite block container

Resulting from the bentonite handlifeasibility study, a steel container was designed for bentonite
blocks (Fig. 16 and Fig. 17). The primary roles of this container are to protect the block from
humidity, contamination and possible impacts during transportation.

A Container consists of:
9 Cylindrical, bottom vessel built using mild steel and
1 A top with integrated suction gripping surface and pellet compartments

Fig.17. Split view of thdentonite container with a ring block. Picture shows the later variation of
container top.

Initially two complete containers were manufactured, one for 960 mm high ring block and another
for 500 mm high solid block. The taller container can be used®@ mm blocks during the
demonstrations by adding sjgasto its bottom. Likewise the shorter container can be used for trials
using a 400 mm high solid block.
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One container top was finished and factory tested. After the tests some alterations weia thade f
second container tags follows

1 Integrated vacuum reservoirs were abandoned in favour of more rigid toroid section
reservoirs.

1 Vacuum suction surface was made of a single plate with only six suction areas (three
suction circuits). Suction surfagefirst container top consists of 27 separate plates.

1 Slight alterations to manufacturing dimensions and tolerances for better pellet
compartment functionality.

The first container top was also upgraded so that the only major difference between themadema
the suction surface. Both container tops are interchangeable.

3.5.1 Re-designhed suction gripper

The initial design for a suction gripper was for a single unit consisting of a steel structure with
vacuum pump and suction surfaces. Adoptiorhefdoncepof utilizing steel containers to hold and
deliver the buffer and pellets into the borehole necessitatedesign of the suction gripper.

The vacuumneeded to operate the grippergsneragd viathree ejector pumps located on the
mechanical gripper. The mechanical gripper is permanently attached to the lifting ropes in BIM lifter
unit. Thesuctiongripper which locates itop part of the container is classified as a-fised load

lifting attachnent according teeuro normSFSEN 13155Cranes. SafetyNon-fixed load lifting
attachments

The top part of current container serves three functions:
1 covers and seals the bentonite block within the container
71 provides a vacuum gripping surface to lift tientonite block
1 contains bentonite pellets for gap filling

Table4. Technical specification for container top/suction gripper.

Lifting capacity 3900 kg nominal 4875 kg test lift weight (125%)
Vacuum generation 3x Piab P6040 Xi

Vacuum level 95% of full vacuum

Minimum vacuum level 40% of full vacuum n=2

Air consumption 110 NI/min

Pellet capacity 250 litres 6 compartments

Vacuum reservoir 68,4 litres 6 reservoirs 11,4 litres each
displacement

Number of suction circuits | 3

3.5.2 Pellet compartments

There are six pellet compartments inside the container top. Each compartment contains a pre
measured amount of bentonite pellets, so that after each bentonite block is in place, the pellets can be
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used to stepwistll the remainingvolumebetween the blocks and the walls of the deposition. hole

The amount of pellets loaded into each compartment is determined by calculating the gap between
block andwall of the deposition hole. Calculation is based on laser scanned model of thenbole a
bentonite buffer size and location.

3.5.3 Pellet drop test

The selected method of pellet filling involves an integrated cylindrical pellet comparintetop
of the bentonite block container (Fig. 18Jhis pellet compartment bottom is shaped as a @tedt
cone and is divided into six equal sectors. This will enable fillingatiraular gap with theorrect
amount of pelletandto compensate for possiblariations in the dimensioaf the gap between
bentonite blocks and host rock.

Before detailed degn of the pellet compartment was completed, a series of tests were conducted to
determine the best bottom surface inclination for unassisted dropping of pellets. To, dotéisis
device (Fig. 19) was fabricated to simulate the pellet compartment. istsona mild steel sheet
metal frame, an adjustable steel bottom plate and a vertically sliding gate for pellet release.

In the simulator, the bottom plate inclination can be adjusted between 5 and 45 degrees in 5 degree
intervals using fixed holes imrdme plates. Additional adjustment is made by shimming the front
(low) edge of the bottom plate. The top of the device is open to enable pellet filling and the sliding
gate is opened manually to release the pellets.

y .

Fig.19. Pellet drop test device
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Three types of bentonite pellets were tested before the design of the pellet compartment component
was finalized:

1 cylindrical & 8, lenght12- 25mm

1 squareillow-shape 12x12 mm, 5.5 mm thick

1 round pillowshape d.2 mm x 5.5 mm thick
After conduct of a series of trials where the angle of the bottom plate was varied, it was determined
that an inclination of 25 degrees allowed all pellet types to freely digehmr gravity. In order to
provide a slightly more conservative design, an additional 2 degrees was added to the angle of the
bottom plate to produce a total inclination of 27 degrees. Drop tests were repeated multiple times and
there were no pellets reméng on bottom plate at any time. Based on these, tasiy degree
inclination wasselected for use in the actymllet compartmefgbottom surface.

3.5.4 Robotic connector between sensors and power actuators

The vacuum sensors and optional pellet vibratorsquire electrical feethroughs between
mechanical gripper and container top. A robotic connector (Fig. 20)levesdoped anémployed for

this task, enabling automated connection of signals and power.

The initial design of this connector was foundhave some issues related with its uShese
modifications to the robotic connector were all of a design and operation improvement nature and did
not reflect any basic problem with the concept and its operation. They consisted of the following:

1 Firstly, due to the nature of the welded steel construction of the gripper and the
container top, the connector was between these components was found to be
prone to misalignment causing a connection failikéter the first factory
acceptance tests it was deemedessary to use a more robust connection for a
production level machine.

1 The second item observed was that continuous monitoring of container vacuum
circuits was unnecessary and a design change was made to nmse/setisors
to the mechanical gripper side.

1 The third item was the need to change the vacuum break valves to direct
actuated magnetic valves, eliminating the need for pilot pressuréhierahs
from mechanical gripper to container top.

On completion of these modifications to the robobanector, it was found to be suitable for use.
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Fig.20. Robotic connectansedfor electrical power, signal and compressed air. Top part is attached
to mechanical gripper and bottom part to container top.

3.55 Suction surface on block lifter

The development of a suction system for use in holding the lifter head in place during block loading,
unloading and installation underwent two main design iterations, as shown in Fig. 21.

The first container togFig. 2Xleft side),wasmanufactured with a suction surface design consisting

of 27 separate aluminium suction plates, similar to the original suction lifter tested in 2010. These
were intended to provide a wélldistributed series of lifting areas to provide good reliabilitgidd

some local areas on the upper surface fail to hold under suction.

For the second container top des{fig. 21 right side)the suction surface was-designed to have

only six separate suction areas on-prece aluminium plate. The result of thisdesign was a
substantial reduction in the number of fabricated parts, vacuum hoses and fittings. This reduced the
complexity of the construction, operation and hence component cost. The results of trials using a
lifter of this design were successful.
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Fig.21. The 3circuit division of the original (left) and new (right) suction gripping surfaces. Each
colour corresponds to one independent suction circuit.

3.6 Control and automation systems

The control system of the installatioguepment consists of two independent subsystems, one for the
Buffer Installation Machine (BIM) and other for the Bentonite Transfer Device (BTD). Both are
based on a PBased controller with CoDeSys V3 programming environment.

Although not expected to beeeded imormal operating practice, the BIM control system comprises

of both direct manual operations and automatic operations initiated by the opeé@t@l and Fig.

23 show the control unis associated with the BIM. When the BIM is travellingredathe tunnel, it

Is possible for the tractor operator to steer the BIM rear axle from the tractor €abiBBIM is
normally expected to be operated from a remote operating station in order to maximize worker safety
by minimizing physical interaction ofgosonnel with large equipment. All BIM functions can be
controlled from this position utilizing sensor data (as shown in Fig. 24) and video feed from cameras.
How this is accomplished via an automation program is shown in Fig. 25.

All the movements of thBIM are accomplished by use of electromechanical actuators. The support
legs, winch drum and lifter Xnovement are controlled via servo drives located inside electric
cabinets. Electromechanical linear actuators with integrated servo drives are usear faxlee
steering, frame ¥movement, winch rope adjusters, pulling beam lifting and gripper fine positioning.
All adjustable movements ithe BIM are equipped with absolute sensors so as to ensure that no
limits regarding positioning are exceeded.

The keyelectronic and softwareelated components associated with the BIM and BTD are as
follows:
1 The positioning system for BIM and buffer blocks is based on a laser tracker and laser
reference targets inside the demonstration tunnel.
1 The laser tracker used @ APl Omnitrac2.The field buses associated with the control
system used in the BIM and BTD are CAN and Ethernet.
1 In order to accommodate attachment of the lifter to the buffer block, a centring algorithm
was developed for mechanical gripper.
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When locatedat the demonstration hole, the BIM gets its power from demonstration tunnel 400 V
electrical network. For transfer along the tunnel to and from the demonstration hole, the BIM has two
batteries powering the rear axle steering, lights and control systediffekent power supply
network will be necessary during actual placement operations but this is not considered to be a
significant issue since the operational areas of the repository will need to have a robust power supply.

Fig.22. Gripper control unit computer on BIM mechanical gripper

Fig.23. BIM main control unit
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Fig.24. Remote control view of BIM main control unit and gripper control unit
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Fig.25. Automation program layout for BIM and BTD
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3.6.1 Safety features

As noted previously, safety of the staff associated with the BIM and BTD is the primary concern
during all phases of repository activity. There is additionallynd»ed to protect the machinery from
unexpected conditions or to rapidly shut it down should mechanical problems or control issues be
detected. The BIM is therefore equipped with manual emergency stop switches and a key switch to
disengage all actuator movents. The BTD has its emergency stop switch located inside tractor
cabinet.

The BIM also has budin provision for linking into external area control system to provide for
automated shut down should anyone be in the vicinity of the operating equipment.

The safety features for buffer installation machinery is designed in accordancavathormSFS
EN ISO 13849 class 1.

Before the introductionhie safety and risk analysis for both the BIM and BTD was performed by
Posiva's safety experts consultadtdew changes had to be done.

3.6.2 Linking the control systems

As the BIM and the BTD are designed to operate together they need to hawedieated control
system. To accomplish this there is a wireless Ethernet connection between BIM and BTD. This
connetion is designed to transfer the video signals from BIM camer#setivactor cabin and also

for use when steering the rear axle of BIM during its movement adaigmonstration tunnel.

The tractor used to relocate the BTD is linked to it through palysannectors. There are connectors
for coupling the tractor hydraulics into BTD and linking the BTD to its control unit located inside the
tractor cabin.

Connection between BTD and its remote control is established via wireless Ethernet or through
cables utilizing CANopen and Ethernet protocols.
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4 MANUFACTURING

Manufacturing of the prototype equipment developed conceptually for use as BIM and BTD began in
thesummer 02012(BIM) and in the spring 2013 (BTD)

4.1 Bentonite installation machine (BIM)

The bentonite installation machine was manufactured by Konepaja Laaksonen Oy in Turku, Finland.
This machine was a completely novel design and required very stringent construction specifications
to be followed. The result was a slower than planned cotistnuanda delivery delay past the
originally anticipated date. The machine was however completed and delivered to Posiumn@y

for its use in installation trials on the surface at Olkiluoto and underground in Onkalo.

All electrical installations wer made by ElImont Oy, from Lahti, Finland in Konepaja Laaksonen Oy
premises.

4.2 Bentonite transfer device (BTD)

The bentonite installation machine was manufactured by Lehtosen Kor@paja Kokemaki,
Finland. As with the BIM, this component was a new design and required specialized manufacturing
expertise. It was completed within the specified tina@ne and used in surface and subsurface trials
once linked to the BIM.

4.3 Bentonite block transfer container

The bentonite block transfer container manufacturing was split between Konepaja Laaksonen Oy and
Lehtosen Konepaj@y.

The container tops are closely related to BIM lifting system and therefore require that they be built in
close consltation. As a result the tops and BIM were both manufactured at Konepaja Laaksonen Oy.

The lower, container bottom vessels to be carried by BTD were constructed by Lehtosen Konepaja
Oy. The container base is of welded sheet metal construction, whiol ecneakion of a relatively
lightweight but dimensionally accurate unit challenging. While not simple, the lower component
represents a more basic mechanical construction that still must be mated to the lids.
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) TESTING AND DEMONSTRATIONS

Test plans aciated with the BIM and BTD were made in order to accomplish the following:

1 Completion of factory acceptance tests (FAT) for bentonite installation machine and
bentonite transfer device

{ Testing the machinery functions and buffer installation using &reta simulation of
buffer rings and disks at ground level (Demonstration Phase 1)

1 Testing the installation of concrete buffan ONKALO demonstration tunnel
(Demonstration Phase.?2)

1 Demonstration of the installation of bentonite buffer in ONKAHd@monstration tunnel
(Demonstration Phase.3)

51 Factory Acceptance Tests (FAT) for BIM and BTD

FAT for BIM was started on 11.6.2013. All machine movements and functions were tested. Some
minor issues were identified and after correction the BIM was reldes@ the factory to Posiva on
7.10.2013. Of particular importance was confirming operation of the container top suction lifter,
which was tested with a 4875 kg weight and found to be functioning as expected.

FAT for BTD was performed on 4.7.2013. Thexere issues with steering hydraulics, which
required a modification before the BTD could be used for demonstration tests.

5.2 Testing machinery functions

First test phase (Demonstration Phase 1) was evaluating the construction and design of the devices
Accuracy of movements and positioning were tested extensively to ensure successful emplacement
tests. These tests took place in the surface
area.The machinery functions wemso tested and the automaiti development continued during
Demonstration Phase 1.

5.3 Emplacement demonstrations in surface facility

The purpose of theurface facilitytests was to demonstrate that a-filed borehole volume could

be successfully installed using concrete blockthefsame size and mass as buffer ringsdasks.

This installation was also required to be accompliskedt hi n t wo hour soé ti me,
of +/-1 mm.

53.1 Execution

Surface level testingising simulated buffer blockstarted in September 201@n completion of
these intial trials, therkt buffer installation test was started on 18.2.2F4§. 26, Fig. 27 and Fig.
28 show how the blocks were moved in the course of the test.
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The measure of block to container top concentricity was a key gta iplacement trials. This was
measured by an external tachymeter so that the position of the block could be measured from the
laser targets on top surface of the container top.

.\

=
‘w
1

Fig.26. Bentonite installation machine at surfatmel test facility.

Fig.27. Gripper ancconcrete blockowered into test hole, seen from above.

As outlined previously in this document, the buffer installation process is a complex activity that
needs to be carefully sequedc Additionally for the purposes of these trials, there is a need to be
able to accurately determine what degree gblased positioning accuracy can be accomplished

well as identifying what improvements could be made before underground trialsedoou real

buffer components are used.

36








































































