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MANU - INSTRUMENTATION OF BUFFER DEMO - PRELIMINARY STUDY 

ABSTRACT 

The purpose of this work is to describe feasible measuring and monitoring alternatives 

which can be used, if needed, in medium to full scale nuclear waste repository 

deposition hole mock-up tests. The focus of the work was to determine what variables 

can actually be measured, how to achieve the measurements and what kind of demands 

comes from the modelling, scientific, and technical points of view. 

This project includes a review of the previous waste repository mock-up tests carried 

out in several European countries such as Belgium, Czech Republic, Spain and Sweden. 

Also information was gathered by interviewing domestic and foreign scientists 

specialized in the fields of measurement instrumentation and related in-situ and 

laboratory work. On the basis of this review, recommendations were developed for the 

necessary actions needed to be done from the instrumentation point of view for future 

tests. 

It is possible to measure and monitor the processes going on in a deposition hole in-situ 

conditions. The data received during a test in real repository conditions enables to 

follow the processes and to verify the hypothesis made on the behaviour of various 

components of the repository: buffer, canister, rock and backfill. Because full scale 

testing is expensive, the objectives and hypothesis must be carefully set and the test 

itself with its instrumentation must serve very specific objectives.  The main purpose of 

mock-up tests is to verify that the conditions surrounding the canister are according to 

the design requirements. 

A whole mock-up test and demonstration process requires a lot of time and effort. The 

instrumentation part of the work must also start at early stages to ensure that the 

instrumentation itself will not become bottlenecked nor suffer from low quality 

solutions. The planning of the instrumentation work could be done in collaboration with 

foreign scientists which have participated to previous instrumentation projects. 

Keywords: Instrumentation; mock-up; full scale; in-situ; sensors; measurements 



 

 

MANU - PUSKURIDEMOJEN INSTRUMENTOINTI - ESITUTKIMUS 

TIIVISTELMÄ 

Tämä raportti on yhteenveto mahdollisista mittaus- ja monitorointitekniikoista, joita 

voidaan käyttää keski- ja täysimittakaavaisissa loppusijoitusreiän kokeissa. Työssä 

selvitettiin mitä voidaan mitata, miten mitataan ja millaisia vaatimuksia mittaukselle 

voidaan asettaa mallinnuksen ja tutkimuksen sekä teknisen ratkaisun osalta. 

Tässä työssä tehtiin kirjallisuuskatsaus aikaisempiin, useissa Euroopan maissa, kuten 

Belgiassa, Tsekissä, Espanjassa ja Ruotsissa tehtyihin kokeisiin. Tämän lisäksi tietoa 

kerättiin haastattelemalla mittauksiin ja mittalaitteisiin erikoistuneita koti- ja ulkomaisia 

tutkijoita. Näiden perusteella laadittiin suosituksia niistä mittausteknisistä asioista, jotka 

täytyy ottaa huomioon suunniteltaessa mahdollisia tulevia kokeita. 

Loppusijoitusreiän olosuhteita ja prosesseja on mahdollista mitata ja monitoroida 

nykyisillä menetelmillä. Mittauksista saadut tulokset mahdollistavat käynnissä olevien 

prosessien seurannan ja tehtyjen oletusten paikkansapitävyyden tarkistamisen kullekin 

osa-alueelle (puskuri, kanisteri, kallio, täyttö) erikseen. Keski- ja täysimittakaavaiset 

kokeet ovat laajoja ja kalliita, joten niiden instrumentointi täytyy suunnitella painottaen 

erityisesti tiettyjä ennalta määrättyjä tavoitteita. Kokeiden päätavoite on osoittaa 

komponenttien toimivan loppusijoitussuunnitelman olettamusten mukaisesti. 

Instrumentoinnin suunnittelu ja toteutus tulee aloittaa kokeiden aikaisessa vaiheessa, 

jotta vältytään sen tulemista pullonkaulaksi tai ettei jouduta tyytymään vähemmän 

optimaalisten ratkaisujen käyttöön. Suunnittelutyössä voitaisiin tehdä myös yhteistyötä 

niiden henkilöiden kanssa, jotka ovat osallistuneet muualla vastaavien kokeiden 

mittalaitesuunnitteluun. 

Keywords: mittaustekniikka; instrumentointi; anturit; in-situ; mittaukset 
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1  INTRODUCTION 

The purpose of this work is to describe the possible measuring and monitoring 

alternatives which can be used in medium to full scale tests carried out in deposition 

holes. 

Test structures are instrumented and monitored to: 

- make sure (verify) that the structure (canister, buffer, pellets, rock) as a whole is 

functioning according to the assumptions and simulations made earlier 

- produce data and results to verify and adjust the simulation and modelling processes 

- study through measuring and monitoring the progress of different processes - 

changes in water contents, temperatures, displacements, stresses and pressures: 

o water flow, rising of water table/moist zone in the volume - gaps, possible pellet 

filling, and blocks 

o displacements due to swelling of blocks and pellets, magnitude, direction and 

homogeneity of the displacements (horizontal, bottom and top fills  together with 

backfill 

o swelling pressures (total pressures) between blocks and between blocks and rock 

both in horizontal and vertical direction 

o pore pressures in liquid phase in different materials (gap filling, block and 

backfill) 

o temperature distribution and its changes in volume as a function of time after 

transient canister heating process 

o the state and intactness of rock walls of the hole. 

It is not always possible to get a complete product or solution for all purposes. The 

techniques and instruments used in the test setup must be chosen and built remembering 

the demanding conditions (temperature, pressures) in the hole and the planned duration 

of the test. 

Some of the measuring principles and solutions suggested may turn out to be 

unreasonable in practice. Still it may be worth to bring the idea forward. 
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2  PREVIOUS MOCK-UPS 

Various instrumented tests or mock-ups have been carried out in Europe during the last 

decade. Mock-ups have been constructed and tested in Belgium (by SCK∙CEN, The 

Belgian Nuclear Research Centre, ESV EURIDICE GIE), in Czech Republic (by 

Radioactive Waste Repository Authority), Spain (by CIEMAT) and small and full scale 

tests have been carried out in Sweden (by SKB). Some of these tests are still going on. 

FEBEX I & II tests (Grimsel Test Site, Mock-Up) are outside the scope of this work. 

Detailed listing of instruments used in various Swedish instrumented test setups at Äspö 

Hard Rock laboratory since 2001/2002 has been given in the report Nilsson (2002). An 

overall description of these tests has been published in EURATOM report EUR 21924, 

2005. More information on these instrumentations can be found from other IPR-reports: 

Börgesson and Gunnarsson (1998), Rhén et al. (2001), Pusch and Börgesson (2001) and 

Tillman (2001). Especially the report by Pusch and Börgesson (2001) describes the 

techniques used, principles of operation of different transducers, producers, transducer 

materials, protection measures for cables and data logging. The report by Puigdomenech 

and Sansén (2001) describes the objectives, techniques, sample containers and piping of 

chemical sampling. This item, chemical sampling, has not been dealt with in detail in 

this report. The electrical resistivity survey used in buffer, backfill and rock mass 

soundings has been described in the report by Tillman (2001). LOT-tests (Long Term 

Tests of Buffer Material) were started in 1996 to study the bentonite material stability. 

The aims and first results have been given in report TR-00-22. 

A full-scale mock-up test, called "Ophelie" was carried out in Belgium during 1997 - 

2002 and the analysis has been continuing since then. This test was carefully 

instrumented and monitored for almost five years. Although the final report is not yet 

available some detailed working reports describing the instruments, monitoring, results 

and experiences has been received from the project group. 

A laboratory scale test setup, called "Mock-Up CZ" was constructed and carried out in 

Check Republic. This work was done at the Czech Technical University in Prague. A 

detailed final report of instrumentation and results of this mock-up is available and it 

was received from the Radioactive Waste Repository Authority. 

Table 1 contains information about different quantities measured in different earlier 

tests (Sweden, Belgium and Czech Republic). 
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Table 1. Summary of quantities measured during earlier tests. 

Quantity Prototype test, 

HRL 

Mock-Up 

Ophelie 

Mock -Up 

CZ 

Temperature X X X 

Humidity/Moisture content X X X 

Pore pressure X X  

Total pressure X X X 

Strain  X X 

Displacement X   

Load  X  

Corrosion   X 

Chemical issues X   
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3  STRUCTURE AND CONDITIONS 

3.1   The structure 

The general layout of the deposition holes in the KSB-3V method are shown in Figure 

1. A test setup can be done in similar holes, in smaller and modified holes and even in 

steel tube. 

 

Figure 1. Sections showing the proposed layouts for repository of spent nuclear fuel for 

all different canister alternatives (Miller and Marcos 2007).  

 

The structural elements in horizontal direction are: canister (diameter 1050 mm), gap 

(10 mm) between canister and buffer, buffer block (thickness 315 mm), gap between 

buffer and host rock (25 mm) and bedrock (distance to the next hole; minimum 

6000 mm) (Figure 2). 

At the bottom of the hole SKB has planned to install a thick copper disk with raised 

edges on adjustable bolts. The bottom part of buffer, underneath the canister, will be 

installed on this copper disk. The copper disk is levelled and grouted with low pH 

cement plaster. At the top of the structure there is 800 mm of similar buffer that was 

used at the bottom part. On top of that there will be somewhat less dense material 

between the buffer and the backfill. There is a maximum displacement criteria set on the 

top of the buffer to ensure that the density of the buffer remains and thus also the 

functional properties. 

During the filling process of the hole there will be additional items in the gap between 

the buffer and rock that have to be removed before backfilling of the tunnel, such as 

tubes for removing drain water/adding saturation water and a membrane on the rock 

surface protecting the buffer during installation from the drain water. With the curtain 

the drain water will be guided to the bottom of the hole for removing. 
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3.2   Conditions 

The temperature in the repository and rock nearby will vary between +10 ... 100 °C. The 

temperature in the surrounding rock depends on the distance to the canister. Pore water 

pressure at repository level is equal to the hydrostatic pressure, which is about 5 MPa at 

the level of -500 m. Total pressure (hydrostatic pressure + pore water pressure), 

affecting to the canister and the hole walls is estimated to vary between 5 to 10 MPa. 

Water flow into the hole is varying but limited. 

 

Figure 2. Detail from the lower corner of the volume. Not to scale. Protective 

membrane is not shown. 
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4  INSTRUMENTATION POSSIBILITIES 

4.1   Measurable quantities/properties 

4.1.1   Total pressure (earth pressure)/horizontal direction 

Horizontal total pressure can be measured in gaps between both the canister and buffer 

and the buffer and rock. Total pressure means the pressure between soil (clay) particles, 

the pore water pressure and gas pressures in unsaturated pore space. Additional 

requirements for the measurement are caused from the canister temperature and thin gap 

between the canister and buffer. In general, high temperature and high temperature 

gradient will have a marked effect on the results unless this is taken into account when 

the transducers are purchased and calibrated. For the maximum horizontal total pressure 

10 MPa (100 bar) has been estimated. This is a high pressure and very high demands 

have to be put on equipment and cabling. 

The gap between the canister and the buffer 

Due to the thin and possible curved gap, the transducer must also be thin and bendable. 

One commercially available transducer for this purpose could be GTI-E210-S made by 

Kyowa (Japan) or similar (http://www.kyowa-ei.co.jp/english/products/civil/pdf/7-

39.pdf). A thicker transducer will suit equally well, but it may need to be embedded to a 

buffer block. 

The gap between the buffer and rock 

The above mentioned transducer type suits also for this purpose, but perhaps smaller 

transducers, which are easier to install and where the cable lead-through is from the side 

would be better suited. During the design phase one should also consider the physical 

dimensions of the transducers and prepare embedment holes to ensure proper 

measurement. One installation example is shown in Figure 3. 

4.1.2  Total pressure (earth pressure)/vertical direction 

Vertical total pressure can be measured on the top/bottom of the canister and adjacent to 

the buffer block, between blocks, between lowest block and copper plate and between 

blocks and backfill at the top. Temperature effects must be considered during the 

instrumentation. Also the dimensions of transducers are important from the embedment 

point of view. 
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Figure 3. Measurement of the horizontal total pressure in the gap between buffer and 

rock. Possibilities: horizontal total pressure, transducer embedded in rock, or thin, 

curved transducers fixed on the surface. 

 

The maximum estimated/allowable value for vertical total pressure is about 7 MPa (70 

bar), which is still quite a large pressure and sets high demands on transducers and 

cables and their protection (protective pipes etc.). 

The vertical pressure can be measured using transducers and instrumentation shown in 

Figures 4 and 5. 

The measurement of the vertical total pressure is possible to carry out either by 

automatic electronic transducers and loggers or manually operated hydraulic cells. A 

short description of the latter possibility is given in report Pusch and Börgesson (2001) 

and in link: (http://www.gloetzl.com/index/index_prospekte_e.html). 

One example for a transducer suitable for this purpose is made by Geokon Inc., Earth 

Pressure Cells, Model series 4800 (http://www.geokon.com). An alternative choice for 

the purpose is manufactured by Kulite Semiconductor Products, LQ-080U (http:// 

www.kulite.com). 

4.1.3  Pore pressure 

Development of pore pressure within time, addressing also increase in the degree of 

saturation, can be measured with pressure transducers. In this case the pressure in pore 

liquid is measured directly. To measure liquid pressure, the pressure sensing diaphragm 

of the transducer is separated from the surrounding bentonite mass with very fine 

sintered metallic/ceramic filter. 
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Figure 4. Measurement of vertical total pressure in the structure, at the upper end of 

the canister, between blocks, and between blocks and backfill. 
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Figure 5. Measurement of vertical total pressure in the structure, at the bottom end of 

the canister, between blocks, and between blocks and copper plate. 
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Measurement of total pressure (pressure of soil skeleton, pore gas and liquid) can also 

be made with this type of transducers. Then the transducer is used without a separating 

filter. The advantage is that these transducers can be very small. 

One example of pore pressure transducer belongs to Geokon Inc., Piezometer Model 

4500Ti/HT -series (http://www.geokon.com). Another example, suitable for measuring 

total pressure belongs to Geokon Inc., Earth Pressure Cells, Model 4800 series. 

The pore pressure in boreholes and backfill can be measured with the same methods and 

transducers. Druck Ltd. England (http://www.druck.com) produces different types of 

high pressure transducers, using current as a signal, well suitable for monitoring. 

 
4.1.4  Displacements 

There are several, quite different techniques to measure displacements, part of them are 

measuring direct displacements, part through measured strains and some methods 

indirectly through calculations of measurements of other quantities. 

Displacements of canister and buffer blocks on top of it 

It is possible to measure the movement of the canister and the blocks on top of it 

directly with linear displacement transducers, which are fixed to the ceiling/vault of the 

tunnel. 

The movement of the monitored point is transferred to the transducer by using rods 

taken through the backfill or - depending on the test setup - possibly through the 

superstructure (Figure 6). Displacement transducers are available in all sizes and the 

principles vary widely (inductivity, resistivity, capacity, optics, etc.). It is possible to 

buy hermetically sealed, high pressure and temperature rated transducers made of 

stainless steel. Transducers can also be sealed to an external two piece casing acting like 

a cylinder and piston. The most likely problems are connected to the cables and 

connectors. 

The movement of the top of the buffer block can also be measured indirectly using the 

inclinometer principle. In this method a multitude of tilting sensors are fixed in the 

middle of interconnected rod elements. Knowing the rod lengths and individual changes 

in rod tilt in 2D, one can calculate the location of the middle point of each rod. In this 

method the combined rod is installed horizontally between the blocks. The absolute 

movements are obtained by following the location of one rod element or alternatively 

by fixing one end of the chain permanently. Tilt sensors are available in both digital and 

analogous versions. The operating temperature range has to be verified if used near the 

canister. 

The method and technology used in Sweden at Äspö HRL to measure displacements has 

been described in the report by Pusch and Börgesson (2001). This method is based on 

the principle of connected vessels and thus it does not need any sensitive electronics. On 

the other hand it needs tight tubes and an adjacent service tunnel where the measuring 

device is located. Also other types of displacement transducers have been utilized in 
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Äspö HRL prototype tests. An example of an instrumented bottom disk (below the 

canister) is shown in Figure 7 /SKB 2004/. 

Horizontal displacements of buffer blocks 

Exactly analogous to what was presented above, the horizontal displacements can be 

measured with a variety of different types of transducers directly and indirectly (Figure 

8). Also ultrasonic or inductive "Emu COIL" -transducers can be used. Measurement 

can be local (in one point/restricted area) or averaging - for example by measuring the 

change in whole circle using an electronic tape measure. 

Strains 

Strains of the blocks are possible to measure with different kinds of extensometers 

either fixed on top of the block or embedded and fixed in holes drilled in to the block 

(Figure 9). With these extensometers one can mainly follow the behaviour of a single 

block in time. Extensometers measure also the possible shrinkage of (drying) blocks. 

 

 

Displacement 

transducer, 

measuring rod. 

 

Figure 6. Different methods to measure displacements. Vertical displacement of the 

canister, reference used is the vault of the tunnel. 
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Figure 7. Three displacement transducers installed as vertical sensors in the bottom 

bentonite buffer block, Hole 6, Äspö, HRL /SKB 2004/. 

 

 

Buffer Block 

 

 

Canister 

T ≤ +100ºC 

 

 

 

 

Bedrock       . 

Displacement 

transducer. 

Cable 

Gap Fill 

 

Figure 8. Different methods to measure displacements. Lateral displacement of the 

blocks. 

 

Tilting 

Tilting of the different structural elements in the filled test hole can be monitored either 

with inclinometer principle or at specific points with single, small, sensitive and 

embeddable tilt sensors. This method is well suited to monitor the tilt in individual 

blocks, or relative slide between blocks, or tilt of the canister (Figure 10). Tilt sensors 

are commercially available for example from Finland (VTI Technologies Oy) and firms 

capable of measuring these sensors are also in Finland. 
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Figure 9. Different methods to measure strains and displacements by using extenso-

meters and tilt meters. 

 
 

 Canister 

 

Buffer Block, top cap 

Inclinometer 

tube, lateral 

Backfill material 

Cables 

 

Figure 10. Different ways to utilize tilt sensors to monitor the block behaviour. 

Measurement can be done inside a block or between blocks - installation can be 

horizontal or vertical. 

 
4.1.5   Humidity and saturation 

There are different methods to measure the changing moisture state, water content, 

humidity and saturation. These methods cover for example: electronic resistivity survey/ 

tomography, measurement of dielectric properties, methods modifying the properties of 

water in the medium, suction measurements and measurements of water head. 
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Automatic resistivity measurements is well suited to monitor the changes in volume. 

The movement of a wetting zone can be located with these methods both in the lateral 

and vertical directions. 

One basic solution to measure the moisture distribution in the vertical direction is to use 

a vertical rod, fixed to the rock wall, made of insulating material on which electrodes 

are fixed at certain intervals, for example 100 mm (Figure 11). Circumferential 

distribution around the buffer can be estimated from the same rods if several ones are 

installed and uniformly pitched in the gap. 

A similar technique might apply to study the moisture distribution in the gap between 

the canister and the buffer and also inside the blocks. In this latter case the rod must be 

inserted into a drilled hole. The temperature effects due to the canister have to be 

considered separately. This method as a part of a resistivity survey has been described 

in the report by Tillman (2001). 

TDR-techniques or similar can possibly be used to measure more accurate but single 

moisture contents. This information is well suited to adjust and calibrate the moisture 

level of results measured with other methods, like with an electronic resistivity survey. 

This method has been described in the report by Pusch and Börgesson (2001). 
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Figure 11. An example of possible method to measure the moisture change in vertical 

gap. Not to scale. Copper plate, mortar is part of SKB’s deposition hole design. 

 

Some types of TDR-probes contain all the necessary electronics. In this case all data 

transfer between the probe and monitoring device is digital. Due to digital data 

transmission the monitoring distance can vary from 0 up to 1000 meters for some 

products. There are different sizes of these probes. One European manufacturer of these 

transducers is IMKO Micromodultechnik GmbH (http://www.imko.de). 

Capacitive relative humidity transducers can be used to measure humidity of the pore 

space of porous materials. This measured humidity is a function of the moisture content 

of the material (Pusch and Börgesson, 2001). One manufacturer of these capacitive 

humidity measuring devices is Vaisala Oy (http://www.vaisala.com). 
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Suction measuring devices used normally in soil mechanics like (manual, electronic) 

tensiometers do not function correctly with materials containing bentonite due to 

extremely high suction values. The upper limit for suction with normal tensiometer is 

ca. -80 kPa. Electronic, small pressure transducer can be used up to certain suction 

levels, but the contact between transducer and soil mass is a challenging task to achieve. 

If free water would exist in the gap between the buffer and rock wall it can be measured 

based on resistance changes or with different kinds of level measuring devices 

(ultrasound, pressure). Free, static water can hardly be found from this gap. 

The existence of water in the hole can be monitored directly, visually, through thin 

flexible high strength plastic hose, ending with a filter. High pore water pressure pushes 

the water through filter to the hose. Water is detected either visually or electronically. 

The pressure can also be measured. 

 
4.1.6   Temperature 

Temperature is one of the most important and at the same time easiest quantities to 

measure with relative accuracy. The temperature profile or distribution can be measure 

in the horizontal and vertical directions in the hole and in radial direction in the rock, if 

necessary. 

The measuring media (probe) can be a thermocouple, pt100-transducer (resistance), 

thermistor or based on semiconductor. All of these probes are suitable and can be 

protected for the temperatures and conditions in the deposition hole. The choice of the 

transducer (based on applicability) has an influence on the type of the monitoring 

device. If using thermocouples one should also use a high quality measuring device 

(high precision reference temperature) to assure high precision readings. Most of the 

measuring devices suitable for measuring are both pt100 and thermocouple probes. 

Some semiconductor probes use easily measurable current signal with two wire cables. 

With a well designed network of temperature transducers it is easy to get a good 

understanding of surface temperature of the canister and temperature distribution in the 

volume in radial direction. This measuring network could cover the top, bottom and 

casing of the canister, probes on the buffer block in both gaps (inside, outside) or inside 

the block, the hole wall and rock to some reasonable depth (Figure 12). 

 
4.1.7   Other measurement needs 

There remain some other possible structural parts that may need monitoring: 

- Corrosion by inserted test specimens 

- Chemical alteration by sampling 

- Copper plate below the canister, stresses (assess the behaviour of plaster) 

- Stresses in the canister casing (used to calculate load, load distribution) 

- Strains in the blocks, internal (transducers embedded in the blocks) 

- Thermal conductivity of various parts during the operation 

- Displacements, stresses in backfill (vertical direction) 
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- Loading tests for backfill material to determine stiffness in-situ (ref. Börgesson and 

Gunnarsson, 1998) 

- Permeability of backfill and buffer block in-situ (Börgesson and Gunnarsson, 1998) 

- Hydrogeological measurements in rock mass: water sampling, water pressure, 

temperature (Rhén et al., 2001) 

- Moisture distribution determination using electrical resistivity survey (Tillman, 

2001). Relationship between moisture, density and resistivity has been determined 

for some buffer bentonites. 

 

Figure 12. Temperature measurement in the hole. An Example. 
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4.1.8   Other measuring techniques 

- Bender element (measurement of stiffness, base on shear wave velocity, not 

relevant) 

- Acoustic emission (sensitive microphone to record the high frequency sounds, block 

failure, spalling on rock wall). This technique was used in Äspö during the boring of 

adjacent holes. 

- Custom made brittle substrate (conductive paint, mortar) to detect cracks and 

spalling. Resistance measurement. 

- Strain-/stress-/displacement monitoring on rock wall. 

- Optical fibres, suitable for temperature, moisture and small strains measurement. 

These fibres can directly be used in temperature measurement (buffer material) and 

indirectly to measure the moisture changes. In prototype tests in Sweden optical 

fibres have been used (Pusch and Börgesson, 2001). This method produces more 

like average results. This method utilizes cable radar and reflections on the measured 

point along the cable. Monitoring device must remain in the open tunnel, but the 

fibre itself can be very long. Cables containing heating wire have been used in 

Finland up to length of one kilometre (YTV, Ämmässuo, dump area). This cable can 

be installed to follow the canister or the deposition hole wall. One specific 

advantage with optical fibre is its insensitivity to electromagnetic interferences. 

Optical fibres may also be less temperature dependent if used for strain 

measurement (Bragg grate). 

- “Emu Coil” technology, inductive method to measure the distance between two 

coils. No sensitive components, assumed to be insensitive to moisture variation. 

- Moisture sensors. A wide variety of these are available. 

 

4.2   Principles of measurement and monitoring 

Measuring devices, transducers or probes, measuring pressure or stresses are based on 

many different techniques. Strain gage based transducers utilize different bridge 

configurations and these strain gages are made of metal wires of semiconductor 

material. Usually these transducers operate on dc-/ac voltage supply and the output is 

also an analogue voltage. When the length of cable is increasing the effect of 

temperature can affect the results, unless sophisticated techniques are used. 

In the use of vibrating wire transducers, stable long-term measurement is a requirement 

for reliability. In these transducers the external loading (force, stress, temperature) is 

converted to a stress in the wire. The natural frequency of this wire is measured during 

an artificially induced transient or constant vibration. Because the quantity measured is 

frequency, one can avoid the electromagnetic noise. 

 

4.3   Measuring devices 

The transducers used to measure different quantities usually produce different kinds of 

signals. Most transducers and attached signal condition units produce a dc-signal, some 

ac-signal and only a few digital signals. The latter ones, transducers whose signal are 
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directly digital or converted to digital form, are gradually becoming more common. At 

the same time the transducer supply is more often only a poorly regulated dc-voltage. 

The transducers described earlier typically produce signals shown in Table 2. 

 

Table 2. Different types of transducers for different quantities. Examples. 

Quantity, state Transducer Type Measuring 

range 

Measuring 

device 

Transmission 

Stress Earth pressure 

(total pressure) 

analogous, strain 

gage 

± 0 - 20 mV 

± 0 - 10 V 

universal cable 

 Earth pressure 

(total pressure) 

digital, signal 

type frequency 

 specific 

device 

cable 

 Earth pressure 

(total pressure) 

pneumatic, 

hydraulic 

 separate 

manual 

device 

pressure hose 

 Pressure analogous, strain 

gage 

± 0 - 20 mV 

± 0 - 10 V 

 cable 

 Pressure digital -  cable, RS485 

 Paine digital, signal 

type frequency 

 specific 

device 

 

Displacement Displacement analogous, for 

example LVDT-

transducer 

± 0 - 20 mV 

± 0 - 10 V 

specific 

device 

cable 

 Displacement digital  converter 

needed 

RS-bus, producer 

dependent buses 

 Inclinometer 

Tilting 

analogous ± 0 - 10 V  cable 

 Inclinometer 

Tilting 

digital  need 

conditioner 

RS-bus, producer 

dependent buses 

 Extensometer analogous ± 0 - 20 mV 

± 0 - 10 V 

 cable 

Temperature Pt100 analogous    

 Thermocouple analogous  compensated 

reference 

cable 

 Thermistor analogous   cable 

Humidity/ 

moisture 

Electrical 

resistivity survey 

analogous  needed RS232 or similar 

 TDR analogous ± 0 - 10 V needed cable 

  digital  need 

conditioner 

RS-bus, producer 

dependent buses 

 

In addition to these there are a variety of devices, in which the logger measures and 

stores measurement data according to pre-programmed intervals and the data is 

regularly downloaded during and after the measurements from the logger using a digital 

bus. 

Earlier it was common practice to use separate measuring instruments for different 

quantities. The data was then collected using several computers and one to a few 

different transmission buses (RS232, RS485, IEEE488, etc.). 
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This principle is still valid and working, but for a new application it is worth the effort 

to choose devices that are able to handle several types of quantities and are controlled 

with only one computer. Most data acquisition systems are capable of measuring both 

analogous and digital signals if the computer and software used allow it. 

The use of measuring and bus boards is dependent on the type of the computer used 

(labtop/desktop/industrial). Current data acquisition boards can be connected to the 

USB and Firewire/IEEE1394 -buses. 

Nowadays it is possible to connect nearly all loggers to some network, typically 

Ethernet, directly or via an interface module. The same applies for wireless transmission 

on terrestrial conditions. 

The instrumentation and data acquisition process of one multifunctional and extensively 

instrumented deposition hole includes data from a variety of different quantities and in 

several different forms. It seems likely that this amount of data and different devices 

needs more than one computer to acquire and control it. 

Generally speaking all transducers delivering analogue voltage or digital signal can be 

acquired with the same data acquisition device. 

Transducers or methods that are using programmable measuring instruments, like for 

example device measuring resistivity (ABEM) must be programmed separately, 

someone must carry out the measurement manually and download and transfer the 

results to a common data base, which is a base for the data reduction and reporting 

processes. Operators must check that the time is always registered correctly to ensure 

that the data can be utilized together. The same process applies also for example TDR-

measurements (moisture content). 

Current technology enables the operator to control everything from a computer 

(electricity, temperature/heating/cooling, water supply/pumping, air conditioning, 

valves/pumps, …). 

The amount of measured channels is in practice unlimited. Hundreds of channels are 

measured in some minutes. 

Figure 13 shows one example of a system suitable for data acquisition and control at 

one location. The data logger is PXI/SCXI-system made by National Instruments. 

PXI/SCXI is open industrial standard for which several manufactures make applications 

and conditioning units. This kind of system includes an efficient computer with 

Windows XP -operating system. It is possible to purchase conditioning boards for a 

PXI/SCXI system for nearly all transducer types. It is also possible to connect RS- and 

UBS-bus devices to this system. 

Moisture measurement as an example can be carried out by using a Campbell product 

family, which contains the Campbell CR100 data logger, TDR 100 probes and 

multiplexers to connect up to 512 probes. This system can be controlled through a 

RS232 serial bus. 
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A monitoring system for hydrogeological purposes used in HRL Äspö, Sweden has 

been described in the report by Rhén et al. (2001). The used data acquisition frequency 

is one Hz with the more transient quantities and one to two hours with the very slow 

quantities. 

A summary report of all instrumentation used in HRL Äspö has been gathered in to the 

report Nilsson (2002). This report contains data of transducer type, quantity, principle of 

operation, target of measurement and information on operational condition. 

Figure 14 shows the placing of different transducers in laboratory scale test set-up at 

FCE CTU, Czech Republic. 

 

 

Figure 13. Example of a possible method to realize a measuring system. Terms: TDR 

anturit = TDR detectors; Dataloggeri = Data logger; Käyttäjä = User; Termoparit = 

Thermocouples; Järjestelmä = System; Maanpaineanturit = Earth pressure cells; 

Vastusvenymäliuskat = Bonded electrical resistance strain gauges; Liikeanturit = 

movement sensors; Inklinometrit = Inclinometers. 
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Figure 14. Example of transducer placing around the canister (Mock-Up CZ, 2006). 

 
4.3.1   Measuring rate 

The measurement of deposition hole processes can be considered to be static in nature. 

Higher measuring frequencies are needed only in connection of transient processes like 

thermal transfer or water uptake once the canister has been deposited in the buffer. 

Normally the measuring frequency can be less that once a minute (f ≤ 1/60 s). For 

example electrical resistivity surveys usually take hours and TDR-measurements tens of 

second each. 

 

4.4   Storing of data 

All measured data must be stored (with backups) in a way enabling the data to be 

searched and used easily. The amount of data will be large and contain several 

sequences in series and in parallel. There should be a database containing information of 

all measurements with details and links to the raw data itself. The form of the database 

depends of the amount of data; for small applications MS Excel and MS Access might 

provide reasonable tools. Data can also be loaded to Posiva Oy's data handling system 

(Kronodoc). 

 

4.5   Effect of conditions on choices and arrangements 

Due to relatively high temperatures and pressures, the transducers and cables need to be 

protection in both short and long term tests. Short-term test might last weeks, half a year 
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and long-term tests usually up to five years. As previously mentioned other issues that 

have to be considered are for example the water salinity. 

 
4.5.1   Temperature 

The temperature range in the measurement setup varies between +10 - +120 °C. The 

temperature is not constant within the setup but changes rapidly, as a decrease, when the 

distance from the canister increases. Temperature in the backfill above the canister is at 

most +40 °C. 

This temperature range and large temperature gradients lead to the requirements that the 

operating temperature range of transducers must fit to this range. This means careful 

choices or even ordering suitable transducers made of suitable materials for this 

temperature range. It also requires careful calibration of null point and sensitivity of 

each transducer in varying temperatures. It also means that the transducer temperature 

must be measured during the test (Prototype test, HRL, Äspö). 

 
4.5.2   Pressure 

The pore pressure level in an open deposition hole (merely static water head) can vary 

in the range of 0 - 100 kPa (0 - 1 bar). During a short or long term test in a closed hole 

and tunnel section the pore pressure can rise up to the hydrostatic level, being at the 

depth of 400 meters about 4 MPa. 

Total pressure (pressure from soil particles, water pressure and gas pressure) can be in 

the range of 0 - 10 MPa (0 - 100 bar). The total pressure can be different in the 

horizontal direction than vertical direction due to several reasons. 

These pressures address the following requirements: 

- Transducers, transducer casing, cables and their shields must withstand this 

pressure. 

- Transducer cables must be shielded using such materials and dimensions that they 

withstand this pressure without damaging the cables or leaking. High pressure 

plastic tubes, braided hydraulic hose, annealed copper and stainless steel tubes 

together with tubes made of different alloys have been used with success earlier. 

- When these protective elements are chosen one must remember to ensure that these 

tubes do not affect on the measured quantity or process (temperature, pressure, 

resistivity, …) or form a pathway for water flow. 

 
4.5.3   Corrosion 

Material choices must be done carefully ensuring minimum number of different metals: 

- Titanium is used and recommended as transducer material in Sweden. 

- Transducer manufacturers advertise titanium made transducers as lightweight, 

durable and corrosion resistant. 

- Also some stainless steel grades have been shown to be corrosion resistant. 



24 

 

- Avoid transducers made of plain steel and brass or a mixture of metals. 

It is also possible to study the corrosion during these tests by inserting metal specimens 

around the volume. Results are obtained after the dismantling of the test. 

 
4.5.4   Technical solutions 

Much attention has to be put on protecting the instrumentation and cabling. Each 

transducer and its details must be evaluated separately based on corrosion and 

mechanical and thermal loading (stresses, shear /tensile forces). 

With the same accuracy one must check the connections/fittings between transducers 

and the protective shielding/tubing to the detail that this may be susceptible to 

corrosion, tensile forces, external pressure (most fitting are designed for internal 

pressures). If soldered joints are used, it should be checked how corrosion resistant they 

are. Also the used tubing and lead-through must be checked. All kinds of combinations 

of metals or solders must be avoided and the material of transducers should be chosen 

between titanium, stainless or acid-proof steel. 
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5  EXPERIENCE FROM EARLIER TESTS 

From the reports dealing with instrumentation in tests carried out in Sweden, Belgium 

and Czech Republic it becomes evident that the two major reasons for the failures 

encountered are corrosion and mechanical failures. Corrosion can lead to transducer 

failure or leakage when transducer or cable shields are damaged. 

Corrosion is due to high temperature and chemical interactions in the test environment. 

The selection of wrong materials and the wrong combination of materials will lead to 

problems. With some carefully chosen stainless steel and titanium transducers one can 

avoid these problems to a large extent.  

Mechanical problems are commonly due to connectors between the transducer and 

cable shield tube and cable lead-through. The failure mode is usually mechanical and it 

leads to leakage. 

A third cause of failure is due to overloading. This can happen in transient loading 

situations if transducer capacities are chosen too low. 
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6  INSTRUMENTATION AT THE ONKALO TEST SITE 

6.1   Location and scale 

Preliminary demonstration tests to study some aspects of the buffer behaviour in the 

deposition hole can be made in small scale. If 1/3-model is used the hole diameter is 

about 600 mm and depth 2800 mm. Dimension analysis should be done to scale the test. 

Final full scale demonstration tests could be also carried out in ONKALO at Olkiluoto, 

Eurajoki. The assumed level of the final demonstration tunnels is -420 meters. 

 

6.2   Objectives 

The objectives of the demonstration test are: verification of assumed processes 

(saturation, swelling, swelling/total/pore pressures, time dependencies, model 

verification, temperature distributions, density/moisture distributions, displacement 

distributions, especially in backfill, etc.). Some other needs may also arise during the 

final design of the demonstrations. Currently only a preliminary description of the 

demonstration tests exists. 

Test structure at this scale should not be used to verify processes like piping and 

erosion. 

 

6.3   Other issues 

Test tunnels and holes will be used also for modelling and decision making purposes - 

how to estimate the rock suitability from rock descriptions, boring information for the 

final locations of deposition holes and the kind of sealing and reinforcement needs. 

Another aspect of assessment is the final assembly of the buffer and installation of the 

canister together with the possible use of pellets, possible watering of the hole and final 

backfilling. 

The monitoring survey of the deposition hole itself is needed to get information on the 

volume, diameter, length, hole and surface curvature/roughness, tilting and water inflow 

before its acceptance.  

 

6.4   Solutions about instrumentation 

Although no information on required instrumentation is available at the moment it can 

be assumed that the following quantities and processes can be measured:  

- swelling/total/pore pressures (early stage, short and long term) 

- displacement of the canister in vertical direction (early stage, short and long term) 

- moisture distribution in gap, perhaps also in buffer (early stage, short and long term) 

- temperature distribution, canister, buffer, rock (early stage, short and long term). 
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This instrumentation gives a lot of information on the processes ongoing from the early 

stage (watering of the hole) to the long term. 

Dismantling of the setup is the only way to finally verify the monitored and assumed 

behaviour. 

 

6.5   Instrumentation plan 

The content of suggested instruments and monitoring is largely dependent on the test 

setup, its scale and processes to be verified. Until that information is available it is 

difficult to proceed to creating an instrument and device list. In all cases this work will 

need a group of experienced people to do the evaluation of instruments and cables 

together with shielding tubes. All this means that no precise instrumentation plan is 

possible to give at this point. 

The same applies at this moment for the location of the instruments in the test structure. 

From the test setups carried out in Sweden, Belgium, and Czech the typical locations of 

each transducer type can be evaluated. Usually symmetry has been utilized to minimize 

the amount of transducers. 

 

6.6   Monitoring during the emplacement work 

Monitoring of existing deposition holes and tunnels since the beginning of the 

emplacement work onwards for tens of years is a more challenging task. It needs not 

only durable transducers but long lasting power supplies and special signal transmission 

techniques. This problem has been dealt with for example in White, M.J. et al. (2004). 

Monitoring needs have also been discussed in Barlow & Co. (2004) and in the IGSC-

report (2004). 
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7  SUMMARY 

It is possible to measure and monitor the processes going on in a deposition hole in-situ 

conditions. The data received during a test in real repository conditions enables one to 

follow the processes and to verify the hypothesis made of the behaviour of various 

components of the repository: buffer, canister, rock and backfill. 

Because full scale testing is expensive, the objectives and hypothesis must be carefully 

set and tested. The test itself and all its instrumentation must serve some specific 

objectives: swelling pressure, total-/pore pressure, displacements, temperature, 

saturation, permeability, etc. Finally the test setup can be dismantled carefully, 

documented and the results carefully collected and analyzed to verify predictions. 

The purpose of the test is to verify that the conditions in the hole around the canister are 

functioning according to the design requirements. This means that the buffer material 

fulfil the required early stage density, water permeability is sufficiently low and the 

mechanical stability ensures the placing of the canister. 

With current technology and careful consideration of instrumentation and monitoring, it 

is possible to measure and monitor quantities and processes in a deposition hole in time 

before and during deposition. It is evident that by careful planning and selection of 

transducers and installation, an instrumentation system operating for several years can 

be realized. 
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8  RECOMMENDATIONS 

8.1   General 

Carefully state and analyse the processes or properties that have to be measured or 

monitored during the test. Keep in mind the links to safety issues in short and long term. 

Consider the verification of modelling or simulation results. Verify processes that are 

only assumed to happen or are impossible to model with current software and 

knowledge. 

 

8.2   Necessary actions from the instrumentation point of view 

Some actions are suggested below. Some of these are general and some depend on the 

required information needed (not in a specific order). 

- Specify the processes to be monitored and verified 

- Specify the lacking information  

- Start to prepare a testing program, specify instrumentation needed 

- Consider the size and location of the test 

- Start instrumentation planning and knowledge gathering - concentrating on the 

instrument types and cabling utilizing the work done in previous tests in Sweden, 

Belgium, Czech Republic, Spain, etc. 

- Prepare detailed solutions and guidelines for the instrumentation work 

- Start the process of purchasing all necessary instruments and measuring devices 

- Be in contact with the other activities in this field (Mock-Up China). 

The whole test and demonstration process will take time. Also start the instrumentation 

part of the work early enough to ensure that the tests will not need to wait for the 

instrumentation nor suffer from low quality solutions. 
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