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BACKFILLING OF DEPOSITION TUNNELS: IN SITU ALTERNATIVE
ABSTRACT
The backfilling process described in this report is based on in situ compaction of a
mixture of bentonite and ballast (30:70) into the deposition tunnel. This method has
been tested in practice in various field tests by SKB, most recently in the Prototype
repository test performed at Äspö HRL. The backfill mixture is prepared above ground
and transported to the repository level with a tank truck. The material is compacted into
layers with an inclination of 35º and a thickness of approximately 20 cm. The
compaction is performed with a vibratory plate attached to a boom of an excavator. In
order to keep up with the required canister installation rate determined for the Finnish
repository, at least 13 layers need to be compacted daily. This means working in 2-3
shifts on the working days that are available for backfilling operations. The dry densities
achieved in field tests for the wall/roof section of the backfill have been insufficient
compared with the dry density criteria set for the backfill. In theory, it may be possible
to reach dry densities that fulfil the criteria, although with a relatively small safety
margin. Another open issue is whether the mixture of bentonite and ballast has
sufficient self-healing ability to seal-off erosion channels after the tunnels have been
closed and the backfill has reached full saturation.
Keywords: in situ compaction, backfilling, inclined layers, vibratory plate, dry density
criteria, self-healing ability

SIJOITUSTUNNELIEN TÄYTTÖ: IN SITU -VAIHTOEHTO
TIIVISTELMÄ
Tässä raportissa kuvattu tunnelin täyttöprosessi perustuu bentoniitin ja murskeen seoksen (30:70) in situ tiivistämiseen sijoitustunneliin. Kyseistä menetelmää on testattu
useissa SKB:n tekemissä kenttäkokeissa ja edellisen kerran Prototype-testin yhteydessä
Äspön maanalaisessa tutkimustilassa. Täyttöseos valmistetaan maan päällä ja kuljetetaan loppusijoitustasolle säiliöautolla. Materiaali tiivistetään kerroksiin, joiden kaltevuus on 35º ja paksuus noin 20 cm. Tiivistys tehdään kaivinkoneen puomiin asennetulla
tärylevyllä. Tarvittava täyttöteho on vähintään 13 kerrosta päivässä, perustuen kapseleille määritettyyn keskimääräiseen sijoitusnopeuteen. Käytännössä tämä tarkoittaa sitä että
täyttötyö on tehtävä 2-3 vuorossa niinä päivinä kun tunnelissa ei ole käynnissä muita
töitä. Kenttäkokeissa saavutetut kuivatiheydet ovat olleet täytön reunaosilla riittämättömiä verrattuna täytölle asetettuihin kuivatiheyskriteereihin. Teoriassa koko täytölle voisi
olla mahdollista saavuttaa kriteerit täyttävä kuivatiheys, vaikkakin suhteellisen pienellä
turvallisuusmarginaalilla. Toinen avoin kysymys on se, onko bentoniitin ja murskeen
seoksen paisuntakyky riittävä, jotta täyttöön syntyneet eroosiokanavat sulkeutuvat itsestään sen jälkeen kun tunneli on suljettu ja täyttömateriaali on täysin saturoitunut.
Avainsanat: in situ tiivistys, täyttö, vinokerrokset, tärylevy, kuivatiheyskriteerit,
paisuntakyky
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1 INTRODUCTION
In the previous plans for the Finnish repository (Kirkkomäki 1999, Kukkola 2004,
Saanio et al. 2004), the deposition tunnels were assumed to be backfilled with a mixture
of bentonite and crushed rock compacted into the tunnel on the site. Due to difficulties
in compacting the material to a sufficiently high density, a joint Posiva-SKB project
“Backfilling and Closure of the Deep repository” was launched to develop backfilling
materials and methods and to assess alternative backfilling concepts (Gunnarsson et al.
2004). Based on the assessment, two main alternatives were chosen for the next
research phase; the old concept based on in situ compaction, and a new concept based
on backfilling the deposition tunnel with pre-compacted blocks.
The objectives of this report are to:
- Describe the backfilling process based on the in situ concept
- Adapt the concept to the Finnish repository conditions
- Integrate the backfilling process in other repository operations.
This process description is mainly based on work performed in the Posiva-SKB
backfilling project. However, the adaptation and integration of the backfilling concept
to the Finnish repository is implemented within this project. The preliminary design
(stage I) for the spent nuclear fuel repository in Olkiluoto (Saanio et al. 2004) is used as
background material for this report.
The Finnish repository consists of access routes (ramp and shafts), central tunnels,
deposition tunnels and auxiliary facilities (Saanio et al. 2004). The main part of the
repository will be built at a depth of 420 m (one-layer design), and in case the repository
consists of two storeys (two-layer design), another repository level will be built at a
depth of 520 m (Kirkkomäki 2004). The total excavation volume of the repository is
1.3-1.4 Mm3 and the repository is constructed in several stages (Saanio et al. 2004,
Kirkkomäki 2004). The total amount of spent nuclear fuel to be disposed of is 5 800 tU
and the total number of canisters is almost 3 000 (Saanio et al. 2004). The distance
between the canisters in the deposition tunnels is 8.6 m (canisters from Loviisa plant)
and 11 m (canisters from Olkiluoto plant) (Saanio et al. 2004). The average distance
between the canisters is approximately 10 m. The disposal of spent nuclear fuel will
start in 2020 and will continue until the first quarter of the next century (Saanio et al.
2004).
This process description concerns backfilling of deposition tunnels (excluding the plug
structure at the entrance of the tunnel). Backfilling and sealing of other repository
facilities will be optimised in later investigation projects. So far, the assumption is that
the other facilities will be backfilled in a similar manner as the deposition tunnels.
The length of one deposition tunnel is approximately 300 m (Saanio et al. 2004). The
total amount of deposition tunnels in one-layer design is 137 and the total length is
41 km (Kirkkomäki 2004). For two-storey design, the corresponding values are 150 and
44.7 km (Kirkkomäki 2004). The theoretical cross-section area of a deposition tunnel is
14 m2 (see figure 1-1) (Saanio et al. 2004) and the excavation tolerance is 200 mm
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(Kirkkomäki 2004). In previous estimations it has been assumed that the average over
break that can be formed in careful drill and blast excavation is +8% of the theoretical
cross-section (14 m2 + 8% Æ 15.1 m2). 8% is the average over break determined on the
basis of the accuracy of the drilling equipment, and the absolute value depends on the
size of the tunnel. The smaller the tunnel, the higher the over break percentage. Since
the deposition tunnels are relatively small, it is assumed that the average over break is
+ 100 mm (i.e. half of the +200 mm excavation tolerance that can only occur in the
furthest point of an excavated round) leading to average cross-section of 15.42 m2,
which is approximately 10% higher than the theoretical cross-section 14 m2 (see figure
1-2). The total volume of the deposition tunnels determined for the one and two-level
designs is calculated in Table 1-1. The total volume of the deposition tunnels is a little
less than half of the total volume of the repository.

Figure 1-1. Cross-section of a deposition tunnel. The excavation tolerance is 200 mm
(Kirkkomäki 2004).
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Figure 1-2. Cross-section area of a deposition tunnel, Atr = area of the theoretical
cross-section (inner solid line), A100 = area of the theoretical cross section + average
over break +100 mm (dashed line) and A200 = area of the theoretical cross-section +
excavation tolerance +200 mm (outer solid line). Figure: Paula Pohjanperä/SROY.
Table 1-1. Total volume of the deposition tunnels. The theoretical volume is calculated
based on the theoretical cross-section area. The other value given for total volume is
calculated assuming that the average over break is 100 mm, leading to approximately
10% higher cross-section than the theoretical one.
Theoretical Cross-section area Total volume with
Total
Theoretical
100 mm over
tunnel
cross-section total volume with 100 mm over
(m3)
break (m2)
break (m3)
length (m) area (m2)
One-level
design
Two-level
design

41 000

14

574 000

15,42

632 220

44 700

14

625 800

15,42

689 274
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2 DESIGN BASES FOR BACKFILLING OF DEPOSITION TUNNELS
The requirements set for backfilling of deposition tunnels have been determined based
on Finnish (YVL 8.4) and Swedish regulations (SKB 2005). The backfill is a part of the
engineered barrier system and its main function is to maintain the multibarrier principle
by sustaining the barrier safety functions (Gunnarsson et al. 2006). Based on general
system requirements for a KBS-3 repository, the following subsystem requirements
concerning nuclear safety, radiation protection, environmental impact, flexibility and
efficiency have been determined for the backfilling of deposition tunnels in a KBS-3V
type repository (Gunnarsson et al. 2006):
- The backfill shall restrict advective transport in deposition tunnels so that the
function of the bedrock is not impaired
- The backfill in deposition tunnels shall restrict the upward swelling/expansion of the
buffer so that the function of the buffer is not impaired
- The backfill shall not in any other ways significantly impair the safety functions of
the barriers
- The backfill shall be long-term resistant and its functions shall be preserved in the
expected environment of the repository
- The backfill shall be based on a well-proven or tested technique
- The backfill properties shall be controlled against specified acceptance criteria
- The backfill shall be efficient regarding consumption of raw material and energy
- Backfill installation shall be possible to perform at the specified rate
- The backfill shall be cost-efficient (Gunnarsson et al. 2006).
These subsystem requirements listed above have been converted into measurable and/or
calculable quantities referred to as function indicator criteria (see table 2-1). These
criteria must be fulfilled in the expected repository conditions despite different site and
design related constraints. To enable design of the backfill concept, the function
indicator criteria have been modified further for the current phase of backfill design
(Gunnarsson et al. 2006). Since the functions of different candidate backfill materials
depend on their dry density, density criteria have been determined for these materials
(see Table 2-1). The density criteria are based on the current knowledge and will be
updated at the future research phases.
In addition to the requirements presented above, there are some additional practical
requirements that need to be taken into account in the different steps of the backfilling
process:
- The backfill operation shall be designed so that the buffer does not swell and intrude
into the tunnel during the installation phase. This pertains to backfilling the upper
part of the deposition hole.
- Operational safety shall be ensured at all working stages.
- Installation of the backfill shall be reliable and effective.
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Table 2-1. Criteria set for backfilling of deposition tunnels (Gunnarsson et al. 2004,
2006, Johannesson & Nilsson 2006). The dry density criteria are valid for saturated
backfill material consisting of a mixture of bentonite and ballast (30:70). The density
criteria were determined based on laboratory tests by Johannesson & Nilsson (2006)
and they may be updated based on further investigations.
Function indicator
criteria

Modified function indicator criteria set for the Dry density
current backfill design
criteria (kg/m3)

To restrict advection
of groundwater the
hydraulic conductivity
shall be less than
10-10 m/s

The hydraulic conductivity of the backfill shall be less
than 10-10 m/s assuming groundwater salinity is 3.5%.

1 700 – 1 890

The swelling pressure Swelling pressure should be at least 0.2 MPa (with 1 730 – 1 800
should be at least
3.5% salinity) in order to prevent groundwater flow
0.1 MPa to prevent
along the deposition tunnels and to:
groundwater flow
1) Maintain the contact between the rock and the
backfill tight.
2) Seal-off possible erosion induced piping
channels after the backfill has reached full
saturation (self-healing ability).
3) Lead to homogenisation of the density over
the total cross-section of the deposition
tunnel.

To prevent loss of
buffer density the
compression modulus
shall be at least
10 MPa

The compressibility of the backfill shall be low enough 1 690
to prevent loss of buffer density (Gunnarsson et al.
2006).
For the current backfill design (Gunnarsson et al.
2006) it was determined that the compression of the
backfill caused by the swelling of the buffer in the
deposition hole should not be so large that the
saturated density of the buffer at the top of the
canister is lower than 1,950 kg/m3.
In the Swedish design, there is a 1.45 m thick layer of
buffer material above the canister. In the Finnish
deposition hole the distance from the top of the
topmost buffer block to the top of the canister is 2 m
(Saanio et al. 2004). In addition, there is a 20 cm thick
cap structure between the buffer and the backfill.
However, the same requirement (1.95 t/m3 at the
depth of 1.45 m) is also applied to the Finnish case.
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3 BACKFILLING MATERIALS
The backfill material considered in this report is a mixture of bentonite and crushed rock
from Olkiluoto. It is assumed that the whole cross-section of the tunnel (including the
over break) is backfilled with a mixture of bentonite and ballast (30:70). Other backfill
materials investigated in the Baclo project are excluded from this report as they are
clays and in situ compaction is not considered a relevant method for compacting these
materials.
In general, it is assumed that the dry density that can be achieved in field conditions
with common compaction methods is ~90-95% of the maximum dry density determined
for the material in laboratory conditions. Based on the results of the standard Proctor
compaction test, the maximum dry densities for the different 30/70 mixtures tested in
Keto et al. (2006) and in Johannesson & Nilsson (2006) varied between
1 910-2 000 kg/m3 while the optimum water content varied between 10.5-12.5%. Based
on the 90% assumption, the achievable dry densities for 30/70 mixtures would thus vary
between 1 720-1 800 kg/m3.
The total amount of backfill materials required to fill the total volume of the deposition
tunnels is presented in Table 3-1. In order to calculate the material amounts it was
assumed that the backfill material would have the same material properties as one of the
mixtures (mix 7) tested at the second phase of the SKB-Posiva backfilling project (Keto
et al. 2006, Johannesson & Nilsson 2006, Gunnarsson et al. 2006). This material
consists of non-activated Ca-bentonite from Greece and crushed rock with a maximum
grain size of 5 mm and fine fraction of approximately 12%. It was assumed that the
material can be compacted to a dry density of 1 780 kg/m3 (90% of its maximum
proctor dry density) and this density is valid for the total cross-section of the tunnel.
It is assumed that bentonite is purchased directly from the producer and will be
transported by sea to the nearest possible deep-water harbour (Olkiluoto or Rauma). The
annual consumption of bentonite both for the backfill and for the buffer (see Table 3-2)
will be delivered once a year to Olkiluoto. The material will be stored in standard 20’
shipping containers (L 6 m, W 2.4 m, H 2.6 m, V33 m3) with a load-bearing capacity of
21 t. If placed on one level, the containers will cover an area of ~3 400 m2, but in
practice a larger area would be needed to enable flexible unloading. Since the water
content of the purchased bentonite is 7-10%, it is not probable that it will freeze during
the winter, since most of the water is absorbed by the clay minerals.
The crushed rock will be produced from blasted stones excavated from the repository.
Bedrock in Olkiluoto consists mainly of migmatitic mica-gneiss, but also high-grade
gneisses, granite pegmatites and diabase dykes are found in the area (POSIVA 2003).
The maximum grain size of the crushed rock will be 0-10 mm in order to produce good
homogeneity for the mixture. Based on current knowledge (Keto et al. 2006), the grain
size distribution of the ballast does not affect the compaction properties of a 30/70mixture significantly provided the maximum grain size is < 10 mm.
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Table 3-1. Total amount (t) of backfill materials (in dry state and with natural/initial
water content) required for backfilling of the deposition tunnels. The assumed dry
density ofr the mixture is 1 780 kg/m3. The assumed natural water content of bentonite
clay is 10% and of crushed rock 5%.
In dry state (t)
Mixture (ȡdry 1.78 t/m3)
Bentonite (30 w-%)
Crushed rock (70 w-%)
With natural water content (t)
Bentonite (water content 10%)
Crushed rock (water content 5%)

One-level design
1 127 000
338 000
789 000

Two-level design
1 228 000
368 000
860 000

372 000
828 000

405 000
903 000

Table 3-2. Annual consumption of bentonite clay (t) with natural water content (10%)
both for buffer and backfill purposes.

Backfill (400 m)
Buffer (40 deposition holes)
Total

(t)
4 000
1 100
5 100

The crushability of the main rock type in Olkiluoto is considered easy to very easy
(Keto et al. 2006), but due to the heterogeneity of the Olkiluoto bedrock, the crushing
process needs to be planned taking the whole range of rock types into account. An
example of the crushing process is presented in Figure 3-1. Another possible crushing
process is presented in Tolppanen (1998).
The feed material for the crushed rock will be piled above ground in an area designated
for this purpose (Saanio et al. 2004). Washing of the feed material prior to crushing will
be carried out in the same area, if considered necessary due to contamination by
explosives and vegetation. The annual need of crushed rock for backfilling of the
deposition tunnels is approximately 8 000 t. In a continuous process (10 months/year)
this would mean an average crushing capacity of approximately 37 t/day. However, the
capacities of the crushers are usually very high (even 100 t/hour) (Tolppanen 1998) and
it would be economically preferable to produce the annual need of crushed rock during
a few weeks' campaign in the summer months. This would also be preferable for
environmental reasons (dusting and noise). The storage of the produced crushed rock is
a limitation to producing the crushed rock in campaigns. In order to avoid vegetation, as
well as wetting and degradation of the relatively fine-grained crushed rock, the material
needs to be stored under a plastic cover, in a storage hall or in silos.
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Figure 3-1. An example of a suitable crushing process optimised to produce ballast
with a maximum grain size of 5 mm (Keto et al. 2006). The process consists of a total of
five crushing cycles. LOKOMO MK30 is a jaw crusher and NORDBERG B90 is a cone
crusher. Use of a crushing process simpler than this is possible depending on the
maximum grain size and on the crushability of the rock. Figure: Metso Minerals.
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4 OPERATIONS ABOVE GROUND
This Chapter includes a description of the mixing of the backfill material, of the quality
assurance for above ground operations and of the logistics between the bentonite and
crushed rock storages and the mixing plant. The crushing process and the storage areas
were already described in the previous Chapter that discussed backfill materials (see
Chapter 3).
4.1 Backfill material mixing
Two different types of mixers can be considered for mixing the backfill material.
Modified concrete mixers are currently used in Finland for preparing sealing materials
for landfills and for other groundwater protection structures. The amount of bentonite
used in these applications depends on the grain size distribution of the ballast
component. If the grain size distribution of the ballast material is unsorted (e.g. fine-rich
till) the bentonite content of the mixture is 5-10 w-% and if the grain size distribution of
the ballast is well-sorted (e.g. sand), the bentonite content is 10-15% (Hämäläinen et al.
2005). The concrete mixer can be provided with multiple silos for crushed rock,
bentonite and water. The proportioning of the mixture and the programming of the
mixing process is performed based on the water content of the raw materials and on the
Proctor compaction test. The quality of the mix is controlled by means of samples taken
from each batch. For this case, a mixer with a capacity of 20 m3/h is sufficient to meet
the daily need of backfill material (see Table 4-1). The advantage of this type of mixing
plant is that it can be moved to another location if needed. In order to avoid interruption
of the process due to weather conditions in the winter, the mixer can be placed in a hall
where the temperature remains above 0°C.
Another option is to mix the backfill material with a fixed indoor mixer designed for
mixing materials with a high content of fine fraction. An example of a suitable mixer is
the EIRICH Intensive mixer type R24. A description of the mixing process based on
this mixer is presented in the process report for the block concept (Keto & Rönnqvist
2006). The mixing line for the fixed indoor mixer consists of three 100 m3 silos (two for
crushed rock and one for bentonite), conveyor belts and the mixing unit (Keto &
Rönnqvist 2006). In addition, there should be a silo (with a capacity of 30-70 m3) from
which the prepared mix is discharged to a tank truck.
The mixing of the material needs to be performed simultaneously with backfilling, as
the mix cannot be stored for long periods of time and storage capacity is limited. For
this reason, the mixing station would be in operation approximately on 9-10 days a
month (see Chapter 5 for timing of the operations).
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Table 4-1. Daily need of backfilling materials and capacities for two different types of
mixers. The capacities per shift were calculated assuming that the effective working
time per shift is 7 hours.
Daily need of backfill materials (4.4 m/day)

70 m3
125 t (Dry density 1.78 t/m3)
140 t (including 12% water content)

Capacity of the modified concrete mixer

20 m3/h (140 m3/shift)
26 t/h (182 t/shift) (Bulk density of the mix
1.3 t/m3)

Capacity of the EIRICH R24 mixer

27 m3/h (189 m3/shift)
35 t/h (245 t/shift) (Bulk density of the mix
1.3 t/m3)

4.2 Quality assurance
Separate quality assurance (QA) systems will be in place for the bentonite, the crushing
of ballast material and the mixing process. None of the QA systems have been designed
yet, but they should include certain determinations described below.
The smectite content is the most important property of the bentonite clay purchased
both for backfill and buffer. The smectite content can be checked indirectly with a
number of relatively simple tests as well as with more thorough mineralogical and
chemical laboratory tests. The former tests should include at least determination of
liquid limit and free swelling. These tests should be carried out routinely in a field
laboratory, together with a determination of the water content and grain size distribution
of the clay. A suitable amount of tests would be at least 3 per one ship container (21 t).
If the content of the container does not meet the quality requirements (agreed in the
contract with the producer), the material will be returned to the producer. Random
checks should be performed to verify the results of the field laboratory test. These tests
should include at least a determination of exchangeable cations and the cation exchange
capacity (CEC), the semiquantitative mineral composition (with XRD) and chemistry of
the bentonite clay (with ICP-AES, ICP-MS, AAS or XRF). In addition, certain
geotechnical material properties such as hydraulic conductivity, swelling pressure and
compaction properties (Proctor compaction tests) should be determined for the material
from time to time. The amount of random checks per year should be at least 50, i.e. one
random test per 100 t of material.
The crushing process is adjusted based on the properties of the feed and the specified
grain size distribution and grain shape. The material properties of the feed and the
ballast are for this reason checked regularly during the crushing process.
The water content of the mix is adjusted according to the water content of the
components and the optimum water content determined for the mixture. In the case of
the modified concrete mixer, the water content of the raw materials and the mix is
determined by sampling and drying the samples in a microwave oven. In the case of an
EIRICH-type mixer, proportioning is based on automatic measurements of the water
content of bentonite.
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4.3 Logistics
The logistics from the storage areas to the mixing plant depend on the size and amount
of the raw material silos. If mixing is performed using an EIRICH-type mixer, the two
silos for crushed rock and the one silo for bentonite need to be filled approximately
every other day when the mixing process is in operation (9-10 days a month). The
transportation of crushed rock can be carried out with a truck with a loading capacity of
20 t. The transportation of bentonite can be performed either with the same truck (if the
bentonite is packed into 1 t bags) or with a tank truck (in case of bulk material). The
transports above ground are supposed to take approximately 2-4 work shifts per week.
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5 INSTALLATION OF BACKFILL
The underground operations associated with tunnel backfilling are described in the
following Chapters. The installation method described in this report is based on the in
situ compaction method tested in Äspö Prototype repository by SKB.
5.1 Timing of operations
The backfilling schedule is based on the assumption that the annual amount of canisters
disposed of is 40. This means that one approximately 300-meter long backfilling tunnel
and a 100 m long section of the following tunnel is backfilled every year.
The emplacement of canisters and the backfilling will be performed in 40-metre long
sections (5 working days per week, 10 moths per year) as presented in Kukkola (2004).
The emplacement of four canisters will take 12 working days, after which backfilling
has to be carried out within 9 working days since the average amount of working days
per month is 22 and one day is reserved for preparing the tunnel for backfilling.
Assuming that the average distance between the canisters is 10 m, the required effective
backfilling rate is 4.4 m/day (see Figure 5-1). This value has been used as a design basis
in this report. However, taking into account the maximum distance between two
canisters (11 m) and that 20% of the length of the deposition tunnel may be unsuitable
for emplacement of canisters, a backfilling rate of approximately 6 m/day would be
beneficial in order to increase the flexibility of the system.
After the 40-metre long section has been backfilled, the cycle starts from the beginning
again.
1

2

3

4

5

Task
Disposal of 4 canisters
Preparation of a disposal hole (1)
Installation of buffer blocks
Installation of the canister and buffer blocks
Prepartation of a disposal hole (2)
Installation of buffer blocks
Installation of canister and buffer blocks
Preparation of a disposal hole (3)
Installation of buffer blocks
Installation of canister and buffer blocks
Preparation of a disposal hole (4)
Installation of buffer blocks
Installation of a canister and buffer blocks
Backfilling of 40 m
Dismantling of tunnel infra (40 m)
Backfilling (4.44 m/day)

Figure 5-1. Time schedule for installing 4 canisters and backfilling a 40-metre long
section. In the average case, the 9 last days of the month are reserved for backfilling.
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5.2 Preparations
Based on previous plans (e.g. Kukkola 2004), the deposition tunnel floor is covered
with concrete plates installed on a layer of crushed rock to provide a stable base for
drilling of deposition holes and for canister deposition. This cover as well as cables for
electricity, lightning, ventilation and all other equipment mounted in the tunnel need to
be removed. In addition, loose rocks need to be removed from the tunnel together with
any reinforcements that can be removed without compromising occupational safety.
When all this has been done, the rock surface is cleaned with a high-pressure washer or
by vacuuming (Kukkola 2004). If the tunnel walls are washed, care should be taken to
prevent water from running into the deposition holes.
5.3 Compaction process
The main stages of the in situ compaction process tested in the Prototype repository at
Äspö are presented in Figure 5-2 (Gunnarsson & Börgesson 2002, Gunnarsson et al.
2004, 2006). The method is based on compacting backfill material into inclined layers
with a plate compactor. A normal plate compactor (slope compactor) was used for the
main volume of the backfill and a smaller compactor for the roof section (Gunnarsson &
Börgesson 2002, Gunnarsson et al. 2004, 2006). The total weight of the slope
compactor was 900 kg, the vibrating weight was 414 kg, the frequency 43 Hz and the
amplitude 2.7 mm. The corresponding properties of the roof compactor were 400 kg,
240 kg, 43 Hz and 3 mm. The compactors were mounted on a boom of a 15 t Volvo
Backhoe loader. The same Volvo Backhoe loader was used for placing the material on
the layer with the help of a bucket loader and a leveller attached to the boom of the
backhoe. The plate compactors were attached to the same boom, requiring change of
instruments between the different work stages. Whenever more space was needed, the
loader was driven away from the tunnel. If the compaction of the roof and the wall or
even the placing of the material on the layer could be carried out using the same
instrument, the process would be significantly more flexible than the one in the
Prototype repository test. In this report it is assumed that the compactor is installed to
the boom of an excavator, e.g. to a Gradall 3300 excavator with a telescopic arm (see
Appendix 1).
The optimal layer thickness for the bentonite ballast mixture is 15-25 cm. The layer
thickness used in the Prototype repository was 20 cm and the inclination of the layer
was 35°. Assuming the same layer thickness and inclination are used in the Finnish
case, the volume of one layer would be approximately 5-6 m3 and the weight 11-12 t
(with a water content of 12% and a dry density of 1.78 t/m3). Since the required
effective backfill rate is 4.4 m/day, the amount of layers compacted daily should be 13
(see Figure 5-3). In order to achieve a backfilling rate of 6 m/day, the corresponding
amount would be 17.
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a)

b)

c)

d)

e)

f)

Figure 5-2. Compaction of inclined layers in the Prototype repository tunnel. The
letters a-f indicate the different steps of backfilling: a) - b) moving the material into the
tunnel and pushing it in place with the help of a bucket loader and a T-shaped leveller,
c) compacting the material on the roof and d-f) compacting the rest of the layer with a
slope compactor (Gunnarsson & Börgesson 2002, Gunnarsson et al. 2004).

Figure 5-3. If the layer thickness is 20 cm and the inclination is 35°, the amount of
layers required to achieve the required average backfilling rate 4.4 m/day is
approximately 13 (12.7*348.7 mm = 4400 mm). To achieve a backfill rate of 6 m/day
the corresponding value is 17. Figure: Paula Pohjanperä/SROY.
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The dimensions of the Finnish deposition tunnel (width 3.5 m and maximum height
4.4 m) lead to strict limitations with respect to the vehicles and equipment used for
handling and compacting the backfill material. The challenge is to keep up with the time
schedule, since there is not enough space for different vehicles to pass each other inside
the tunnel. The transport of the material to the deposition tunnel could be performed
with a tank truck designed for transporting concrete in mines as suggested by
Kirkkomäki (1999). The advantage of using a tank truck is that the material can be
discharged by rotating the tank (Kirkkomäki 1999). The disadvantage of this
transportation method is the relatively small transportation capacity (~5 m3).
Table 5-1 presents estimates of the duration of different work stages in the Finnish
deposition tunnel applying the methods used in the Prototype repository. The estimated
duration of placing the material in one layer is 38 minutes including:
- Moving the compaction unit out of the tunnel and back (assumed speed: 4 km/h and
assumed average distance: 200 m Æ total duration 6 minutes).
- Transporting backfill material for one layer to the tunnel (4 km/h, 2*200 m, total 6
minutes) and unloading the material (5 minutes)
- One extra transport (6 minutes)
- Placing the material on the slope (15 minutes). This time includes the exchange of
the equipment attached to the boom of the excavator (plate/leveller).
It is estimated that the compaction of one layer takes 30-45 minutes including density
measurements. This leads to a compaction output of 7-12 m3/h. It is probable that the
surface of the layer needs to be roughened in order to prevent formation of a slippery
surface between the layers. This would further increase the compaction time of one
layer by approximately 5-10 minutes. The amount of material required for one layer
(5-6 m3, 11-12 t) needs to be transported to the deposition tunnel every 1-1.5 hours.
Based on the above assumptions, the compaction of the required 4.4 m/day takes a total
of 15-18 hours per day (Table 5-1). If the required backfilling rate were 6 m per day, the
total duration of backfilling operations would be 19-24 h. In any case the amount of
work shifts would be 2-3 during the days that are available for backfilling
(9 days/month).
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Table 5-1. Estimated duration of backfilling operations with the methods applied in the
Prototype repository.
Amount of layers compacted daily
Placing the material in one layer
Compaction of one layer
Total duration of operations for one layer
Total duration (4.4 m/day)

13
38 min
30-45 min
68-83 min
15-18 h

5.4 Alternative techniques
In order to increase the backfilling rate, alternative techniques can be tested for the in
situ backfilling process. For example, if the material could be placed to the layer
without having to move the compactor out of the tunnel, the work could be performed
within two shifts a day. In Kirkkomäki (1999) it was suggested that the material be
transported to the front side of the compactor with the help of a conveyor belt. In theory,
the material could be fed straight to the layer to be backfilled as presented in Figure 5-4.
An example of an applicable belt conveyor is presented in Appendix 2.

Figure 5-4. Transport of bentonite-ballast mixture past the compactor with a belt
conveyor. Figure by Paul-Erik Rönnqvist/Fortum.
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In theory it may also be possible to use a concrete pump to transport the backfill mixture
past the compaction device. The use of a concrete pump entails certain criteria for the
material. For example, the maximum grain size must not exceed 1/3 of the diameter of
the pipe (e.g. 32 mm), the total amount of cement plus ballast grains smaller than
0.25 mm should be approximately 520-629 kg/m3 (when the maximum grain size is 8
mm) and the proportion of water and cement should be at least 0.45 (Lampinen &
Honkavuori 1985). The maximum grain size would not be a problem in pumping the
backfill material, but the swelling smectite-group minerals might be. The amount of
fraction smaller than 0.25 mm (including bentonite) may be suitable or slightly too high.
This is because the friction of the mass increases as the amount of fine fraction
increases (Lampinen & Honkavuori 1985), but smectite-group minerals are soapy and
tend to decrease friction. Because the backfill material needs to be compacted at an
optimum water content (~11-12%), the proportion of water and fraction smaller than
0.25 mm is smaller than the criteria (0.45). In addition, significant amount of the water
is absorbed into smectite-group minerals. Since the material properties of the backfill
mixture are very different from the material properties of standard concrete grades, the
pumpability of the backfill mixture should be tested in practice.
In general three different types of pumps are used for pumping concrete: mechanical
pumps, hydraulic piston pumps and flexible tube pumps (Lampinen & Honkavuori
1985). The latter two pump types can be installed onto a tank trunk (see an example in
Appendix 3) making it possible to feed the material straight from the truck to the layer
(see Figure 5-5). The theoretical pumping capacity of these pumps is typically 5060 m3/h, but the actual capacity decreases as the pumping distance and the amount of
curves in the pipe increase (Lampinen & Honkavuori 1985).

Figure 5-5. Pumping of backfill mixture to the layer being backfilled would speed up
the backfilling process. However, it remains to be tested whether pumping is a feasible
transportation technique for the bentonite-ballast mixture. Figure by Paul-Erik
Rönnqvist/Fortum.
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Other alternative techniques available for increasing the backfilling rate include the use
of different type of roller compactors for backfilling the lower part of the tunnel.
Vibratory rollers with padfoot or polygonal drums are preferred in order to gain the
maximum compaction effect. The size of the roller should be optimized based on the
dimensions of the tunnel. In any case, it is not possible to compact the layers to an
inclination of 35° with rollers, but it may be possible to combine flatter roller
compacted layers and steeper plate compacted layers into one structure.
5.5 Need of personnel and equipment
The personnel costs depend on how much of the work is outsourced to different
contractors (e.g. crushing) and whether the same staff can be used for other repository
operations. In addition, the timing of the backfilling operations (2-3 shifts a day for two
weeks a month) may also have a significant effect on personnel costs. The need of
personnel required for different operations is estimated in the list below:
-

Crushing of ballast material: 1-2 persons per shift
Operating the mixing plant: 1-2 persons per shift
Transports: 2 persons per shift.
Dismantling the tunnel infra and installing the backfill: 2 persons per shift.
Supervision of work and quality control: 1 person per shift

In addition, some extra persons may be needed on a temporary basis, e.g. for taking QC
samples from the bentonite containers.
5.6 Quality control
The tunnels are laser-scanned to measure the exact volume of the tunnels. The resulting
average dry density is calculated based on the volume of the tunnel over a certain
section and the weight of the material placed in that particular section. The amount of
eroded backfill materials is monitored from the measuring dams to determine the effect
of erosion on the average density. Radiometric density measurements are performed
during compaction (for example with a Troxler-measurement unit calibrated with
volumeter tests). The calculated average densities and measured densities are
documented and compared with each other in order to verify the results and to calibrate
the measuring instruments.

20

6 ASSESSMENT OF THE DESCRIBED BACKFILLING CONCEPT
Johannesson & Nilsson (2006) determined the dry densities required for different 30/70mixtures to meet the criteria for hydraulic conductivity, swelling pressure and
deformation properties (see Table 6-1).
According to previous laboratory studies (Karnland 1998, Dixon 2000 & 2002), the
ECDD of the mixture should be > 1 000 kg/m3 in order to meet the requirements for
hydraulic conductivity (< 1E-10 m/s) and swelling pressure (> 100 kPa). The effective
clay dry density (ECDD) is determined as (Equation 1-1) (Dixon 2000):
ECDD =

dry mass of clay
volume occupied by clay + volume of the voids

(Eq.1-1)

For the mixtures presented in Table 6-1, the performance requirements were met in the
effective clay dry densities that were nearly or a little above 1 000 kg/m3 (Johannesson
& Nilsson 2006). As presented in Table 6-1, the dry density criteria for different 30/70
mixtures depend also on the type of the ballast material. The difference may come from
the homogeneity of the mixtures, but more studies are required to verify this
assumption.
The dry densities achieved in the Prototype repository were approximately 1 750 kg/m3
for the central part of the tunnel and 1 600 kg/m3 for the margin zone near the roof and
the walls (Gunnarsson et al. 2004 & 2006). The first density would be sufficient if the
material consisted of a mixture with similar properties as mix 7 (see Table 6-1).
However, the dry density achieved for the margin section is inadequate. In general, it
can be estimated that a dry density of 90-95% of the Proctor maximum dry density is
achievable for the material with the in situ compaction method. For example, it can be
estimated that the achievable dry density for mix 7 is 1 782 kg/m3 (90% of the Proctor
maximum dry density). The criteria set for the material would be met with this density,
although with a relatively small safety margin. The achievable dry density (especially
for the roof section) remains to be verified with further modelling and in situ tests. In
addition, the self-healing ability of the 30/70 mixture is another open question that
needs to be answered by means of further laboratory tests.
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Table 6-1. Dry density data on mixture of bentonite and ballast (30/70). The results
from Proctor compaction tests were obtained in laboratory tests (Keto et al. 2006) for
the same materials of which dry density criteria were studied in Johannesson & Nilsson
(2006). The field density is the density obtained in Prototype repository field test at
Äspö HRL (Gunnarsson et al. 2004). Symbols: ȡ1-3 = required dry densities to meet the
criteria for: ȡ1 hydraulic conductivity, ȡ2 swelling pressure, and ȡ3 deformation
properties. The target dry density is shown in bold font. The column on the right
indicates this density as a percentage of the maximum Proctor dry density.

Sample

Optimum
water
content

Mix 3: 30/70, Milos Ca- 11%
bentonite, crushed rock
0-5 mm with no fine
fraction
Mix 6: 30/70, Milos Ca- 12.5%
bentonite,
sand
0.5-1.2 mm
Mix 7: 30/70, Milos Ca- 10.5%
bentonite, crushed rock
0-5 mm, fine fraction
app. 12%

Max dry Field
density
density
(kg/m3)

ȡ1

ȡ2

ȡ3

1 690

1 990

1 600
1 750

- 1 850

1 800

1 910

1 600
1 750

- 1 590

1 760

1 980

1 600
1 750

- 1 700

1 740

Required
% of
Proctor
max
93%

92%

1 690

88%

The effect of water inflow into the tunnel during the backfilling process is calculated for
different scenarios in Appendix 4. The calculations are very preliminary and in reality
the situation is definitely more complex, since not all of the water is absorbed in the
backfill material (some of the water flows away into the central tunnel and some of it
evaporates). In general, when the backfill material reaches the saturation point, it starts
to swell, which leads to an increase in volume and to a decrease in density, unless the
material is already in confined conditions. In addition, water starts to erode the material.
The erosion rate depends on various things, e.g. on the salinity of the water (Sandén &
Börgesson 2005). Erosion during installation is most likely to happen if there is a source
of pointwise leakage in the same location with the exposed backfilling front. As an
example, with the leakage rate of 1 l/min the material in the backfilling layer would
reach its saturation point (water content 19%) in approximately 12 hours (see Appendix
2). However, if a water leakage of the same quantity (1 l/min) is evenly distributed over
a 100 m long section of a tunnel, the situation will be very different (see Appendix 2).
The average water content of the backfill material inside the 100 m long tunnel section
would increase very little in 24 hours (from 12% to 12.05%). At this leakage rate the
backfill material placed in one deposition tunnel would reach saturation in 13 months,
assuming that all water flowing into the tunnel is absorbed by the material.
Regardless of what the leakage situation in the repository will be, it should be taken into
account that leakages are minimized with pre- and post-grouting or some other technical
measures. From the backfilling point of view, an average leakage of 0.5-1 l/min over
100 m seems to be tolerable provided the leakage is distributed into various points.
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However, it may occasionally still be necessary to remove and rebuild the outermost
backfill layers.
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7 SUMMARY AND CONCLUSIONS
The described in situ backfilling concept is based on previous investigations and field
tests performed by Posiva and SKB. In order to keep up with the Finnish time schedule
for repository operations, a 40-metre section needs to be backfilled every month
(10 months/year). The effective average backfilling rate needs to be at least 4.4 m/day,
since after installation of the canisters and other preparations, 9 working days per month
on average remain for backfilling.
The backfill material considered in this report consists of a mixture of bentonite and
ballast (30:70). The bentonite is high-grade Ca or Na bentonite and the ballast material
is crushed rock (0-10 mm) from Olkiluoto. Mixing is performed using an intensive
mixer or a modified concrete mixing plant simultaneously with other backfilling
operations in order to avoid separation of the material.
The mixture is transported to the deposition tunnel with a tank truck designed for
mining operations. Assuming that the inclination of the layer is 35° and the thickness
20 cm, approximately 13 layers per day need to be compacted in order to achieve the
required effective backfilling rate of 4.4 m/day. Compaction is performed using a
vibratory plate attached to the boom of an excavator. It is estimated that the
transportation, unloading and placing of the material in one layer will take
approximately 40 minutes. The compaction of one layer is estimated to take another 3045 minutes including quality control measurements. With all the work stages taken into
account, it is estimated that in situ backfilling requires that work is carried out in 2-3
shifts per day on the days that are available for backfilling operations (9 days a month).
It is assumed that the achievable dry density is approximately 90% of the maximum dry
density determined for the material in laboratory conditions with the Proctor
compaction test. Based on this assumption, the estimated achievable dry density for the
most promising 30/70-mixture tested in Gunnarsson et al. (2006) and Keto et al. (2006)
is 1 782 kg/m3 (Gunnarsson et al. 2006). This dry density is enough to fulfil the dry
density criteria determined for the backfill material, although with a relatively small
safety margin (Johannesson & Nilsson 2006, Gunnarsson et al. 2006).
The dry densities achieved for the 30/70 mixture in the Propotype repository test were
acceptable against the specified dry density criteria (Johannesson & Nilsson 2006,
Gunnarsson et al. 2006) for the inner part of the backfill but not for the zone near the
roof and the walls of the tunnel. However, it is believed that with an optimised
compactor, a somewhat higher dry density than the one achieved in the Prototype
repository test can be reached also for the roof section. Investigations for optimising the
properties of the plate compactor are ongoing and the results will be reported in separate
work reports.
The crucial questions for continuation of the development of the in situ backfill concept
are:
- Can a sufficient dry density be achieved for the backfill with enhanced compaction
methods?
- What is an acceptable safety margin for the average dry density?
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- Does the 30/70-mixture have a sufficient self-healing capacity to seal-off erosion
induced piping channels after the tunnel has been closed and the backfill has reached
full saturation.
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APPENDIX 4 (1/1)
Effect of leakage water on the water content of the backfill
Assumptions
Initial dry density of the backfill
Initial water content of the backfill
Water content at saturation
No evaporation

1 782 kg/m
12 %
19 %

3

Different inflow scenarios
l/min
0,25 l/min
0,5 l/min
1 l/min
2 l/min
4 l/min
6 l/min

l/h
0,25
0,5
1
2
4
6

l/d
15
30
60
120
240
360

360
720
1 440
2 880
5 760
8 640

Increase in water content of one layer within 24 hours in case of pointwise leakage
3
Volume of one layer
5,4 m
3
Dry density of one layer
1 782 kg/m
Mass of solids for one layer
9 623 kg
Water content of one layer
12 %
Mass of water of one layer
1 155 kg
Inflow (pointwise leakage)
Total mass of water Water content
0,25 l/min
1 515 kg
15,74 %
0,5 l/min
1 875 kg
19,48 %
1 l/min
2 595 kg
26,96 %
2 l/min
4 035 kg
41,93 %
4 l/min
6 915 kg
71,86 %
6 l/min
9 795 kg
101,79 %
Increase in water content of the backfill (100 m) in 24 hours
3
Volume of backfill (100 m)
1 540 m
Dry mass of backfill (100 m)
2 744 280 kg
Mass of water (100 m) 12%
329 314 kg
Inflow (l/100 m)
Total mass of water Water content
1 l/min
330 754 kg
12,05 %
2 l/min
332 194 kg
12,10 %
4 l/min
335 074 kg
12,21 %
6 l/min
337 954 kg
12,31 %
Total saturation time for 100 m
Dry mass of backfill (100 m)
Mass of water (100 m) 12%
Mass of water (100 m) 19%
Required increase in water
Inflow (l/100 m)
0,5 l/min
1 l/min
2 l/min
4 l/min
6 l/min

2 744 280 kg
329 314 kg
521 413 kg
192 100 kg
Total mass of water Duration of saturation
720 kg
267 days
1 440 kg
133 days
2 880 kg
67 days
5 760 kg
33 days
8 640 kg
22 days

8,9
4,4
2,2
1,1
0,7

months
months
months
months
months

Total saturation time for the whole tunnel (300 m)
Dry mass of backfill (300 m)
8 232 840 kg
Mass of water (100 m) 12%
987 941 kg
Mass of water (100 m) 19%
1 564 240 kg
Required increase in water
576 299 kg
Inflow (l/100 m)
Total mass of water Duration of saturation
0,5 l/min
720 kg
800 days
1 l/min
1 440 kg
400 days
2 l/min
2 880 kg
200 days
4 l/min
5 760 kg
100 days
6 l/min
8 640 kg
67 days

26,7
13,3
6,7
3,3
2,2

months
months
months
months
months

