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ABSTRACT
The series of tests performed in BACEKO II project examined three different block
materials for potential use in backfilling the repository; Friedland clay, 40/60-mixture of
bentonite (40 %) and crushed rock (60 %) and Milos B clay in conjunction with pellet
materials Cebogel QSE and Milos B clay. The testing program consisted of 9 tests, that
continued the ¼-scale tests executed in BACEKO 2008. The block backfilling degree of
the ¼-scale test tunnels was 73.8 % which was consistent with the material ratios
associated with filling a repository tunnel having a 10 % over-excavation ratio. Some of
these tests were conducted using a restraint installed at the front face of the setup and
open-front tests were subsequently added in order to establish the time span which an
open backfill front can remain stable should an interruption in the backfilling process
occur. Additionally one flow-through test with higher salinity water (7 % TDS versus
the 3,5 % TDS used in all other tests), was performed for an assembly constructed using
Friedland clay.
The rate of test assembly, consumption of materials and achieved densities were all
monitored. During the tests, the erosion rates, progression of saturation and
development of total pressure were monitored. In disassembling the tests, samples were
collected for gravimetric water content measurement, the erosion pathways were
identified and the sections were photographed with an infrared camera to illustrate the
moister areas in the backfill.
The greatest amounts of eroded material were observed in open-front tests where exiting
water removed clay from the face of the backfill and formed a deepening channel in the
block backfill. The open-front tests remained stable only until the outflow emerged. The
properties of the pellet layer depend on the as-placed conditions which were operatordependant and also affect the outflow times.
There was not much difference in the amount of erosion observed for the different block
materials. It was noteworthy that after the saturation phase was completed, less erosion
appeared in the flow-through tests. The amount of water retained by the backfill in
saturation tests was greater for Friedland clay, though wetting progressed further in
mixture material backfill. The swelling pressure that formed during the saturation phase
was slightly greater than in flow-through tests. In open-front tests, the swelling
pressures were insignificant resulting from the heavy erosion of the backfill material.
The higher salinity in Friedland clay test (7 % in FrFT 7) did not cause elevation in
erosion rate. The effect of higher salinity was only discerned in exceptionally low total
pressure recordings.
Keywords: Backfill, precompacted blocks, Friedland clay, bentonite, Milos B clay, ¼scale test tunnel.

BACEKO II, Esipuristettujen täyttöainelohkojen läpivirtaus-, avoimen
rintaman ja vettymiskokeet ¼-mittakaavan testitunnelissa.
TIIVISTELMÄ
BACEKO II kokeilla testattiin ydinjätteen loppusijoitustunneliin suunniteltuja täyteainemateriaaleja. Kokeissa vertailtiin kolmea mahdollista lohkomateriaalia; Friedland
savea, 40/60-seosta bentoniittia (40 %) ja mursketta (60 %) sekä Milos B savea. Kokeissa oli käytössä myös Cebogel QSE ja Milos B pellettimateriaalit. Koesarjassa tehtiin 9
koetta, jotka jatkoivat vuonna 2008 tehtyjen BACEKO-kokeiden sarjaa ¼-mittakaavan
testitunnelissa. Koetunnelien lohkotäyttöaste oli 73.8 %, joka vastaa loppusijoitustunnelin täyttöastetta noin 10 % ylilouhinnalla. Uutena koetyyppinä oli mukana avoimen rintaman koe, jolla selvitettiin aikaa, jonka täyteaine säilyy stabiilina täyttötoiminnan keskeytyessä. Lisäksi Friedland-savella tehtiin 1 läpivirtauskoe, jossa käytettiin
täytteeseen syötetyssä vedessä 7 % suolapitoisuutta 3,5 % sijaan.
Kokeiden ladontavaiheessa seurattiin asentamisnopeutta sekä materiaalien kulutusta ja
saavutettuja tiheyksiä. Kokeiden aikana seurattiin eroosiomääriä, vettymisen etenemistä
ja tunnelissa syntyvää kokonaispainetta. Purkamisvaiheessa kerättiin vesipitoisuusnäytteet, havainnoitiin mahdolliset virtauskanavat ja kuvattiin leikkaukset lämpökameralla
kosteiden alueiden havainnollistamiseksi.
Suurimmat eroosiomäärät ilmenivät avoimen rintaman kokeissa, joissa vesi pääsi irrottamaan savea täyteaineen avoimesta rintamasta ja muodostamaan alati syvenevän
virtauskanavan täytteen läpi. Todettiin, että avoin rintama alkaa erodoitua välittömästi
ulosvirtauksen yhteydessä. Ulosvirtausaikoihin vaikuttavat pellettikerroksen ominaisuudet, jotka riippuvat ruiskutustyön tekijästä.
Läpivirtauskokeissa eri materiaalien eroosiomäärillä ei ollut huomattavia eroja. Huomionarvoista oli se, että saturaatiovaiheen jälkeen läpivirtauskokeissa esiintyi vähemmän eroosiota. Saturaatiokokeissa imeytyneen veden määrä oli Friedland savelle
suurempi, tosin vettyminen oli edennyt murskebentoniitissa pidemmälle. Saturaatiovaiheen aikana syntynyt paisuntapaine oli hieman suurempi kuin läpivirtauskokeissa
esiintyneet paineet. Avoimen rintaman kokeissa paisuntapaineet olivat vähäisimmät,
johtuen materiaalin voimakkaasta erodoitumisesta.
Korkeampi suolapitoisuus ei aiheuttanut Friedland-savi testissä (7 % FrFT 7) erityisen
suurta eroosiota. Suolapitoisuuden vaikutukset olivat ainoastaan havaittavissa poikkeuksellisen alhaisissa painelukemissa.
Avainsanat: täyteaine, esipuristetut lohkot, Friedland savi, bentoniitti, Milos B savi, ¼mittakaavan testitunneli.

PREFACE
The series of tests described in this report are an extension of a set of ¼-scale tunnel
simulations performed in Riihimäki in 2008. The project was designed and managed by
Johanna Hansen and subsequently by Petri Koho (Posiva Oy). The ¼-scale test tunnels
were provided by Ekokem Palvelu Oy. The water supply system of the test set up was
devised by Antti Seppälä (Ekokem Palvelu Oy) and operated by Janne Silvonen
(Ekokem Palvelu Oy). The instrumentation was designed by Pekka Halonen and Juhani
Korkealaakso (VTT) and installed by Pekka Halonen (VTT). Assembly and
dismantlement of the set up was executed by Topi Huhtasaari (Ekokem Palvelu Oy) in
co-operation with Kari Kanervo, Reijo Kivi and Matti Kanervo (Bricatec Oy). Ekokem
Palvelu Oy conducted the laboratory analysis of samples. The water distribution
patterns were modeled by Jorma Nummela (Pöyry Finland Oy). Leena Korkiala-Tanttu
and Emma Keski-Kuha (Pöyry Finland Oy) participated in designing the tests. Robert
Nemlander (Pöyry Finland Oy) was responsible for on-site monitoring of the tests and
the compilation of test data. Reporting was conducted by Emma Keski-Kuha and Robert
Nemlander (Pöyry Finland Oy).
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SYMBOLS AND ABREVIATIONS
BACEKO II

BAckfilling in EKOkem- project which started in 2010

BACEKO 2008

BAckfilling in EKOkem- project which started in 2008, reported
in 2009

BACLO

BAckfilling and CLOsure -program

BCrFT

40/60-mixture of bentonite and crushed rock flow-through test

BCrOF

40/60-mixture of bentonite and crushed rock open-front test

BCrSAT

40/60-mixture of bentonite and crushed rock saturation test

BCrSAT FT

The flow-through phase of the 40/60-mixture of bentonite and
crushed rock saturation test

F1

Friedland clay flow-through test #1of BACEKO 2008

F2

Friedland clay flow-through test #2 of BACEKO 2008

FrFT 3.5

Friedland clay flow-through test with 3.5% salinity

FrFT 7

Friedland clay flow-through test with 7% salinity

FrOF

Friedland clay open-front test

FrSAT

Friedland clay saturation test

FrSAT FT

The flow-through phase of the Friedland clay saturation test

FS

Friedland clay wetting test of BACEKO 2008

MB1

40/60-mixture of bentonite and crushed rock flow-through test #1
of BACEKO 2008

MB2

40/60-mixture of bentonite and crushed rock flow-through test #2
of BACEKO 2008

MBS

40/60-mixture of bentonite and crushed rock wetting test of
BACEKO 2008

MiFT

Milos B flow-through test

Mixture material

40/60-mixture of bentonite and crushed rock

OBA

Olkiluoto Specific Backfilling Concept

OBAMA

Olkiluoto Backfilling Materials

SKB

Svensk Kärnbränslehantering AB

TDS

Total Dissolved Solids

TPC

Total Pressure Cell

VTT

Technical Research Center of Finland

Water content

Unless notified otherwise, the term water content in the text refers
to gravimetic water content. The gravimetric water content is the
mass of water present in a sample divided by the dry mass of
solids present.
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1

INTRODUCTION

The series of nine tests described in this report is a part of Posiva Oy’s BACEKOproject. The current phase of this project is called BACEKO II since the test series
continues the BACEKO-project started in 2008 (Riikonen 2009). BACEKO II also
contains the work done related to production of the backfill blocks for Posiva’s
repository concept (Koskinen 2011). The first phase of the BACEKO-project was based
on the work done in Posiva Oy’s and SKB’s common BACLO-program. The objective
of the Posiva BACEKO II project is to test different backfill material options in ¼-scale
for KBS-3V-concept and to provide information for Posiva Oy’s OBA-program (Figure
1-1).
The purpose of the OBA-program is to define and verify the performance of a backfill
material for Posiva Oy´s KBS-3V-concept. The OBA-program included the OBAMAproject in which several different material parameters were tested for the backfilling
materials at laboratory scale (Schatz and Martikainen 2011). OBAMA-project was
undertaken during 2009-2011.
Other tasks concerning the backfilling were: compacting the foundation layer material;
and assembling blocks in modules, first manually and then mechanically. The
compaction of the foundation layer material and backfill block assembly tests were
postponed to take place at sometime in the future.

Figure 1-1. A scheme of the OBA related projects.
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According to TKS-2009 the backfill shall limit: the water flow along the repository
tunnels; and restrict the amount of erosion of the backfill. The swelling pressure of the
backfill shall also cause self-healing in case of piping.
Hansen et al. (2010) stated that the swelling pressure of the backfill shall greater than
200 kPa. Hansen et al. (2010) also identified the need for the backfill to tolerate small
water inflows into the deposition tunnel without experiencing significant erosion and
piping during the emplacement process. The requirements concerning backfilling
operation also require the backfill installation to be possible to perform at the specified
rate using well-known and/or tested techniques.
The objective in BACEKO II is to ascertain the functionality of the concept similar to
the reference design, presented in Hansen et al. (2010), during the emplacement and
immediately after that. The general aim was to examine water movement into the
backfill and the behavior of a backfill consisting of pre-compacted blocks and pellets.
The scale of the tests completed in BACEKO II enabled identification of phenomena
that would not appear in laboratory scale tests. The open-front tests provided
information on the time over-which the backfill front remains stable after installation
and the start of water ingress into the backfilled tunnel. These tests also complemented
the results of the BACEKO 2008 tests by verifying that the block backfill concept still
works with a smaller block backfill degree (73.8 % for BACEKO II vs. 87 % for
BACEKO 2008). The tests also provided confirmation of the reproducibility of the
results obtained by the BACEKO 2008 tests. These confirmations included the rate of
erosion, the quantity of swelling pressure and the time of outflow. The new tests also
yielded information about operational considerations related to the backfill, such as
installation of the blocks and the pellets.
The 9 tests completed in BACEKO II consist of 4 flow-through tests with downstream
face support provided, 2 saturations tests and 3 open-front tests. The properties of the
following block materials have been compared; Friedland clay, mixture of bentonite and
crushed rock (40/60), and Milos B clay. The period of stability for an open backfill front
has been established.
The tests started in June 2010 and continued until May 2011.
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2
2.1

OVERVIEW OF THE PREVIOUS TESTS
Large-scale tests by SKB

Dixon et al. (2008b) reported on the results of 12, ½-scale tests performed in Äspö.
These concentrated mainly on: the behaviour of the pellet layer; water through-flow
resistance and determining the time before water discharge begins from the backfill.
The results of previously completed, 27 smaller (12th) scale tests (Dixon et al. 2008a),
were also compared with results from the ½-scale tests. Later, a further series of ½-scale
tests that examined the effects of water inflow pattern were also completed (Dixon et al.
2011).
The earliest large-scale tests reported by Dixon et al. (2008a) were performed in a ¼section of a concrete tunnel with diameter of 2 m and length of 1.6 m (Figure 2-1a). In
many respects, these tests were similar to subsequent tests conducted in Finland as part
of the BACEKO program, although the materials examined and assembly details were
different. Each of the concrete chambers used in the initial tests at Äspö were divided
into two separate segments to enable simultaneous testing.
The first series of ½-scale tests were performed in a test chamber with 2.75 m width,
2.75 m height and 6 m length of which only 4 m was backfilled for the testing purpose
(Figure 2-1b) (Dixon et al. 2008b). The tests chamber was only partly backfilled with
Friedland clay blocks of 1800 kg/m3 dry density. The inner space of the chamber was
left empty and the rows of blocks were supported with a wooden structure. The pellets
used were manufactured from Cebogel bentonite (Dixon et al. 2008a, b). The salinity of
the supplied water was 1 %, which is lower than the 3.5 % considered by Posiva for its
repository concept.

Figure 2-1a. The 1/12th-scale test
chamber (Dixon et al. 2008a)

Figure 2-1b. The ½-scale test chamber
(Dixon et al. 2008b)
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Dixon et al. (2008b) concluded that gaps left between the blocks in the assembly had,
under most conditions, no effect on the system when water inflow rate was limited.
Even the larger gaps did not give rise to internal flow paths in the ½-scale tests
completed in the initial (Dixon et al. 2008b) or the later (Dixon et al. 2011) studies.
Water moved primarily along the interface between the pellets and the blocks. As the
pellets wetted, the water flow was diverted to the interface between pellets and the
chamber wall. The water flow generally caused limited amount of erosion which
decreased with time as did the systems capacity to resist the inflow. The rate of pellet
erosion was established to be ~35 g/l regardless of the inflow rate (over the range of
flow rates considered). No self-healing was detected in the backfill material when the
inflow was greater than 1 l/min.
The ½-scale tests confirmed observations made for the initial 1/12th-scale tests (Dixon
et al. 2008b), that the water flowed first along the block-pellet interface (Dixon et al.
2008a). As the pellets wet, they prevented the water from passing into the pellet mass
and directed the water to flow along the wall. The flow channels formed in ½-scale tests
mainly on the pellet-wall interface. After the flow channel had been formed, the erosion
rate was noted to decrease. The rate of water outflow was generally ~80% of the inflow
and the high outflow rates were reached within 24 h after the test began. Dixon et al.
(2008a) stated that the backfilling can be interrupted for few days without causing
significant disbenefit to the backfilling process.
2.2

½-scale tests with Milos B and varying water supply arrangements

In 2011 another series of ½-scale tests was performed at Äspö using Milos B bentonite
blocks and pellets rather than the Friedland clay blocks and Cebogel pellets used in
previous trials (Dixon et al. 2011). This test series consisted of 4 tests, each examining a
different inflow scenario. In two of these tests, water was supplied through a point
source from the back of the test chamber at the rate of 0.1 l/min and 0.25 l/min. In the
third and fourth tests water was supplied at the rate of 0.2 l/min from inlet ports
simulating a fracture (Figure 2-2). The salinity of the supplied water was 1 %.

2000 mm

2000 mm

2750 mm

2250 mm

500 mm

2000 mm

Removable
roof

Water inlets
at rear
of chamber

Water inlet ports
Geotextile strips
Rear

Front

2750 mm

Front View

6000 mm

Side View

Figure 2-2. Location of water inlet ports in 1/2-scale Milos B tests (Dixon et al. 2011).
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The focus of Milos B tests was to observe the behavior of the 0.15-m-thick Milos B
pellet layer (Dixon et al. 2011). Blocks were only assembled in two rows, one on each
side of the chamber immediately in from the pellet-filled region and were supported
with a bentonite geotextile lined, robust wooden structure while the remaining volume
of test chamber was left unfilled (Figure 2-3).

Figure 2-3.The test set up (Dixon et al. 2011).

Dixon et al. (2011) noted that water flowed uniformly into the pellet material around the
simulated fracture. Where inflow was low (≤ 0.1 l/min), as the pellet material wetted,
the water flow was funneled out of the pellet-filled portion of the backfill via a limited
number (typically 1), flow paths. With an inflow greater than 0.1 l/min, disruptive
erosion may appear with considerable material being removed. Where several minor
water flowpaths existed, they tended to interconnect forming a larger discharge feature
that could be more physically disruptive. In particular, a simulated fracture feature was
observed to gather the contents of several minor flow paths effectively into a single
larger discharge. Nevertheless an inflow of 0.25 l/min was not considered to endanger
the stability of the backfill over the duration these tests operated. With an inflow rate of
0.25 l/min the erosion rate was determined to be 11 g/l.
In tests number 3 and 4 Dixon et al. (2011) found that air was trapped between the
fracture-hydrated zone of blocks and pellets (which formed a gasket-like feature), and
the inflow point hydrated zone at the rear. The result was that air present in the isolated
volume was pressurized, ultimately bursting past the hydrated “gasket” and caused
elevated erosion along its escape route.
2.3

The ¼-scale tests of BACEKO-project in 2008

Riikonen (2009) presented 4 flow-through tests and 2 wetting tests performed in two
identical test tunnels. The tests were done in BACEKO 2008 which was independently
designed and operated tests completed for Posiva. The dimensions of test tunnels were
2 m diameter and 1.8 m of length, with the upper hemisphere being used to simulate the
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tunnel (Figure 2-4). The tested backfill blocks were compressed Friedland clay or a
mixture of AC 200 bentonite (40 %) and crushed rock (60 %), referred to as “mixture
blocks”. The dry density of the Friedland clay blocks was 2060 kg/m3 and mixture
blocks 2005 kg/m3. Cebogel pellets were used in the tests to fill the gap between blocks
and the tunnel wall. The filling degree achieved with the blocks was 85.6 %.
The target salinity of the supplied water was 3.5 % TDS (Riikonen 2009). Water was
supplied at the rate of 0.25 l/min from two point sources at the back of the test tunnels.
The flow-through tests lasted 5 days (Riikonen 2009). Two of these tests were
performed with Friedland clay blocks and two with mixture blocks. Wetting tests lasted
about 1 month and were also performed with both block materials.
One of the key conclusions drawn were that the gaps between the blocks were not
significant and they did not cause preferential flow paths inside the block backfill
(Riikonen 2009), which is consistent with the results reported by SKB in the 1/12th - and
½-scale tests. Friedland clay was clearly more sensitive to erosion and seemed to retain
more water. The role of the waterproofing in sealing the test chambers was problematic
when determining which backfill retained more water, because it was replaced with
different material in between the tests. In wetting tests, Friedland clay wetted up to the
same depth as mixture block in substantially less time. In all of the tests Friedland clay
produced higher swelling pressures than the mixture blocks, which is consistent with its
higher Effective Montmorillonite Dry Density (EMDD), (~1530 versus ~1327 kg/m3).

Figure 2-4. Two identical test tunnels.
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3
3.1

TEST MATERIALS
General information of the tested materials

The materials tested in the BACEKO II study include the following:
Block Materials constructed using Friedland clay, a mixture of bentonite and crushed
rock (40/60) or Milos B clay (IBECO-RWC-BF). Key properties of each of these
materials are provided in Table 3-1.
The Friedland clay was delivered by Friedland Industrial Minerals Biotech GmbH from
Germany. The detailed information of the Friedland clay has been presented in
Riikonen (2009) and the mineralogy has been widely discussed in Viitanen (2007).
The bentonite of the mixture block material was delivered by SP-Minerals. The
bentonite was activated Ca-bentonite called AC-200 from Greece. The crushed rock was
purchased from the Olkiluoto banking area. The grain size of the crushed rock was
either 0-4 mm or 0-8 mm.
Milos B clay (IBECO-RWC-BF) is a backfill candidate material originating from the
island of Milos in Greece and the clay has been formed from volcaniclastic rocks in a
subaqueous environment. Milos B is a natural calcium bentonite with a medium
montmorillonite content of 58-70 % and a CEC of 69-74 meq/100 g (Olsson 2009).
According to the supplier, S&B Industrial Minerals GmbH, the grain size for the Milos
B clay is 0-5 mm and the water absorption capacity 150 ± 30 %. Some characteristics of
the IBECO-RWC-BF granules and pellets differ. The granules have a liquid limit of
122 % in contrast to 208 % for the pellets. The free swelling capacities have been
determined as 4.4 ml and 9.1 ml, respectively (Johannesson et al. 2010).
Table 3-1. Properties of materials used in BACEKO II Tests (Riikonen 2009, Sandén et
al. 2008, Keto et al. 2009)
Material

Montmorillonite
content [%]

CEC [meq/100g]

Liquid limit
[%]

Free swelling
capacity [ml/g]

Friedland clay

>75

50-60

132

8.7

AC-200

75-95

75.5

Milos B

58-70

69-74

208

9.1

Cebogel QSE

80

99.5

576

11.9

11.5

The volume not occupied by blocks was filled with Cebogel (Figure 3-1ab) or IBECORWC-BF pellets (Figure 3-1c). The Cebogel pellets were manufactured by Cebo
Holland BV and they were made of Cebogel QSE activated sodium bentonite. The
detailed information of the Cebogel pellets has been presented in Riikonen (2009) and
basic information has been included in Table 3-1.
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The foundation bed material was only used in saturation tests. The in situ compacted
foundation bed material consisted of the same combination of AC-200 bentonite (40 %)
and crushed rock (60 %) as the mixture blocks. The material for the floor and for the
blocks was blended at the same time in Riihimäki (Koskinen 2011).

Figure 3-1a. First consign- Figure 3-1b. The second con- Figure 3-1c. IBECOment of intact cylindrical signment of partially powder- RWC-BF pellets.
Cebogel QSE pellets.
ed Cebogel QSE pellets.

3.2

Blending the mixture of bentonite and crushed rock (40/60)

The blending of bentonite and crushed rock was done using Eirich RV 15 mixer and a
mixer located in Riihimäki (Koskinen 2011). The Eirich RV 15 located in Äspö
bentonite laboratory and has been designed for use in preparing bentonite materials. The
Eirich RV 15 has a built-in water distribution pipe which sprays water into the material
during the mixing process. The Eirich RV 15 was used for preparing mixture with 04 mm and 0-8 mm crushed rock. The total amount of material produced was only
2 tonnes since the Eirich RV 15 was used mainly to produce material for comparison to
the Riihimäki materials.
The mixer in Riihimäki was a modified twin-shaft concrete mixer that has been
designed for blending aggregate or bentonite used in landfill sites (Figure 3-2)
(Koskinen 2011). The content of bentonite in landfill sites is typically below 10 % and
so trials were done to confirm that the mixer was suitable for mixing the crushed rock
with bentonite. Water was added to the mixture with a pressure washer set to provide a
mist, which provided a gradual and uniform wetting during the mixing process.
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Figure 3-2. Mixer in Riihimäki (Koskinen 2011).

3.3

Compressing the blocks

All of the blocks were compressed with a Sacmi PHR 1600 press by Höganäs Bjuf
manufacturing plant in Sweden, using uniaxial compression (Koskinen 2011,
Johannesson et al. 2010). The size of the blocks was specified to be
300 mm×150 mm×75 mm. The dry density, compaction pressure and water content of
each tested material are presented in Table 3-2.
According to Koskinen (2011) Friedland clay blocks were compressed in four
production tests. The results of these tests are as follows:


In the first production test 1000 kg of Friedland clay with water content of 7.98.2 % was compressed into blocks. The first set was compressed using
compaction pressure of 31 MPa which produced blocks of excellent quality and
with dry density of 2040 kg/m3. The second set was compressed with 38 MPa
resulting in to the same dry density yet the quality of the block surface was poor.
The third set was compacted using pressure of 24 MPa. The achieved dry
density of the blocks was 1980 kg/m3.



The second production test included three trials at different gravimetric water
contents. The amount of Friedland clay with 5.7-9.3 % water content used for
the second production test was 13 tonnes. The first trial, compressed with
6 MPa, yielded physically brittle blocks which had a dry density of about
1880 kg/m3. These blocks were also made of finer, 0-1 mm Friedland clay rather
than the coarser materials used in the first consignment’s manufacture. The
water content of the Friedland clay was raised to 7.9-9.3 % for the second and
for the third trial. The blocks compressed in the second trial in this test, using
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compression of 22±2 MPa, were made of finer clay as well, resulted in blocks
having a dry density of 1960-2020 kg/m3. These wetter blocks were of rather
good quality, meaning they were durable. A third trial in this test involved
compressing 2000 kg of Friedland clay granules of 1-6 mm into blocks. The
compacting pressure was 28 MPa. These blocks were of good quality and had a
dry density of 1980 kg/m3 (Figure 3-3a).


In the third production test about 10 tonnes of Friedland clay with water content
of 7.9-9.3 % was compressed into blocks. The compaction pressure was 2023 MPa and the resulting dry density of the blocks was 1950 kg/m3.



The fourth production test applied different compaction pressures. The Friedland
clay (0-1 mm) had water content of 7.8-8.8 %. The test started with compaction
pressure of 30±0.5 MPa which was reduced to 27±0.5 MPa. The achieved dry
density of the block compressed with 27±0.5 MPa pressure was 19601980 kg/m3. The compaction pressure was reduced to 23 MPa which resulted in
a dry density of 1980-2000 kg/m3.

The mixture blocks (Figure 3-3b) were compressed in three production tests (Koskinen
2011). In the first production test 24 tonnes of mixture material was compressed to
blocks. The water content of the mixture material was 11.7-12.8 % and the crushed rock
was of < 8 mm diameter. The blocks were compacted with pressure of 15-23 MPa. The
dry density of the blocks was 2050 kg/m3. In the second production test 10 tonnes of
mixture material with water content of 11 % was compressed using the compaction
pressure of 19±4 MPa. The achieved dry densities of the blocks were in the range of
2060-2080 kg/m3. In the third production test the compaction pressure was also
19±4 MPa, but the material contained a finer <4 mm crushed rock component. The total
amount of 20 tonnes of material with the water content of 10.5-12.4 % was compressed
into blocks. The smaller grain size was used to determine if better compaction results
could be achieved. The dry density of the blocks varied between 2060-2080 kg/m3. This
established that use of <4 mm versus <8 mm diameter crushed rock did not result in
improved compaction characteristics.
The crushed rock of the mixture blocks was found to contain small pieces of wire
(Koskinen 2011). The amount of wires was estimated to be 5-10 g/ton of crushed rock
in 0-8 mm. Koskinen (2011) assumed that the wires come from the shotcrete used
reinforcing ONKALO. The wires can be removed from the crushed rock using magnet.
The blocks contained also some mould lubricant since compressing the mixture blocks
was found to be impossible without lubricant. The lubricant used in manufacturing plant
was produced from crude oil. The need for the lubricant was less when the material was
dryer.
Milos B blocks (Figure 3-3c) were compressed in one consignment of 60 tonnes after
pre-testing the production method (Johannesson et al. 2010). The blocks were
compressed with compaction pressure of about 47 MPa and had the dry density of
1645 kg/m3. The water content of the blocks was 18.5 %. The blocks were of good
quality meaning they were durable during routine handling.
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Figure 3-3a. Friedland clay
blocks.

Figure 3-3b. 40/60mixture of bentonite
and crushed rock
block.

Figure 3-3c. Milos B clay
block.

The blocks produced by these various trials were utilized in the tests completed in this
study as a mixture of densities within the same test assembly.
3.4

Foundation bed material

The foundation bed material was mixed by Ekokem Palvelu Oy in Riihimäki in the
same consignment with the mixture block material. The foundation bed material was
mixture of bentonite (40 %) and crushed rock (60 %). The foundation bed material was
in situ compacted by compressing with a roller on the test tunnel base. The dry density
of the finished foundation bed material was defined to be 1750 kg/m3 (Table 3-2).
Table 3-2. Information of the backfill materials (Koskinen 2011, Johannesson et al.
2010, Riikonen 2009, Dixon et al. 2008b)
Dry density
[kg/m3]

Compaction
pressure [MPa]

Water content
[%]

Reference

Friedland clay block

1980-2020

6-30

6.5-9.3

Koskinen 2011,
Riikonen 2009

Mixture of 40 % bentonite
and 60 % crushed rock

2050-2080

15-23

10.5-12.8

Koskinen 2011,
Riikonen 2009

Milos B clay block

1595

47

18.5

Koskinen 2011

Cebogel pellets

2100

Extruded pellets

18.9

Dixon et al. 2008b

IBECO-RXC-BF pellets

1015

Extruded pellets

14.8

Johannesson
et al. 2010

Foundation layer material

1750

In situ compacted

11

18
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4

REPAIRS AND IMPROVEMENTS TO THE MONITORING SENSORS AND
THE TEST TUNNELS

4.1
4.1.1

Instrumentation
Electrical resistivity lines

Electrical resistivity sensors are a means of determining aproximately the level of
moistness inside the backfill by sending a current from one electrode to another and
measuring the time. The conductivity of the backfill changes when water is present. The
change in the conductivity of the backfill indicates change in moistness and therefore
reveals the presense of water.
The electrical resistivity measurement system consisted of two survey lines, each
containing 32 sensors that were both installed in Test Tunnel 2. On Survey Line 1
(closer to the front) electrodes 1, 2 and 3 had been damaged in previous tests in 2008.
On Survey Line 2 (closer to the back wall) electrodes 1, 2, 3, 22 and 23 had been
damaged and were inoperative following the 2008 tests. Each damaged electrode was
replaced and connected to a new cable which was led through the tunnel wall. The
cables and the hole where the cables passed out of the test chamber were protected with
silicon-based waterproofing (Figure 4-1). The repairs needed to the system were done
by VTT staff.

Figure 4-1a. The through
hole.
4.1.2

Figure 4-1b. Waterproof mass on cables.

Calibration of the Total pressure cells (TPCs)

The test tunnels had 6 total pressure cells (TPCs), mounted on the tunnel walls. These
sensors are intended to provide a measure of the total pressure being applied by the
backfill (and porewater), on the rigid walls of the test tunnel. The 6 TPCs were initially
installed for the 2008 tests and consist of 200 kPa capacity, Load-Cell type pressure
cells manufactured by Tokyo Sokki Kenkyujo (Figure 4-2a). Since these cells had been
installed for the 2008 test series and their removal without damaging them or the test
chamber was not possible, calibration had to be done without detaching the soil pressure
gauges from the tunnel structure. For this purpose VTT developed a calibrator that
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operated on compressed air. The calibration equipment (Figure 4-2b) also included a
pressure balancing valve and a Beamex Pressure Indicator as a reference pressure
indicator. The results from the reference pressure indicator were certified with a
calibrated Druck DPI145 pressure gauge.
The calibration was performed by measuring the response of the soil pressure gauges
twice in range of 0-200 kPa during the rise and fall of the pressure. Since these gauges
are total pressure sensors, the nature of the load on them does not matter and gas
provided a practical and accurate method of calibrating these sensors prior to initiation
of new tests. The response was measured with TDS-301 measuring equipment. The
response signal was used for determining the coefficients with regression line method.

Figure 4-2. Total Pressure Cell (right) and the calibration equipment used to confirm
their functionality (left)
4.2

Waterproofing

The test tunnels were waterproofed with a moisture insulation material called
Cementitious coating 851© produced by Flexcrete Technologies Ltd™. The surface was
lacquered with epoxy varnish ProTop1000©. After every disassembling the test tunnels
were washed and the condition of the water proofing was evaluated. The damage caused
by the disassembling was repaired before the following assembly.
4.3

Other improvements

During the tests of BACEKO-project in 2008, certain deficiencies were noted within the
water supply and the recovery of the outflowing water and backfill material (Riikonen
2009). These were addressed prior to the initiation of the tests completed in 2010-2011.
The general functionality of the system was improved by replacing the single rotameter
used to supply water at a preset rate, used in the 2008 tests with two units (Figure 4-3a).
The new rotameters were installed in the water supply pipe after it divides into two
separate inflows (Figure 4-3b). This improvement ensured an evenly distributed inflow
from both of the inflow points.
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Another modification to the test setup was to fasten the ultrasonic sensor (used to
measure the water surface in the tray) to the collector tray in a manner that did not allow
it to swing or change position, improving the consistency and sensitivity of their output
(Figure 4-4). After fastening the ultrasonic sensor, the collector trays were again
measured by filling them with water and recording the change of weight. The
measurements made using these new collector tray setup results were considered to give
more reliable results when comparing them with the results yielded from the Baceko II
tests.
The clarification barrel used to separate the suspended or eroded solids exiting the tests
via the outflow water was replaced by a bigger clarification tank (Figure 4-5).
Removing water from the clarification tank was also timed to happen nonsimultaneously with the emptying of the collector tray in order to minimize loss of
solids. In the new arrangement, the new and bigger clarification tank was emptied of the
extra water after the remaining solids had deposited. The clayey material in the
clarification tank was left for one month to evaporate and was then weighted to
determine the amount of eroded material.

Figure 4-3a. The location of the
rotameter in the 2008 test setup.

Figure 4-3b. The location of the new rotameters.
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Figure 4-4a. The fastening of the ultrasonic
sensor.

Figure 4-5. A new, bigger clarification tank.

Figure 4-4b. The new fastening of
the ultrasonic sensor.
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5
5.1

BACEKO II: THE ¼-SCALE TUNNEL TESTS IN 2010-2011
The scope of the study

The general objectives of the study were to examine the water movements and behavior
inside the backfill compiled of pre-compacted blocks and pellets and to monitor the
function of block and pellet combination as a backfill material. Practical experience of
the handling and installation of the backfill materials was gathered in the process. The
tests gave an opportunity to detect phenomenon which would not arise in laboratory
scale. The series of tests allowed for confirmation of behavioural tendencies discovered
during the first BACEKO-tests in 2008 and used an improved test set up that eliminated
many of the uncertainties identified in the initial tests. The new block filling degree
(73.8 %) of the tunnel cross-section is also deemed to be more representative of what
can be achieved under repository conditions.
The tests were performed with three different block materials and two pellet materials.
The similarity of the test set up enabled the comparison between different materials
concerning the parameters measured during the tests. These parameters were the
swelling pressure, the outflow time, the water retention of the backfill and the amount
of eroded material. The tests provided a significant quantity of measurable information
which can be cautiously applied to defining the behavioural parameters of the backfill in
the repository conditions.
The flow-through tests ascertained the functionality of the backfill with a smaller, more
probable block backfill degree (73.8 %). Posiva Oy´s reference backfill material,
Friedland clay blocks, were tested under both the reference groundwater salinity of
3.5 % TDS and with a higher salinity inflow (7 % TDS) to determine the effect of the
salinity on swelling pressure and rate of erosion. A new material (SKB’s reference
backfill material, Milos B clay), also used as pre-compacted blocks and pellets, was
examined in this study. The aim of the Milos B test was to obtain comparative
information, particularly of swelling pressure and the amount of eroded material.
The saturation tests were lengthened from what was used in the BACEKO 2008 tests
and lasted 4 months each. The objective was to monitor the progress of the saturation
front in the backfill using electrical resistivity measurements and thereby establish the
rate of saturation. Another goal was to observe the water movement through the backfill
after the saturation phase had passed.
As a new test type, an open-front test was added to the test series in order to evaluate
the time which the backfill front is able to maintain itself before collapsing. The time
span before instability becomes an issue was determined in open-front tests and will be
considered when planning the backfilling process of the repository.
Tunnel dimensions
The ¼-scale test tunnels were the same that were used in BACEKO tests in 2008
(Riikonen 2009). The dimensions are presented in Figure 5-1.
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Figure 5-1a. The tunnel dimensions
(Riikonen 2009).

5.2

Figure 5-1b. The tunnel dimensions
(Riikonen 2009).

General description of the tests

The three types of tests performed for the BACEKO II project in Riihimäki in 20102011 were; (i) the flow-through test, (ii) the open-front test and (iii) the saturation test.
Flow-through and wetting tests were performed in BACEKO 2008 with a higher
backfill degree (Riikonen 2009). In BACEKO II the duration of these tests was
extended; the flow-through tests lasted 10 days each as shown in Table 5-1. The wetting
tests were prolonged from 1 month to 4 moths to strive for saturation.
Table 5-1. The planned duration of test types in BACEKO II.
Test type

Duration [d]

Flow-through

10

Open-front

7

Saturation

Duration [mth]

4

The open-front test was a new type of test for the BACEKO project. In this type of test
a steel grid was not fastened at the front of the backfill. Instead the front was left open
and unsupported to observe and to compare the behavior of the backfill materials. In the
open-front tests only half of the tunnel length was backfilled. These tests were planned
to last 7 days, but were extended an additional week when necessary to get a better idea
of the system’s behaviour.
Table 5-2 presents the tests performed in BACEKO II. The consignments have been
presented in detail in Section 3.1.
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Table 5-2. The tests in BACEKO II.
Test

Abbreviation

Block

Pellet

Foundation layer

Friedland clay flow-through
with 3.5 % salinity

FrFT 3.5

Friedland clay,
1880-1999 kg/m3

Cebogel

-

Friedland clay flow-through
with 7 % salinity

FrFT 7

Friedland clay,
1928-1999 kg/m3

Cebogel

-

Friedland clay saturation

FrSAT

Friedland clay,
1880-1999 kg/m3

Cebogel

40/60-mixture

Friedland clay open-front

FrOF1

Friedland clay,
1880-2040 kg/m3

Cebogel

-

Friedland clay open-front

FrOF2

Friedland clay,
1928-1999 kg/m3

Cebogel

-

40/60-mixture of bentonite
and crushed rock flowthrough

BCrFT

40/60-mixture

Cebogel

-

40/60-mixture of bentonite
and crushed rock saturation

BCrSAT

40/60-mixture

Cebogel

40/60-mixture

40/60-mixture of bentonite
and crushed rock open-front

BCrOF

40/60-mixture

Cebogel

-

Milos B clay flow-through

MiFT

IBECO-RWC-BF

IBECORWC-BF

-

The new filling degree achieved with blocks for the BACEKO II tests was 73.8 %,
while in the BACEKO 2008 Riikonen (2009) the filling degree was 85.6 %. The filling
degree in the new tests was decreased to more accurately correspond to the estimated
filling degree of the repository. This estimate was provided by Hansen et al. (2010) who
determined the most probable filling degree to be about 73.5 % where a 10 % overexcavation in the repository tunnel cross-section exists. The 73.8 % filling degree was
closest to the filling degree estimated by Hansen et al. (2010) that could be reached with
the size of blocks and the tunnel dimensions used in tests.
All of the tests were assembled manually (Figure 5-2a) according to the assembling
plans. The assembling plan for flow-through tests is presented in Appendix 1. The
assembling plan for open-font tests is in Appendix 2 and the assembling plan for the
saturation tests is in Appendix 3. The number of blocks installed in each of the flowthrough and saturations test assemblies was 1160 and in the open-front test assemblies
580.
The backwall of the both test tunnels was noticed to have tilted slightly forward.
Therefore a gap of varying width (typically 10 to 40 mm) was left between the backwall
and the rearmost blocks for the entire height of the assembly (Figure 5-2b). The gap
was filled manually by pouring dry pellets.
A foundation bed composed of 40 % bentonite and 60 % crushed rock was installed in
both saturation tests. The compaction of this layer was accomplished with a steel roller
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(68 kg), resulting in a compressive pressure of approximately 12.0 kPa (Figure 5-2c).
The layer was rolled with multiple passes to achieve an average layer thickness of
34 mm. A hand-held steel weight (8.9 kg) was also utilised to compress the edge of the
foundation bed layer adjacent to the tunnel wall and to level other locations where the
roller could not be used (Figure 5-2d).
The empty space between the blocks and the tunnel wall (Figure 5-2e) was filled with
bentonite pellets (diameter of 6,5 mm, length 5-20 mm). The pellets were sprayed by
SRV Oy with a Meyco Piccola spraying machine. The implemented dry mix method
was identical to that used widely in shotcrete spraying. Dry pellets inserted manually
into the inverted supply cone of the machine were pneumatically conveyed through the
hose to the nozzle, where it was mixed with water travelling through a separate hose.
The water hose was attached directly to a hydrant, meaning the sprayed water was tap
water.
After spraying the excess pellets were removed from the base of the tunnel for
weighting. The pellet brackets along the outline of the block assembly were scraped off.
A completed backfill assembly is presented in Figure 5-2f.
In the flow-through and saturation tests a steel grid equipped with a thin plastic mesh
was fastened to the face of the backfill for support. In saturation tests foundation layer
material was spread and compacted on the tunnel base. The volumes of the block and
pellet filled space in all of the BACEKO-tests are presented in Table 5-3.
Table 5-3. Theoretical volumes of backfill materials in test tunnels.
BACEKO in 2008

BACEKO II in 2010-2011

Volume of blocks [m ]

4.54

3.91

Volume of pellets [m3]

0.76 / 0.74*

1.39 / 1.36*

0.02*

0.03*

3

Volume of foundation
material [m3]

layer

*In saturation tests

Figure 5-2a. Assembling the blocks.

Figure 5-2b. A short gap was left between
the back wall and the hindmost blocks.
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Figure 5-2c. The foundation bed layer
on the tunnel floor, the steel roller, and
the hand-held steel weight.

Figure 5-2d. Compaction on the perimeter of
the tunnel with a hand-held steel weight.

Figure 5-2e. Spraying the vacant space
between the block assembly and tunnel
wall with pellets.

Figure 5-2f. Completed backfill.

After spraying, the pellet brackets on the left front were smoothed and excess pellet
mass from the visible tunnel wall lining was scraped off (Figure 5-3a) to facilitate the
installing of the steel grid. In addition to the two preinstalled rubber fasteners on the
base of the tunnel, six identical fasteners were mounted along the tunnel wall reaching
around 80 mm into the pellet layer. Because these six fasteners were installed after
spraying, small pits had to be dug into the pellet mass to locate the fasteners’ attachment
points (Figure 5-3b).
The steel grid (Figure 5-4) enclosed the inner tunnel snugly and had a plastic net
attached to its backside. Because the uneven pellet layer sloped forward around the
entire perimeter, the average distance between the backfill and the grid could only be
estimated based on measurements around the pellet-wall boundary. The average
distance was 49 mm.
After the steel grid was in place, the installation process proceeded in saturation tests to
the saturation door (Figure 5-5a). The door consisted of three 15 mm thick layers of
birch plywood, which were fastened using polyurethane. The seams between the three
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layers were lapped with a minimum seam distance of 200 mm. On the front, 5×100
RHS reinforcements were attached. The surface of the plywood was treated with the
same gray-toned coating as applied onto the tunnel base. Around the perimeter of the
inner surface of the door, a double gasket layer of black rubber with a resting thickness
of 5 mm was installed.

Figure 5-3a. The leveled brackets and the
dug-in fasteners.

Figure 5-3b. One of the dug-in fasteners.

Figure 5-4. The steel grid.
The saturation door also included two adjustable inlets from the front to the rear through
the plywood: one on the top and one on the bottom, both on the central axis. A
transparent hose connected the lower and upper inlets to monitor the water level inside
the tunnel. However, in case the lower inlet was clogged with eroding clay at some
point, the upper inlet not only maintained a sufficient water level inside the tunnel, but
also allowed water to exit, if the clay swelled in volume. Both of the inlets were further
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connected to an expansion tank, which was placed on the top of the tunnel simulator.
The tank had a height of 791 mm, radius of 199 mm, and a volume of approximately
98 l. The water level inside the tank was contemplated to be retained at 200 – 300 mm
for the entire duration of the Friedland saturation test, so as to ensure both the refilling
of the tunnel front and sufficient tank space to allow inflowing water caused by clay
expansion.
The door was fitted into its fixed position onto preinstalled screws, which had been
drilled into the concrete on the arch and attached onto an angle iron on the base. After
installation, the seal between the door and tunnel was further reinforced with silicon
sealant around the entire perimeter. It was also necessary to insert rubber gaskets to all
of the screws, due to water leakage along the screw threads (Figure 5-5b).
When the saturation door was in its final position, the average distance between the
front edge of the steel grid and the door was 195 mm. Moreover, the average distance
between the backfill and door was calculated from the volume of the water-filled front
space (1145 l) to have been 324 mm on average.

Figure 5-5a. The saturation door.

Figure 5-5b. Rubber gasket.

The salinity of the water used in the BACEKO II tests was 3.5 % (35 g/l TDS), except
in the flow-through test, FrFT7, performed with Friedland clay blocks where the salinity
was 7 % (70 g/l TDS).
5.3

The observations during the tests and during the dissassembling

A Canon EOS 400D camera was installed opposite to the open-front test to record the
changes in the backfill front. During the tests the camera was set to take a photograph
every 5 minutes.
An observation form (Appendix 4) was also used for recording visual observations
during the test. The form was the same for both, the flow-through and the open-front
tests. The observation forms were used for gathering information.
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During the disassembly of each test each excavated section was photographed with a
Canon EOS 400D and with an infrared camera.
Water content samples were gathered from the backfill while dissembling. The
dissembly was done stepwise according to the dissembling plan (Appendix 5 and
Appendix 6). The samples were gathered by Pöyry Finland Oy according to the
sampling plan (Appendix 7) and analyzed in the laboratory of Ekokem Palvelu Oy. The
water content results were modeled into an image by Pöyry Environment Oy.
5.4
5.4.1

The measurements
Water supply system

The techniques and measurements concerning the water supply have been discussed in
Riikonen (2009). The improvements to the water supply and to the recovery of the
outflowing water and eroded backfill material were discussed in Section 4.
5.4.2

Electrical resistivity

The electrical resistivity was measured regularly with ABEM Terrameter SAS 4000
equipment during the saturation tests. The configuration used in the measuring protocol
was Wenner. The order in which electrodes were supplying the current was changed
slightly from that used in BACEKO 2008 tests in order to produce more reliable results.
The combinations of the 4 electrodes were basically the same, only the order of
measurements changed as the supplying electrode was used also for measuring the
potential.
5.4.3

Swelling pressure

The swelling pressure was measured with 6 TPCs. The location of each cell is presented
in Figure 5-6. The cells were KDH-200KPA Load-Cell Type Soil Pressure Gauges.
Their installation together with gathering and processing data has been discussed in
Riikonen (2009). The measurements were recorded once every minute in flow-through
and open-front tests and twice a day in saturation tests.

Figure 5-6a. Location of soil pressure
gauges 0-5 in test tunnel 1.

Figure 5-6b. Location of soil pressure
gauges 10-15 in test tunnel 2.
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The TPCs measure the total pressure development (combined swelling and hydrostatic
pressure). Not all subsequent depicted changes in pressure during the test include the
weight of the backfill itself. Consequently, at times individual values sunk to negative
pressure readings as the original weight of the backfill against the gauge was reduced
within a confined area. The negative values below the x-axis were cropped out in all of
the tests, because the values did not depict either swelling or hydrostatic pressure, but
rather the effects of processes occurring elsewhere in the backfill.
5.4.4

Tachymeter

A tachymeter was used to determine the width of gaps between the blocks horizontally
and vertically. Ekokem Palvelu Oy performed measurements with Trimble S6
tachymeter in 3 different tests. The location of each point of measuring is presented in
Figure 5-7. The error in the readings obtained was estimated to have been ±1 mm.

Figure 5-7. The tachymeter measuring points.
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6

DESCRIPTION OF TESTS

6.1
6.1.1

Friedland Flow-Through 3.5 (FrFT 3.5) Test
Performing the flow-through test

Test FrFT 3.5 was assembled as shown in Appendix 8. The test was initiated on
Thursday 2.9.2010 at 08:25, which is defined as time zero in the test documentation. In
the course of running the test, recording the pressure gauge data was briefly disrupted
twice due to datalogging system crashes. A simple reboot of the laptop was sufficient
enough to resume the recording program and the data lost during these interruptions is
not considered to have compromised the ability to analyse test performance.
Once the test was initiated the water inflow rate was adjusted to the target value of
0.25 l/min. The objective was to maintain the water inflow rate with a constant flow
valve in each inflow line. However, maintaining a constant water flow proved
challenging as a result of sluggish water passage from the water point sources into the
backfill. This was due to either high swelling pressure at the ingress point of each water
point source or low permeability of the backfill clay.
Until 67 h 00 min into the test, the average inflow rate was above 0.15 l/min, but
thereafter the inflow rate decreased to less than 0.10 l/min towards the end of the test
(Appendix 9). The average inflow rate over the operation of the test was 0.118 l/min,
which was the lowest value in the test series (Appendix 10). At the same time, test
FrFT 3.5 displayed the highest total pressures in the test series. These two observations
may be connected with the high swelling pressures developed in this test causing an
increased resistance to the inflow of water from the two point sources.
All the events in test FrFT 3.5 are listed in Table 6-1. The events of particular
significance are as follows:
Event 1
The measurements inside the tunnel indicated that pressures climbed sharply from 11 h
00 min to 27 h 00 min. Gauge 4 peaked at 441 kPa and gauge 3 at 263 kPa. The
remaining pressure sensors maintained a more gradual increase to 44-95 kPa during this
time (Appendix 11).
Event 2
The first external sign of rising internal water and mechanical pressures was the
commencement of water outflow and backfill erosion, which was observed at 16 h
38 min. The accumulation of sediment from this 3.5-hour long outflow event is shown
in Figure 6-1a. The outflow volume was not great enough for any water or clay to reach
the collector tray at the end of the tunnel base. The resulting small pool of saturated
pellet mass on the drainage ramp was not large enough to require its collection and
weighing, and it dried and crumbled up by the time the test was eventually concluded.
No further outflow of water or clay occurred during the test. The amount of erosion was
in the order of a few grams.
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Table 6-1. Key events in test FrFT 3.5.
Time [hh:mm]
Event

From

1

0:00
11:28

Until

Water
outflow

Clay
accumulation Other observations

Reference

Water supply on - commencement of the test
Pressure measurements are
interrupted.

22:44

2

Minor. Left
edge of the
fourth row.

16:38

20:18

Minor.

20:18

63:25

None (from
the front).
None.

3
4

Appendix 11

Figure 6-1a
Backfill exerts pressure on the
front grid, which is pushed back.
The outer tunnel wall begins to
leak.

Figure 6-1b

The test is discontinued to assess
the leakages. Water supply off.

Appendix 9

95:50

Test resumes. Water supply on.

Appendix 9

96:50

The leakages resume (repairs are
not possible from the outside).

54:30
63:25

262:45

75:05

95:50

5

6

206:34
262:45

262:54

None (from
the front).
None.

Pressure measurements are
interrupted.

Appendix 11

Water supply off - end of the test

Event 3
Shortly after the first outflow event ceased, beginning at around 20 h 18 min, the
backfill began shifting forward against the steel grid as the result of forces within the
test assembly. As the pressure inside the tunnel climbed, the steel grid gradually moved
forward and was bent. This process lasted approximately 2 days. After this time, further
lateral displacement of the steel grid was obstructed as it had shifted to its limits, which
were the bolts holding down the rubber fasteners that, in turn, held the steel grid
upright. Eventually also the pressure inside the tunnel eased momentarily.
Event 4
At 57 h 00 min, the pressures spiked again. Gauge 4 reached 454 kPa, Gauge 3 climbed
up to 295 kPa and soon after Gauge 1 surged to 144 kPa. At 54 h 30 min, the back and
the sides of the tunnel began to leak (Figure 6-1b). Thereafter, the pressures declined
until reaching a more or less constant value until the end of the test. The majority of the
leaking water flowed down the sides of the concrete base plate, which supported the
weight of the test tunnel, and onto the floor of the test facility. Only some of the water
was successfully gathered into buckets, and, consequently, it was not possible to obtain
a conclusive weight on the amount of water that leaked out.
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Event 5
As the leakage persisted, the test was discontinued and the water inflow shut off at 75 h
05 min to assess the situation. It was concluded that water inside the tunnel was
penetrating the concrete seams and pressure gauge wire seals, and water was travelling
along the interstice between the inner lining and the concrete arches. As a result, water
was leaking out along the entire length of the tunnel. No repairs were possible to be
made from the outside of the tunnel. The test was then resumed at 95 h 50 min.
Event 6
Leakage from the rear of the test chamber resumed at 96 h 50 min and persisted until
the conclusion of the test on Monday 13.9.2010 at 07:10 after 262 h 45 min of testing.

Figure 6-1a. 28 h 12 min. Slight clay
erosion at the base of the steel grid. No
additional erosion occurred during the
remainder of the test.
6.1.2

Figure 6-1b. 75 h 03 min. Leakage at
the back of the tunnel.

Disassembling the backfill

The disassembly of the backfill was accomplished in 2.5 working days. The infrared
photographs taken of each section are presented in Appendix 12. Samples were
collected from all of the marked coordinates except from those that did not have backfill
material present due to erosional losses. The results were fitted to form a water
distribution pattern (Appendix 15).
When the steel grid was removed, the entire second block row, except one block on
each end, collapsed down onto the drainage ramp in front of the assembly (Figure 6-2).
It was observed that all of the top block rows had been shifted forward relative to their
original positions. Later on in the disassembly it was discovered that the pellets behind
the base block layer between the back wall and the block assembly had remained dry.
Hence, the base block layer was not directly affected by a horizontal swelling pressure
force and was not deformed. Although not directly measured at the time of test
dismantling, it is estimated from the deformations recorded by photographs taken at the
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time of dismantling, that the dry backfill blocks in the upper regions were pushed
forward by approximately 33-47 mm/m by the swelling of the materials behind them.
The face of the backfill was dry throughout, to the point pellet mass was crumbling off
with the touch of a hand. The source of the initial minor outflow of clay was evident.
There was a small formerly wet spot in the left corner of the top block row (Figure 6-2).
Water had passed through this channel and some clay had consequently accumulated
behind the steel grid, leaving signs of former moistness on the face of the base block
row.

Figure 6-2. Face of the backfill after removing the steel grid.
Section 1
Section 1 (Figure 6-3a) substantiated the observations made on the face of the backfill.
An overwhelming majority of the blocks were unaffected by water. An approximately
300 mm long thin strip of block served as a flow channel at some point in the test, but
flow had not persisted and had the pathway was dry at the time of test dismantling. It
was located in the left corner of the top block row, bordering the pellet layer. There
were also some very minor signs of wetting on a block in the right edge of the top row.
The pellet layer was exceptionally dry in both bottom corners, but uniform over the rest
of the layer.
Section 2
Section 2 (Figure 6-3b) revealed a block assembly whose moisture state was effectively
unaltered from its as-built condition. The flow channel on the top block row on the left
(circled in red in Figure 6-3b), extended over a length of 1.5 blocks compared to a
length of one block observed in Section 1. Some wetting of block corners was visible
also on the top right-hand side. The pellet layer was uniform in dryness throughout, to
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the point that the pellets were still in their initial cylindrical form for much of the
volume of the pellet layer. Only the pellet mass on the top on the right-hand side of
Section 2 showed signs of a discernibly higher water content.
Section 3
Section 3 (Figure 6-3c) showed the same dry conditions observed in Sections 1 and 2.
Practically all of the blocks were dry. The top left-hand side strip of wetted block had
increased its length to approximately two blocks (circled in Figure 6.3c). Edges of
blocks on the right bordering the pellet layer demonstrated slight exposure to water. The
pellet layer remained dry from top to bottom with a slight increase in water content
above the wetted strip of blocks on the top.
Section 4
Section 4 (Figure 6-3d) showed signs of more extensive wetting. The pellet layer was
uniformly moister, with no obviously wetter or drier areas around the block-filled
region. Consequently, the edge along the entire outside perimeter of the block assembly
had been wetted. Most of the blocks that were not sited on the rim of the assembly
remained in their as-placed state. Patches of wet pellet fill visible on the face of the
section in Figure 6-3d were not real, but were transferred there during the disassembly
process. Similarly, the dark spots visible in the pellet layer on the right side of the figure
are impact punctures caused by a hammer drill that was used in the disassembly. The
same punctures are visible in the photos taken of other sections in this test as well as
other tests in this series.
Section 5
As blocks were removed in preparation of sampling Section 5, the pellet layer on the
top rapidly altered from a moist mass into a fluid, water-soaked volume. The entire top
pellet section collapsed onto the tunnel base as blocks were removed. When Section 5
was in view (Figure 6-4a) as it was intended according to the disassembly plan, the wall
of backfill collapsed onto the chamber floor in a matter of minutes (Figure 6-4b). All of
the rows of blocks in this region were unstable, leaning forward and the central portions
of the rows had been pushed forward and out of alignment with one-another. The
weight of the saturated pellet mass behind the block assembly resulted in an unstable
mass that collapsed when the supporting blocks forward of them were removed.
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(a). Section 1, FrFt 3.5

(b). Section 2, FrFt 3.5

(c). Section 3, FrFt 3.5

(d). Section 4, FrFt 3.5

(e). Section 5, Rear-most portion of test showing collapsed blocks and slumped pellets.
Figure 6-3. Section 1 through Section 5 of test FrFT 3.5 showing physical condition
and wetting of blocks and pellets.
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Figure 6-4a. The intended section 5 as
marked in the disassembly plan.

Figure 6-4b. The intended section 5
collapsed under its own weight in a matter
of minutes.

After the collapsed backfill material was cleared away infrared photographs were taken
(Appendix 12) and water content samples were gathered from Section 5 (Appendix 14).
Observations of the intended location for Section 5, as well as the backfill behind it
were made, because they were locations of particular importance with respect to
evaluating backfill hydration.
The region intended to be sampled as Section 5 displayed many of the same traits as
observed in Section 4. The central blocks in the assembly were dry, as were the bottom
corners of the pellet layer. The blocks nearest to the two water point sources had been
wetted to a greater depth but water entering the test had clearly not travelled down the
pellet layer or laterally into the block fill. Rather it moved vertically upwards to the top
of the test chamber. Consequently, the top pellet layer and the top block row had been
completely saturated.
There was a clear-cut wetting boundary at the interstice between the saturated top block
row and the third block row below it. Water had not penetrated the region defined as
Section 5, but rather the vertical block seam directly behind it. The blocks behind the
Section 5 were completely saturated from the second row level upwards. These blocks
were co-incidently of lower density than those used in the rest of the block assembly in
the tunnel (Appendix 8). All of the pellets in the gap at the rear of the assembly were
also completely saturated from just below second row level upwards. The majority of
the pellets behind the base block row were in their original dry cylindrical form and
showed little sign of having hydrated or swelled.
6.2

Improvements to Test Tunnel #1

Once the test FrFT 3.5 was concluded, the extent of the repairs needed to the inside of
the tunnel was assessed. In particular, a means of remediating the leakage from the back
and sides of the tunnel was needed since three more tests were planned to be conducted
in Test Tunnel #1 (Table 6-2).
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The leakage observed in test FrFT 3.5 was extensive and repairs during test were not
possible from the outside. In reviewing the test tunnel leakages, it was concluded that
inflowing water found its way out of the tunnel via the seams of the rear arch slab and
back wall. Furthermore, water may have passed through the wiring channels of the
TPCs and into the inner lining of the tunnel, resulting in leakage across the entire length
of the tunnel on each side.
Table 6-2. The order of tests and the timing of the improvements in test tunnel #1.
Test

FrOF1

BCrFT

BCrOF

FrFT 3.5

Initiation

11.6.2010 22.7.2010 10.8.2010 2.9.2010

End

21.6.2010 1.8.2010

Improvements
FrFT 7

MiFT

FrOF2

20.9.2010 30.9.2010

5.11.2010

1.12.2010

16.11.2010

9.12.2010

20.8.2010 13.9.2010 24.9.2010 10.10.2010

The old surface waterproofing layer on the inside of the test tunnel was scraped off and
all the seams were checked. Epoxy mastic was applied onto the seams. A fiberglass
fabric (162 g/m2) was mounted onto the entire inner surface, and the tunnel was
lacquered with epoxy varnish (ProTop 1000 manufactured by PiiMat Oy) (Figure 6-5a,
Figure 6-5b). Additional epoxy mastic was applied to all of the apertures in the tunnel
with special attention being paid to the water inlet points (Figure 6-6a) and TPCs
(Figure 6-6b).

Figure 6-5a. Applying the new epoxy
varnish onto the inner surface.

Figure 6-5b. Laying blocks onto the
refurbished tunnel base.

The thick molding on the seam between the base concrete slab and the walls of Test
Tunnel #1 was also reinstalled and lacquered. The molding had been installed into the
tunnel after completing test BCrFT.
After each test Test Tunnel #1 underwent a standard procedure of manually removing
its inner lining and having the surface re-lacquered. This was done as the inner lining
tended to peel off during tests. After test FrFT 3.5 a more extensive set of physical
improvements to the tunnel were completed. These are described in more detail later in
in this Section.
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Figure 6-6a. The right water point
source.
6.3
6.3.1

Figure 6-6b. A TPC covered with a strip of
cellophane.

Friedland Flow-Through 7 (FrFT 7) Test
Performing the flow-through test

This test was the only one to employ inflowing water of a higher saline content. Before
the start of this test, the main water supply tank was emptied of the 3.5 % TDS water
used previously and fresh water was added in. An appropriate amount of salt (CaCl2)
was weighed, added and mixed with the fresh water in the main tank to produce 7 %
TDS saline water. The saline content of the water was confirmed by laboratory testing
of samples. The details of block placement are presented in Appendix 8.
The test was initiated on Thursday 30.9.2010 at 07:30. Separate automated systems
recorded the inflow of water at least once an hour (Appendix 9), the outflow of water
and clay once a minute (Appendix 10) and the pressures in the tunnel with six TPCs
once a minute (Appendix 11). The test was continuously monitored and the key
observations made during Test FrFT 7 are listed in Table 6-3.
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Table 6-3. Key events in test FrFT 7.
Time [hh:mm]
Event

From

1

0:00

Until

Clay
accumulation

Water outflow

Other observations

Reference

Water supply on - commencement of the test
Clay accumulating
predominantly behind the
grid. Some build-up also
on the drainage ramp on
each side.

42:46

Minor. Outflow initially from
top right block-pellet
boundary, then also from top
pellet layer.

42:46

66:28

Moderate. Continues a trend None. Minor
of steady increase in outflow erosion periods
rate.
at times.

4

66:28

Moderate. Outflow rate
conforms with inflow rate.
Outflow from right side of top
block row. Water puddles up None. Minor
on accumulated clay on the
erosion periods
120:10 drainage ramp.
at times.

5

79:00

Some moistness building
up on the back wall.

95:45

Leakages from the back
wall increase.

6

Moderate. Outflow rate
conforms with inflow rate.
120:10 243:50 Outflow from top pellet layer. None.

Merely minor retention.

Appendix 11

7

143:35 243:50

Pressure recording is
interrupted.

Figure 6-10

8

243:50

2

3

28:16

Up to moderate.
Steadily
increasing in
intensity.

Figure 6-7

Figure 6-8

Merely minor retention.
Figure 6-9b

Water supply off - end of the test

The visual observations most relevant to the performance of the backfill simulation test
and the data recorded via the monitoring system are as follows:
Event 1
During the first 24 hours, the development of pressure within the test chamber was slow
and the inflow rate averaged less than 0.15 l/min. The pressure at TPC2 (right) rose to
its maximum of 6 kPa by the end of this time. After 26 h 00 min, pressures in TPC0
(top) and 1 (top right) (Figure 5-6) abruptly started to rapidly increase. At 34 h 26 min
they peaked at 37 kPa and 39 kPa, respectively, after which they both fell to 0 kPa some
3 hours and 9 hours later respectively. At the same time the other TPCs showed only
minor reactions.
Event 2
At 28 h 16 min inflowing water developed a path through to the face of the backfill. A
puddle emerged from underneath the steel grid on the right-hand side. At first, the
outflow of water was minor and was accompanied by the decline in pressures in TPC0
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and 1, which were nearest to the suspected location of the flow channel. The source of
this water is believed to be from the vicinity of the block and pellet layer boundary on
the top block on the right side of the block assembly (Figure 6-7).

Figure 6-7. The test tunnel at 36 h 46 min showing clay accumulating on the right
side behind the grid as water flow in along the upper pellet-block interface. Also
shown is the location of the initial water outflow at 28h 16min (circle).
After the initial outflow occurred, the rate of outflowing water and clay removal steadily
increased until around 42 h 46 min. Eroded clay was being accumulated primarily
behind the steel grid installed against the face of the backfill. At first the clay was piling
up on the right-hand side of the grid, but gradually water also began flowing out of a
broad area on the top pellet layer. Eventually the entire width of the tunnel was filled
with wet clay to the top of the second row of blocks. Saturated clay also found its way
around the edges of the steel grid to both sides of the drainage ramp, but none
overflowed the barriers installed at the outer edges of the drainage ramp at the front of
the test tunnel.
Event 3
From 42 h 46 min onwards, the accumulation of clay in the outflow collection system
ceased (Figure 6-9a). The outflow of water continued from the right edge of the top
block row, however, but it contained no discernible sediment content.
Event 4
Until around 66 h 28 min, the outflow rate of water increased, after which it peaked and
began declining. The decline of the outflow rate followed the steadily decreasing inflow
rate, with only minor retention of water into the clay. Most of the inflowing water
moved straight through the backfill to the front of the test assembly. The sudden drops
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in the outflow rate, which can be observed in the graph of the inflow and outflow rates
provided in Appendix 9, until around 120 h 10 min were caused by outflowing water on
the right side of the backfill collecting in small puddles on the uneven surface of the
accumulated clay on the drainage ramp. The outflow rate increased and closely matched
the inflow rate, when the water accumulated at the face of the blocks were drained by
carving new flow paths toward the collector tray. The outflow water was then able to
flow down in its natural flow rate to the collector tray, where the automated
measurements were in commission. When the carved flow paths were obstructed and
puddles re-emerged, the measured outflow rate again dropped.
Event 5
At 79 h 00 min it was noticed that the outside of the back wall of the test chamber was
showing signs of water seepage. By 95 h 45 min leakage was continuous, although
moderate in rate and limited to the back wall only. A total of 40 kg of water leaked
through the back wall during the remainder of the test (Figure 6-9b). This quantity is
based on the difference between the measured inflow and outflow amounts in Appendix
10. This is assumed to be a reasonable means of estimating seepage since prior to
leakage development, almost 100 % of the inflow volume was flowing directly through
the test chamber to the outer face of the backfill assembly.
Event 6
At 120 h 10 min both the inflow and outflow rates experienced a sudden rise of 0.090.12 l/min. The inflow rate increased from 0.15 l/min to 0.24 l/min and the outflow rate
from 0.10 l/min to 0.22 l/min in a time frame of only minutes. This was attributed to an
excessive manual adjustment of the constant flow valves at the back of the tunnel. After
this adjustment and until the end of the test, the inflow rate gradually decreased with a
few upwards spikes caused by the adjusting of the constant flow valve. The outflow rate
closely matched the changes in inflow, because the outflow of water had shifted to the
top pellet layer. Hence, water was now flowing directly out of the face of the backfill to
the collector tray with no formation of puddles on the drainage ramp leading to the
collection tray.
Event 7
After the drop in pressures in TPC0 and TPC1, pressures at TPC2 (location: right – just
above base level, Figure 5-6) climbed gradually from 8 kPa to 18 kPa by 143 h 35 min.
The rest of the gauges demonstrated pressures of well below 5 kPa until the end of
recording. At 143 h 35 min, the recording of pressures was interrupted when the laptop
responsible for running the recording program crashed. No subsequent data of pressures
in the tunnel is available.
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Figure 6-8. 42 h 46 min. No significant amount of erosion occurred after this point in
testing. Most of the eroded clay is behind the grid, with some on the left and right sides
of the drainage ramp.

Event 8
The test was concluded on Sunday 10.10.2010 at 11:20 after 243 h 50 min of testing.
The average inflow rate was 0.164 l/min. The dry weight of eroded clay was measured
as 63 kg, which constituted of 34 kg of clay gathered from the drainage ramp and 29 kg
from the collector tray. The eroded clay behind the steel grid was not included in the
weight, as the mass was indistinguishable from the actual face of the backfill, and the
front of the backfill collapsed after removing the steel grid. The eroded clay material
seemed to be an even mix of both block and pellet mass throughout the test, as
concluded from the color of the accumulated clay and the presence of crumbs, which
were a component in the Friedland blocks.
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Figure 6-9a. Crumbs and fines of the eroded clay on the
front ledge.

Figure 6-9b. Water leaking
from underneath the back
wall.

Figure 6-10. The eroded material collected from the drainage ramp at the end of the
test.
6.3.2

Disassembling the backfill

Disassembling was commenced on Monday 11.10.2010 and it lasted 2.5 working days.
The backfill was excavated from the test tunnel in five sections according to the
predetermined disassembly plan (Appendix 5). A standard disassembly rate was 0.5
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working days per section, when no unanticipated obstacles emerged during the
operation. This was true for all the tests in the series.
Once the supporting steel grid was removed from the front of the tunnel (Figure 6-11a),
the clay front collapsed under its own weight within minutes (Figure 6-11b).
Photographs of the front were taken before the collapse and the observations made were
used in evaluating the test (Figure 6-12).
It was observed that the entire downstream face of the backfill was moist, and in direct
contact with the restraining steel grid installed prior to water being supplied to the test.
There were no visible single flow channels exiting the face although the sedimentation
patterns visible on the photograph indicates that there were two preferential drainage
paths down the face of the test. The accumulated clay behind the steel grid masked the
initial face of the backfill blocks and subsequent swelling of these blocks made
differentiation between eroded materials and blocks in this region problematic. This
meant that weighing the amount of eroded material deposited at the face of the test
assembly was not possible.
The end-of-test boundaries between different materials were apparent from the coloring
on the cross-sectional view of the backfill front. The sediment deposited between the
blocks and steel grid displayed classic accretional sedimentation. Clay was deposited in
bedding layers higher and higher on the face as time progressed. This meant that the
limits of the accumulated erosionally-deposited block and pellet clay against the initial
face of the backfill were clear-cut.
Accumulation of clay had reached just below halfway of the height of the block
assembly on the left side of the tunnel and approximately ¾ of the height of the block
assembly on the right side. The mass of accumulated clay against the face of the backfill
was comprised of strata, which were of different color and inclined downwards from the
central part of the face towards the outer edges as seen in Figure 6-12. The difference in
and distribution of strata colors suggest and confirm the previous conclusion that the
eroded clay in the test consisted of both block and pellet mass. This can be determined
as moist block mass is distinguishably darker than light brown pellet mass. Secondly,
the inclinations of the strata clearly suggest that the main outflow channel(s) of the clay
was situated approximately on the block-pellet boundary along the central-to-right side
of the top block row. The slopes of accumulated clay begin from this point and flow
down to each side of the tunnel.

48

Figure 6-11a. Removing the steel grid.

Figure 6-11b. The face of the backfill
collapsed after removing the steel grid.

Figure 6-12. The intact face of the backfill before it collapsed.
Section 1
After the collapse of the front of the backfill, the wet clay was shoveled off the drainage
ramp and backfill from the tunnel was removed until Section 1 was reached (Figure 613a). In Section 1 the entire pellet layer around the block assembly was wet. The blocks
on the bottom row were also wet, but presumably due to moist eroded clay
accumulating and pressing against it rather than water flowing through the base block
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layer during the test. The blocks on the left side and the central parts of the assembly
were reasonably dry. The top right side of the block assembly from the top row down to
the bottom of the third row had been continuously exposed to free water via the
sediment deposited next to them. The area in the pellet layer at the top of the assembly
was notably wetter than the surrounding pellet mass, but there was no visibly
discernable outflow channel. The water content seemed to gradually decrease with
lateral distance from the top-central region. This reinforced the notion that water passed
primarily through the top center-right- hand side of the pellet-block interface, but also
that the flow of water through the pellet layer was distributed along a broad area rather
than via a single clear-cut flow channel.
Section 2
In Section 2 (Figure 6-13b), the pellet layer was moist all-around, except for the bottom
left corner up until halfway up the second block row. The pellet layer was very wet on
the top across the length of the top four blocks, and even slightly wetter above the rightmost block on the top row, where water had penetrated 230-300 mm into the block
assembly. The left-hand side of the top-most layer of blocks had also been wetted.
Elsewhere in the block assembly conditions were very dry, and the blocks were in
pristine condition.
Section 3
In Section 3 (Figure 6-13c) changes to flow-through conditions relative to those
observed in Section 2 were minimal. The pellet layer was moist all-around the blockfilled volume, except this time the bottom right corner was dry up to the top of the base
block row. Some of these pellets were in their initial dry cylindrical shape. The pellets
in the crown region and especially the area above the highest block on the right side of
the block assembly were the wettest. Aside from minor water uptake at the clay block –
pellet contacts along the sides of the assembly and the top-most blocks, which were in
contact with the wettest portion of the pellet layer, the entire block assembly was dry.
Section 4
In Section 4 (Figure 6-13d), the water distribution trend remained the same as for
previous sections. Both bottom corners of the pellet layer were dry up to halfway up the
base block layer. The rest of the pellet layer was moist, but less so compared to the
preceding sections. The top pellet layer again had the highest measured water content,
but this time the area was evenly wet across the entire length of the top block row.
Compared to previously excavated sections, the wetting of the upper block layer was
not concentrated to the right side, but rather symmetrically across the face. Beyond in
the top row of blocks and minor perimeter moistening, everywhere else in the assembly
the blocks were completely dry. It should be noted that in the photographs of
Figure 6-13, any patches of apparent wetness visible on the face of the blocks were
transferred there during the disassembly process and do not represent actual wet spots.
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Section 5
The final profile, Section 5 (Figure 6-13e) was essentially the same in terms of its
condition as was observed for Section 4. Both bottom corners of the pellet layer were
dry to the extent that dry cylindrical pellets were still present in their original shape. The
pellet layer above the top block row was the wettest with the right side just slightly
more so than the left half. Blocks in this section were as dry as elsewhere in the backfill
in this test, with the blocks on the top row bounding the pellet layer having been wetted
most extensively. As with Section 4, where the blocks had been wetted symmetrically
on both sides of the top row, Section 5 showed the same pattern, although the depth of
wetting into the blocks was slightly greater.

Figure 6-13a. Section 1, FrFt7.

Figure 6-13b. Section 2, FrFt7.

Figure 6-13c. Section 3, FrFt7.

Figure 6-13d. Section 4, FrFt7.

Figure 6-13e. Section 5, FrFt7.
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6.4
6.4.1

Friedland Open-Front 1 (FrOF1) Test
Performing the open-front test

FrOF 1 assembly was accomplished as shown in Appendix 8. It was intended to use a
3.5 % TDS solution as the permeant but the actual salinity was only 2.66 % TDS
(measured during test operation) due to an error in solution-mixing prior to test
initiation. Water inflow was adjusted via constant flow valves to a total flow rate of
0.25 l/min from two parallel feed pipes with each supplying 0.125 l/min. Both valves
had to be constantly monitored and readjusted to maintain the proper flow rate and
when unmonitored the supply rate tended to decrease. As a result, the water inflow rate
over the entire duration of this test was on average 0.140 l/min rather than the desired
0.25 l/min.
All the events of the test are detailed in Table 6-4 with the major events highlighted by
bolding of the text. Some of the key observations made in the course of testing are
discussed more comprehensively in this Section. The swelling pressure inside the tunnel
was recorded once every minute by six TPCs placed on the right side of the tunnel
central axis.
This test was initiated on Friday 11.06.2010 at 13:16 and the following major
events/processes were noted:
Event 1
After test initiation, there were no immediate indications of water passage or
deformation on the tunnel face. As assessed from photographs taken once every 5
minutes throughout the entire duration of the test, the first signs of surface wetting
appeared after 11 h 25 min.
Event 2
Minor water outflow through the horizontal block seams near the base of the assembly
and central region commenced 10 min later at 11 h 35 min (Figure 6-14a). Slight clay
accumulation onto the left side of the base began 45 minutes after this at 12 h 20 min,
emanating from under the base block layer (Figure 6-14b). The tunnel face was
completely intact at this point.
At the same time with the first signs of surface wetting, the pressure climbed in TPC1
from 0 kPa at 10 h 00 min to 32 kPa at 13 h 00 min (Appendix 11). Hereafter, the
pressure in TPC1 steadily rose until the end of the test, but at a more gradual rate,
peaking at 70 kPa at the end of the test. Pressure in TPC2 generally followed the trend
seen in TPC1 during the first 60 hours of testing, but after peaking at 39 kPa at 54 h 00
min, it steadily decreased until reaching 0 kPa by 174 h 00 min. The rest of the TPCs
recorded a more or less steady pressure of less than 15 kPa throughout the duration of
the test.
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Table 6-4. Key events in test FrOF1.
Time [hh:mm]
Event

From

Until

State of open
front / rate of
erosion

0:00
1

2

Intact

First signs of minor wetting of exterior blocks. Third
row, center, two separate vertical seams.

11:35

Intact

Minor streaming of water onto the drainage ramp.
Horizontal seam between the 1st and 2nd row - three
locations in the center and the fissure between the floor and
the bottom row.
Figure 6-14a

12:20

Intact

Clay accumulating on the left side in front of the backfill.

Intact

Water leakage shifts to the center again, multiple sources.
Horizontal seam between the 1st and 2nd row - width 10
blocks.

Figure 6-14b

Minor

Steady accumulation of clay on the left side,
predominantly pellet mass.

Figure 6-14c

11:25

13:10

29:25

Top three rows swollen 10 mm from original vertical
position.

26:44
29:25

4

Minor
36:25

Non-existent

36:25

41:00

Moderate

Saturated interior block mass gushes out from a flow
channel. Second row, first block from the left.

Figure 6-14d

41:00

42:30

Minor

Flow channel and clay outflow become less active.

Figure 6-14e

Minor

New flow channel emerges. Behind the 1st block on the 3rd
row.

Moderate

Brisk accretion of clay, primarily pellet mass.

42:30

45:05

44:44
45:05

Water/clay overflow onto the test facility floor.
55:00

55:00

Minor

Clay accumulation decreases, but remains steady.

Minor

The second block on the 3rd row falls off.
Clay accumulation spikes. Outflow from behind third row,
second block from the left.

56:35

59:38

Moderate

59:38

72:13

Non-existent

68:44
72:13

73:38

Minor

73:38

79:08

Non-existent

79:08

Minor
82:13

82:13
82:13
84:38

Figure 6-14f
Excess clay on the drainage ramp is shoveled into a bucket.

79:08

6

The first block on the 2nd row falls off.

29:25

42:30

5

Reference

Water supply on - commencement of the test

12:35
3

Observations / location of observations

Minor
Moderate

84:38

The third block on the 3rd row falls off.
Three blocks fall off. 3rd row, block 4; 4th row, blocks 1 &
2.
Figure 6-15a

Minor
Power failure. Measuring devices, camera and water
inflow offline.
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7

8

93:57

Power restored. Test resumes as normal.

94:00

Excess clay on the drainage ramp is shoveled into a bucket.

112:10 115:40 Major

A major flow channel is revealed, ensued by block
material erosion. Upper right-hand corner of 2nd block on
2nd row.
Figure 6-15b

115:40 236:55 Non-existent

No radical changes, constant accumulation of clay (mainly
pellet).

Figure 6-15c

213:38 236:55

Pressure measurements are interrupted.

Appendix 11

Water supply off - end of the test

Figure 6-15d

238:32

Event 3
The first minor surface erosion on the tunnel face occurred at 13 h 10 min, when a small
chunk of pellet mass fell from the upper left corner (Figure 6-14c). This was followed
by steady minor clay accretion until 36 h 25 min (Figure 6-14d), originating essentially
from the area concentrated around the block and pellet mass boundary on the far left
from base to second row level. This initial erosion material was predominantly pellet
mass, as inferred by its color and texture.
Event 4
At 36 h 25 min, there was a relatively swift removal of clay from the previously noted
outflow point on the leftside of the assembly. This lasted approximately 4.5 hours
(Figure 6-14d). The eroded material was mainly block mass from the interior sections
of the backfill. This was followed by a short period (1.5 h) of reducing erosion rate,
until at 42 h 30 min when there was another surge in clay outflow, which persisted for
2.5 hours. Each of the TPCs registered this surge as a 2-10 kPa drop in the pressure they
had been registering. This time the eroded material was primarily pellet mass. The
erosion from this location decreased markedly for the next 11.5-hour period when
another spike in erosion was again noted at 56 h 35 min, which lasted for 3 hours.
Event 5
On Monday morning at 68 h 44 min into the test, it was observed that the left-front-face
of the backfill had clearly retreated from its initial location. By this time, it was evident
that the primary objective of the open-front test was achieved by a clear margin. The
primary objective was to assess the time it took for the open backfill front to sustain
such a degree of erosion that it would no longer be possible to continue installing more
backfill without the need to first comprehensibly repair the current backfill to ensure a
dense and stable enough backfill assembly in the tunnel once it was fully complete. The
backfill in test FrOF1 was well beyond this state by 68 h 44 min. The test went on
uninterrupted, however, for the purposes of assessing other objective parameters and
observations.
The erosion remained non-existent to minor, most likely due to a collapse on the left
side, which had a small open channel reaching deep into the backfill (unnoticeable in
photographs taken of the front face). This channel may have extended all the way to the
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left water point source. Much of the pellet mass in the roof section had also eroded
away by this time. Also, the backfill blocks near the left front had swollen from their
initial positions, especially around the horizontal seam between the second and third
rows on the left. These blocks seemed unstable and out of alignment as a result of the
expansion. The right side of the tunnel face was reasonably straight and no surface
erosion or water outflow was visible.

Figure 6-14a. 11 h 35 min.

Figure 6-14b. 12 h 35 min.

Figure 6-14c. 13 h 10 min.

Figure 6-14d. 36 h 25 min.

Figure 6-14e. 41 h 00 min.

Figure 6-14f. 59 h 38 min.
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Event 6
At 84 h 38 min, the power failed due to a short-circuit in the clarification tank outflow
pump. Pressure measurements, scale recordings, photography and water inflow ceased
until power was restored at 93 h 57 min. Assessment of photographs and comparison of
TPC readings showed that this brief loss of water inflow and monitoring did not seem to
have resulted in any discernible change in the test setup.
Event 7
Beginning at 112 h 10 min the backfill experienced a steady, moderate-rate of block
material erosion from a newly revealed flow channel in the collapsed front for a 3.5 h
duration. This erosional event ended with a major collapse of both pellet and block
material from the back roof section of the backfill at 115 h 40 min (Figure 6-15b). After
this occurrence the rate of erosion was very low until close to the end of the test (Figure
6-15c). It is presumed that this is due to the erosion reaching the water point sources at
the back, and as a result, the inflowing water was flowing straight down the collapsed
slope on the left tunnel face. It was, however, unclear how far to the right the erosion of
the pellet mass in the roof section had progressed.
Event 8
The test was ended on Monday 21.6.2010 at 09:13 after a total elapsed time of 238 h
32 min (Figure 6-15d). At this point, the left brim of the drainage ramp was
overflowing. The floor in the immediate vicinity of Test Tunnel #1 was covered with
water and clay, as was some of the electric wiring that was in contact with the floor.
This resulted in loss of functionality of the laptop computer responsible for recording
the sensors at 213 h 38 min.
Clay accumulation seemed to follow a pattern in the course of this test. Generally the
accumulation was steady and only minor, but it built up to 2 to 4 hour spikes in outflow
at certain intervals. These moderate erosion phases were consistently preceded by the
collapse of blocks at the tunnel face and the development of a flow channel behind
those blocks.
After the test was ended, the remaining clay in the collector tray was transferred into the
clarification tank for drying and weighing. The total dry weight of the eroded clay was
282 kg.
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Figure 6-15a. 82 h 13 min.

Figure 6-15b. 115 h 40 min.

Figure 6-15c. 156 h 00 min.

Figure 6-15d. End of the test after 238 h
32 min.

6.4.2

Disassembling the backfill

The disassembling was completed as three sections of the backfill (Appendix 6) and
samples were collected from each section. With the exception of a few obviously dry
locations, samples were taken from practically every marked spot on the sampling plan.
Photographs and infrared photographs were also taken of every section. The
disassembly process lasted 1.5 working days. The face of each of the sections is
presented in Figure 6-16. The infrared photographs associated with them are presented
in Appendix 12.
The collapsed left front portion of the test (Figure 6-16a), made it impossible to obtain
the full suite of samples and photographs planned for each section. Hence, as the
disassembling progressed, the collapsed left side was trimmed to a near vertical wall,
which roughly followed the side profile of each section. The removed block and pellet
material that was not in its as-placed location was considered eroded substance and was
collected for drying and weighing. The samples from the collapsed area were taken
from the exact location marked on the sampling plan without consideration of the
original position in the backfill that they may have occupied. This was particularly the
case for the base block row on the left front half of the assembly.
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Section 1
Section 1 revealed an approximately 200 mm (height) × 750 mm (width) open channel
in the pellet mass in the upper left roof section (Figure 6-16b). The channel reached the
back wall and extended from the left water point source to nearly the top of the tunnel
arch. On the edge of the right-most block on the second row and the pellets, there were
traces of a flow channel with a diameter of 30 mm, presumably formed during the first
13 h of the test when there was some outflow from the center of the assembly. About 12
blocks from the left of the third row in Section 1 were missing due to overdisassembling.

Figure 6-16a. Section 1 of FrOF1 test.

Figure 6-16b. Section 2 of FrOF1 test.
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Figure 6-16c. Section 3 of FrOF1 test.
Section 2
As dismantling progressed to Section 2, the boundary between dry and wet areas
became more distinctive (Figure 6-16b). The open channel was measured to have
increased its dimensions to 210 mm (height) × 1010 mm (width). The conditions inside
the assembly in the center and right were almost completely dry. In these areas,
however, there were signs of past minor wetting, which had already dried out and
consequently some thin slices had crumbled off from the surface of a few blocks.
Section 2 revealed a distinct horizontal water path on top of the fourth row from the
right point source to the left side (Figure 6-18). This accompanied the observation that
the erosional gap evident on the left side of the backfill extended to the right as a
channel until just past the crown of the tunnel. It is evident that the water from the right
point source united with the water from the left point source at the top of the assembly
in the roof section. The resulting combined flow caused more active erosion of backfill
material from the left face of the assembly, and consequently carved a large cavity on
the top.
Section 3
The observations and measurements made of the deepest section, Section 3 (Figure 616c) substantiated the notion that the water travelled to the top of the assembly along
the pellet layer and that the lower parts remained dry. In Section 3, all the blocks and
pellets up to the second row level were completely dry. Most of the upper back wall was
initially covered in moist pellets, but because of a lack of support during the
disassembly much of it fell down onto the floor in front of it. Of particular note was that
the regions nearest to the two water point sources were moist. The pellets at the back of
the two block rows in Section 3 were, however, dry and in their original form, as were
all of the blocks. Samples of both pellets and blocks were gathered according to the
sampling plan presented in Appendix 7. The water distribution pattern for FrOF1 is
presented in Appendix 16.
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Figure 6-17a. Eroded
block and pellet mass on
the left side.

Figure 6-17b. Open gap in the pellet mass in the roof
section.

Figure 6-18. Close-up view of Section 2.

6.5
6.5.1

Friedland Open-Front 2 (FrOF2) Test
Performing the open-front test

The block placement details for FrOF2 are provided in Appendix 8. To capture the
entire evolution of the test, a camera was fixed on a tripod in front of the test tunnel and
set to automatically take photographs once every 3-5 minutes for the entire duration of
the test.
This test was initiated on Wednesday 1.12.2010 at 14:40 and the constant flow valves
on each inflow feed pipe were then adjusted to the target inflow rate of 0.125 l/min in
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each of the two pipes supplying the descrete wetting points (total target inflow rate was
0.25 l/min). However, the pressure exerted by the wetting clay pressing against both of
the point sources in the tunnel reduced the total inflow rate to approximately 0.20 l/min
within four hours after test initiation (Appendix 9). After this point, the inflow rate was
steady for the remainder of the test (average inflow rate of 0.197 l/min was recorded).
This inflow rate was one of the highest achieved in the test series and provided the most
consistent inflow rate.
All the observed events associated with the test are listed in Table 6-5. The sequence of
events and system evolution have been compiled from photographs, in-situ
observations, notes, weights on erosion, and recordings of pressure as well as inflow
and outflow rates. The major developments in the course of test operation are numbered
and highlighted in bold in Table 6-5 and detailed descriptions of these events are
provided below:
Event 1
Pressures registered by the six TPCs remained well below 10 kPa during the first six
hours (Appendix 11). After this point, pressure readings of TPCs 0, 1, 2 and 4 rose
rapidly and, at 19 h 25 min, peaked at 102, 108, 100 and 59 kPa, respectively. TPCs 3
and 5 did not show this behavior and continued to show low pressures.
Event 2
Shortly after 19 h 25 min the pressures in each of the four TPCs noted above began to
decline, water began to exit from the face of the backfill (at 21 h 45 min; Figure 6-19b).
The outflow occurred at the top right-hand side in the boundary between the pellet layer
and the tunnel wall. The eroded clay carried by the exiting water was solely pellet mass,
but as the outflowing water moved down the face of the backfill, block material was
mechanically removed from a broad area. A visual examination of the eroded clay
indicated that the eroded material was of approximately equal amounts of pellet and
block material. This quantification was based on the differences in the color of the wet
clays (dark or granule-containing clay denoted block material and light brown clay
pellet mass).
Event 3
The initial outflow persisted until 25 h 54 min, when the flow channel rather abruptly
dried up. For 1.5 hours there was no activity in the front of the backfill. As pressure
readings from within the backfill indicated, however, from 26 h 00 min onwards total
pressures at the pellet-concrete contact again rose rapidly. Most notably TPCs 0, 1, 2
against the pellet layer registered the sharpest increases with maximum values of 58, 60
and 54 kPa, respectively, at approximately 27 h 00 min.
Event 4
At 27 h 26 min, a new flow channel developed in the center of the pellet layer at the
crown of the test chamber. Water was flowing out from the boundary between the pellet
layer and the tunnel wall. The flow channel carried exclusively pellet mass from within
the backfill, but the resulting accumulation of eroded clay on the drainage ramp was
mainly block material. This was due to the fact that as water streamed down the face of
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the block assembly, the stream eroded the surface of the blocks for the entire height of
the assembly. The exiting water mechanically eroded a deeper and deeper channel on
the downstream face as the test progressed. At this point in the test, the width of block
erosion in the front was roughly four blocks or 300 mm. The face of the backfill could
no longer be defined as being intact.
The outflow rate of both water and clay during this period was substantial, but this was
not evident from the outflow rate graph recorded for this test (Appendix 9). As clay was
primarily collecting on the drainage ramp as a mound at the face of the backfill
assembly measurement of water flow and erosion rate was problematic. Water gathered
as small puddles on the eroded clay at times or its path to the collector tray was
obstructed completely by the heap of eroded clay. Hence the variability in the outflow
rate throughout the test.
Event 5
At approximately 44 h 57 min into the test (Figure 6-19d), the water exiting the face of
the block assembly began to concentrate along a narrower section of the block
assembly. This resulted in less block material eroding away and the formation of clearcut trough, which sharply cut into the backfill and became ever-deeper as the test
progressed. As visually observed, roughly 2/3 of the eroded clay was block material at
this time. The outflow of both water and clay remained high.
Table 6-5. Key events in test FrOF2.
Time [hh:mm]
Event From

Until

State of open front / rate of
erosion

0:00

Observations / location of observations

Reference

Water supply on - commencement of the test

1

19:25

Intact

Pressure in all gauges peak. Maximum value
108 kPa.

2

21:45

Intact

Water outflow begins. Boundary between
pellet layer and tunnel wall on the top right.

3

21:45

25:54

Intact. Major water outflow, Water flows down the face of the backfill.
moderate backfill erosion.
Erosion mainly pellet mass.

3

25:54

27:26

Intact. No outflow.

3

27:00

Pressure in all gauges peak. Maximum value
60 kPa.

27:26

Major.

New outflow channel. Water flows down on
broad area. Erosion mainly block material.
Pellet layer, dead center on the top, boundary
between pellet layer and tunnel wall.
Figure 6-19c
Water carves a clear-cut trough into the front
of the block assembly as it flows down.
Roughly 2/3 of erosion is block material.

Figure 6-19d

Pressure measurements are interrupted.

Appendix 11

4

44:57

5

44:57

55:03

Major.

6

55:03

67:36

Moderate water outflow.
Minor backfill erosion.

6

59:04

93:38

Appendix 11

Figure 6-19b

Appendix 11
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Erosion decreases as the trough gets
Moderate water outflow. narrower and deeper - less block surface to
Steady moderate to minor erode. Erosion predominantly block
184:35 clay erosion.
material.

7

67:36

7

69:30

Eroded clay is removed from the drainage
ramp.

Figure 6-19e

8

93:30

Collector tray clogged. Eroded clay is
removed from the drainage ramp.

Figure 6-19f

8

118:22

Collector tray clogged. Eroded clay is
removed from the drainage ramp.

Figure 6-20a

8

136:25

Collector tray clogged. Eroded clay is
removed from the drainage ramp.

Figure 6-20b

8

146:42

Collector tray clogged. Eroded clay is
removed from the drainage ramp.

8

161:32

Collector tray clogged. Eroded clay is
removed from the drainage ramp.

8

169:13

Collector tray clogged. Eroded clay is
removed from the drainage ramp.

9

184:35

Water supply off - end of the test

Event 6
From 55 h 03 min to 67 h 36 min, the outflow of water seemed to reduce slightly and
erosion diminished. Pressures at the beginning of this time period seemed to be
sustaining low values of below 30 kPa, but as the recording of pressure readings was
interrupted by the crash of the laptop responsible for the recording program, no pressure
data is available between 59 h 04 min to 93 h 38 min. The trend in pressures before and
after this interruption seems to indicate, however, that there were merely modest
changes in pressures and all the gauges were likely measuring pressuresbelow 30 kPa
values.
Event 7
From 67 h 36 min until the end of the test the outflow of water remained essentially
constant at a moderate rate. The rate of clay erosion seemed to gradually decrease from
an initial moderate rate to only minor erosion as the test progressed. The eroded clay
also seemed to have a greater water content during the later half of the test. The erosion
was predominantly block material.
Event 8
For the remainder of the test, clay was shoveled off the drainage ramp and vacuumed
out of the collector tray regularly. This was done because the accumulating clay in the
collector tray clogged the pump which transferred water and clay from the collector tray
to the clarification tank. Clay was shoveled off the inclined portion of the drainage tray
for the first time at 69 h 15 min and also later at 93 h 29 min. As the exiting clay/water
mix became more fluid (lower solid to water ratio) it was vacuumed out of the
collection tray (at 118 h 22 min and 136 h 22 min), leaving a clear face (as can be seen
in Figure 6-20).
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Event 9
The test was concluded on Thursday 9.12.2010 at 7:15 after 184 h 35 min of testing. A
total dry weight of 440 kg of backfill had eroded away, which constituted 4.9 % of the
initial dry weight of the backfill.

Figure 6-19a. The face of the backfill at the Figure 6-19b. 22 h 09 min. Water breaching
time of test initiation.
through the face of the backfill.

Figure 6-19c. 29 h 39 min.

Figure 6-19d. 44 h 57 min.

Figure 6-19e. 70 h 08 min. The face of the Figure 6-19f. 93 h 41 min. The face of the
backfill after removing eroded clay.
backfill after removing eroded clay.
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Figure 6-20a. 118 h 47 min. After
removing eroded clay.

6.5.2

Figure 6-20b. 136 h 32 min. After
removing eroded clay.

Disassembling the backfill

The disassembly of the backfill was accomplished in 2.5 working days. Backfill was
removed from the tunnel in five sections according to the disassembly plan (Appendix
5) and are presented in Figure 6-21. Photographs and infrared images were taken of
every section. Water content samples were gathered and the results of all these
observations and measurements were combined to form a water distribution pattern
(Appendix 17).
Aside from the obvious erosional channel and deep trough in the middle of the backfill
(Figure 6-21a), it was noteworthy that the entire face of the non-affected backfill was
extremely dry. The pellet layer was crumbling, the outside edges of the trough were dry
as the stream of water had moved deeper into the backfill and concentrated in a smaller
region during the first half of the test (Figure 6-21b). A large proportion of the exposed
face of the pellet layer was also coated with a white substance which was most likely
salt from the saline inflow water. The lower half of the face of the base block layer was
wet as eroded clay had accumulated against it during the test (Figure 6-21a).
The width of the main flow channel in the top-center pellet layer was 210 mm on the
face of the backfill. The pellets to its left had been wet earlier in the test, so that the
formerly wet area in conjunction with the flow channel measured 300 mm in width. The
pellets to the immediate right of this flow channel were extremely dry. The vertical
trough, which had been carved into the block assembly directly below the top-center
flow channel, measured 150 mm in width on the second block row level. The width of
the block area, which had wetted around the trough during the course of the test, was
550 mm on this same level. The dimensions of a second flow channel in the upper righthand side of the pellet layer were 60 mm in width and 160 mm in height.
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Wet Pellets
Eroded channel
Dry Pellets
Eroded vertical channel
in face of blocks
Deposited erosional
materials
Region wet by contact
with eroded clay and
outflow water

Figure 6-21a. Section 1, FrOF2.

Figure 6-21b. Section 2, FrOF2.

Figure 6-21c. Section 3, FrOF2.

Figure 6-21d. Section 4, FrOF2.

Figure 6-21e. Section 5, FrOF2.
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Figure 6-22a. The trough on the face of
the backfill. Note also white salt residue.

Figure 6-22b. The trough in Section 1.

Section 1
In Section 1 (Figure 6-22) behind the face of the backfill, the extent of water
penetration into the block assembly was revealed. The top flow channel measured a
width of 220 mm. Pellets surrounding the flow channel were dry, even in their original
cylindrical shape, suggesting they had never been in contact with water. The trough
below the flow channel’s exit location was very clear-cut, slicing through the rows of
blocks sharply. The trough’s width measured 120 mm on top of the third row, 80 mm
on top of the second row and 190 mm on top of the base block row. On each side of the
trough, the blocks presented some indications of having been wetted earlier on in the
test, but were now completely dry. Outflowing water had clearly not remained in this
section of the backfill, but flowed straight down the face of the backfill with minimal
retention.
The entire pellet layer was dry, with the exception of the missing area of pellets in the
location of the top flow channel and its immediate surroundings. The very bottom-most
edge of the base block layer was also moist, due to the accumulation of eroded clay on
the drainage ramp during the test.
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Section 2
In Section 2 (Figure 6-21b), the top flow channel measured 210 mm in width and still
extended from the top of the block assembly to the tunnel roof (Figure 6-23a). There
was no eroded trough to be found in the face of the blocks, but rather a wetted patch,
which was located in line with the trough observed in Section 1. The wetted patch
began at the same elevation and location as flow channel, and extended down the face
of the section, ending just short of the base of the tunnel in the base block row. In width,
it measured 220 mm on top of the top row, 150 mm on top of the third row, 140 mm on
top of the second row, and 205 mm on top of the base block row (Figure 6-23b).
The uppermost block row and the row below it showed signs of having been wetted at
some point in the test, but were not being supplied with water at the time of test
conclusion. The base and second row blocks were predominantly dry throughout with
only minor evidence of early, short-term wetting visible.
Pellets in the immediate vicinity of the flow channel as well as to the right side on the
top were moist. Also most of the pellet fill to the left of the flow channel had been
extensively wetted.
Section 3
In Section 3 (Figure 6-21c), the observations made were consistent with those for
previously excavated sections The wetted patch of blocks underneath the main flow
channel and behind the erosional channel down the face of the backfill extended
vertically to the base block row at this location. In width, it measured 410 mm on top of
the top row, 240 mm on top of the third row, 370 mm on top of the second row, and
260 mm on top of the base block row. All the rest of the blocks in the section were dry
and apparently unaffected by water inflow, with only a handful of blocks on the top leftand right-hand side with edges wetted against the pellet layer.The flow channel in the
pellet layer at this location within the backfill measured 300 mm in width (Figure 623b), and the back wall of the test tunnel was already visible through it. All the pellets
above the top of the third block row had undergone wetting with the exception of a strip
of dry pellets on the top right above the top block row (seen as a lighter patch in Figure
6-23b).
Section 4
In Section 4 (Figure 6-21d), the observations of the face were the same as in Section 3.
The patch of wetted blocks underneath the flow channel did not however penetrate as
deeply into the block assembly in this section. In width, the wet patch measured
350 mm in the middle of the top row, 240 mm on top of the third row and 320 mm on
top of the second block row. Wetting did not extend beyond halfway through the second
row. The numbering of the rows is in increasing order toward the top of the tunnel.
The remainder of the blocks in Section 4 and the pellet layer had the same pattern of
wetting and erosion as seen in Section 3. The flow channel was 420 mm in width
(Figure 6-23c). Directly behind Section 4, the pellet layer had been completely eroded
away on the left side of the tunnel. A portion of the upper block assembly had also been
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eroded away (Figure 6-23d). The pellet layer behind the thin slice of pellets visible on
the top left was essentially hollow.
Section 5
In Section 5 (Figure 6-21e), blocks in the three lowermost rows were dry, except for
some wetting of edges on the left boundary next to the pellet layer on the second and
third row. On the uppermost row of blocks, two blocks on the left had been wetted
along the length of their contact with the pellets. To the right of the tunnel centerline,
the uppermost block layer showed signs of having been wetted earlier on in the test, but
were now dry. The pellet layer was moist from the third block row up from the tunnel
floor on the left all the way to the top of the third row on the right. There was long strip
of dry pellets bordering the block assembly on the top right-hand side. The wettest
pellets were next to both water point sources and at the crowm of the tunnel.

Figure 6-23a. The flow channel in Section 2.

Figure 6-23b. The flow channel on the top in
Section 3.

Figure 6-23c. A closer view of the top pellet Figure 6-23d. The top pellet layer had been
layer in Section 4.
completely eroded away behind Section 4.
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6.6
6.6.1

Friedland Saturation (FrSAT) Test
The foundation bed layer

The FrSAT block assembly was constructed as illustrated in Appendix 8. The
foundation bed layer was built in the manner described in Section 5.3 and provided a
base that was slightly inclined rather than completely level, on which the blocks were
then installed. The as-built inclination of the foundation bed in this test is presented in
Figure 6-24.
FrSAT Foundation bed inclination

Front measurement

Thickness of foundation bed [mm]

60

Middle measurement
Average inclination

50
40

40,4

30

27,8

20
10
0
0

500

1000

1500

2000

2500

3000

Measuring point [mm]

Figure 6-24. Cross-section of the foundation bed layer. The inclination was measured
as the average of the two series of thickness measurements (Appendix 3). The x-axis
represents the front view or width of the tunnel from left to right.

6.6.2

The saturation phase

The FrSAT test was initiated on Tuesday 20.7.2010 at 15:10. The gap between the
saturation door sealing the front face of the test tunnel and the face of the backfill inside
the tunnel was completely filled with 1145 l of 3.5 % saline water through the upper
water inlet. The level of rising water in the empty void was monitored using a
transparent hose that connected the upper and lower inlets. Once the void was full of
water, the upper inlet was connected to the water supply tank residing on top of the test
tunnel (Figure 6-25a). The valve on the supply tank was left open so that water could
flow, under gravity from the upper inlet straight into the initially water-filled gap at the
front of the test tunnel. The final step in test startup was to fill the supply tank to its
mid-height (a body of water of a height of 365 mm within the supply tank) with 44 l of
3.5 % saline water. A combined total of 1189 l of saline water was pumped into the
empty void inside the tunnel and the supply tank in connection with the commencement
of the saturation phase.
During the saturation phase, as water was absorbed into the backfill inside the tunnel,
the water level inside the supply tank decreased. The changing level was measured
twice a day, and the measurements were compiled into graphs of both the amount and
velocity of water absorption as a function of time during the test (Appendix 11). When
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the water level inside the supply tank had fallen to not more than 85 mm from its
bottom, more saline water was pumped into the tank. The level of water was maintained
between 85-365 mm. This meant that the initially-open gap at the face of the backfilled
tunnel was kept supplied with water for the entire duration of the test and no desiccation
of this region would occur. This supply tank outlet was located 2040 mm (540 mm to
the inner surface of the crown of the tunnel) above the base of the test tunnel, and so in
theory the water pressure in the test tunnel could reach 5 – 24 kPa (a hydraulic head of
0.54 – 2.41 m). FrSAT differed from previous tests in that electrical resistivity
measurements were performed once a week on two survey lines in order to monitor the
propagation of the saturation of water into the backfill. It turned out that most of the
electrodes were either not adequately in contact with the backfill or the backfill was too
dry to conduct a current in-between electrodes. This meant that little useful information
was collected from these sensors in this test. At the time of backfill removal these
sensors were carefully examined by an electrician who concluded that two electrodes in
Survey Line 1 and six electrodes in Survey Line 2 were inoperable out of a total of 32
electrodes on each survey line.
The laptop responsible for running the TPC recording program also experienced
operational difficulties and crashed occasionally, interrupting the recording of the
pressures. Most of the interruptions endured a few hours during the night, and the laptop
was rebooted in the morning. All interruptions that extended over 12 hours are listed in
Table 6-6.
All the events during the saturation phase of FrSAT are listed in Table 6-6. Those
events of particular importance to system evolution and backfill behavior are listed in
Table 6-6 and are discussed in more detail below.
Table 6-6. Key events in the FrSAT saturation phase.
Time [hh:mm]
From

Until

Event

0:00

Commencement of the test

42:00

Very minor leakage of water from the seam of the 1st and 2nd
concrete arch slabs on both sides of the tunnel. No action
necessary.

174:15

209:10

Pressure gauge measurements interrupted

234:13

311:42

Pressure gauge measurements interrupted

408:08

473:03

Pressure gauge measurements interrupted

498:00
653:23

667:06

738:10

Reference

Appendix 11

Installation of a scaffolding on top of the tunnel. Drilling
vibration. An abrupt surge in water absorption.

Figure 6-25b

Pressure gauge measurements interrupted

Appendix 11

Drilling punctures into the tunnel to seal leaking with
polyurethane injections.

Figure 6-26a

834:24

856:56

Pressure gauge measurements interrupted

Appendix 11

888:52

904:19

Pressure gauge measurements interrupted

Appendix 11
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910:50

Applying of concrete-based insulator to patch leaking.

977:45

Total of 40 l of water has leaked out since commencement of test.

1060:43

1071:59 Pressure gauge measurements interrupted

1077:15

Total of 7.2 l of water has leaked out since 977:45.

1144:00

An abrupt surge in water absorption. Cause unknown.

1255:49

1312:09 Pressure gauge measurements interrupted

1863:54

1985:02 Pressure gauge measurements interrupted

2044:50

2152:14 Pressure gauge measurements interrupted

2265:40

2324:59 Pressure gauge measurements interrupted

2753:05

Appendix 11

Appendix 11

End of the saturation phase

Figure 6-25a. The water supply tank.

Figure 6-25b. A scaffolding installed
above the tunnel in order to support the
supply tank.

At 42 h into the test, it was noted that some moisture was seeping through the seam of
the two concrete arch slabs, which constituted the walls and roof of the test tunnel. The
amount of water was very minor, and no further action was taken to impede the
gathering of moisture.The pressures during the test are presented in Appendix 11. All
the TPC results are indicative of the combined hydrostatic and swelling pressures, not
exclusive to either one. Once the test was initiated, TPCs 12, 13 and 14 rose above 10
kPa during the first 12 hours. After this point, the trends in pressure were steady and
clear. TPCs 12 and 14 dropped to less than 10 kPa, and remained there for the duration
of the test, along with pressures in TPCs 10 and 11. The final pressures were 1.5, 2.8, 13
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and -12 kPa for TPCs 10, 11, 12 and 14 respectively.These values indicate that there
was little or no wetting in these locations and that the hydraulic head was not affecting
the region beyond where the initial system flooding at the front face occurred.
TPC 13 continued to increase for the duration of the saturation phase, reaching 50 kPa
at 233 h 50 min (9 days 17 hours). Gradually the rate of pressure increase stabilized so
that 70 kPa was attained at 822 h 04 min (34 days 6 hours) and 90 kPa at 1992 h 02 min
(83 days). The final pressure at the end of the test was 92 kPa. TPC 13 was located on
the base of the tunnel on the far right, and pressure there demonstrated considerably
higher values than anywhere else in the backfill at any point in the test. This indicates
that this region underwent wetting and some degree of localized swelling occured since
the maximum hydraulic head at this location would have been ~ 20 kPa.
TPC 15 was also located on the base of the tunnel, directly on the central axis (Figure
5-6b). Pressure here gradually but constantly increased from test initiation until 748 h
04 min (31 days 4 hours), thereafter maintaining a pressure of approximately 25 kPa
until it rose to 35 kPa a few hours before the conclusion of the test.
At approximately 498 h, a scaffolding was installed on top of Test Tunnel #2 to
facilitate the measuring of the water level in the supply tank (Figure 6-25b). Two holes
were drilled into the tunnel structure to fasten the platform. The consequent drilling
vibrations affected the backfill, in that water was momentarily absorbed at a much
higher rate (Appendix 11). The absorption velocity spiked from 0.1 l/h to 1.6 l/h.
The loss of water from the horizontal seams of the tunnel gradually increased until it
could be considered a minor leakage source rather than a small seepage feature as the
test continued (Figure 6-26a). At a steady rate of approximately 0.04 l/h, 40 l of water
had leaked out of the tunnel by 976 h (Figure 6-26b). The main source of the leakage
was the seam between the concrete base plate and the concrete arch slabs, but some
water was also exiting between the arch slabs themselves. Water was escaping out on
both sides of the tunnel at an equal rate.

Figure 6-26a. 546 h. Tunnel leaking from seam
between the base plate and the tunnel walls.

Figure 6-26b. No notable
leaking through the saturation
door.

73

Attempts to seal the chamber were made, the first at 738 h. Multiple small holes were
drilled into the sides of the tunnel until they intersected the base plate seam (Figure 627a). Polyurethane was then injected through these holes into the seam (Figure 6-27b).

Figure 6-27a. Drilling injection holes into the arch
slabs.

Figure 6-27b. Injecting polyurethane into the seam between the
base plate and arch slabs.

This was unsuccessful and leakage persisted after the injection operation, so a second
attempt at sealing was attempted. At 911 h, the entire length of the tunnel on both sides
was coated with hydraulic cement to seal all the seams (Figure 6-28a). Initially, water
seeped through the hydraulic cement, but once it hardened there was no significant
outflow of water during the remainder of the saturation phase (Figure 6-28b). Between
978 h and 1077 h, 7.2 l of water leaked out (loss of 0.071 l/h). After that, no water
escaped the tunnel at all.
The saturation phase of FrSAT was concluded on Friday 12.11.2010 at 08:15 after
2753 h 05 min (16 weeks 2 days 17 hours 5 minutes) of testing.
A total of 1601 l of saline water had entered the system (void and supply tank) during
the saturation phase. This includes the initial volume needed to fill the void and supply
tank in the first place, but excludes the approximately 48 l of water that leaked from the
test via joints. With this information, the amount of water absorbed into the backfill was
estimated at 412 l. This is the difference between the sum total of water passed into the
system (1601 l) and the initial volume of the water-filled system (1189 l). The average
rate of water absorption calculated from the water levels in the supply tank was
0.153 l/h. This rate was not constant, but rather decreased with time, as can be seen
from Appendix 13.
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Figure 6-28a. The seam between the base
plate and arch slabs was coated with
hydraulic cement.

Figure 6-28b. Hydraulic cement was
also applied to the seam between the
two arch slabs.

The final step in the saturation phase of this test was the removal of the water-tight door
at the front of the test assembly. After water at the front of the test tunnel (location
originally an open gap between blocks and door) was drained using a valve installed in
the saturation door, the door was unfastened and removed from the front of the tunnel
with a forklift (Figure 6-29a, Figure 6-29b). A rough estimate for the amount of water
removed is 604 l, which constitutes of 421 l pumped straight out of the lower inlet, 85 l
in buckets on the test facility floor, 60 l in the collector tray and 38 l in the supply tank.
A dry weight of 6 kg of clay was removed from in front of the steel grid, between grid
and sealing door (Figure 6-30). The clay between the steel grid and the base angle iron
(installed for the purpose of fastening the saturation door), was left in place. This was
done, because the seam between the stationery base angle iron and the base plate of the
tunnel was waterproof. Removing the clay from this area would have meant that
outflowing water during the upcoming flow-through phase would have collected behind
the angle iron and distorted the measuring of the outflow rate in the collector tray at the
end of the drainage ramp. Therefore, the layer of clay that had collected in the original
gap and above the angle iron was spread to provide a surface level with the top of the
angle iron.
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Figure 6-29a. Hoisting up the saturation door.

Figure 6-29b. Removing
the saturation door.

Figure 6-30. The amount of erosion in front of the tunnel after removing the saturation
door. Five different photographs scaled to fit together.
6.6.3

The flow-through phase

The flow-through phase of FrSAT was initiated on Friday 12.11.2010 at 10:25 (Figure
6-31a). Water inflow and outflow rates are presented in Appendix 9, water inflow and
outflow amounts in Appendix 10, and combined hydrostatic and swelling pressures in
Appendix 11. A camera was positioned to automatically photograph the front of the
tunnel every 5 minutes. Electrical resistivity measurements were not conducted in the
flow-through phase, as the measurements during the preceding saturation phase
indicated that the method did not present much useful data. The backfill was either too
dry or most of the electrodes were not in contact with the backfill to conduct a current.
All the events noted during the flow-through phase of the test FrSAT are listed in Table
6-7. The most relevant events are discussed in more detail below:
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Table 6-7. Key events of the FrSAT flow-through phase.
Time [hh:mm]
Event

From

Until

Water outflow Clay accumulation

0:00
1

70:35

3

83:26

4

5

88:00

None (from
the front).

The back wall is leaking.

94:16

None (from
the front).

None.

Pressures in all gauges suddenly
peak. Maximum pressure 168 kPa. Appendix 11

Major.

Minor to moderate.
Erosion from all
around the boundary Water and clay outflow begin at
88 h.
of the pellet layer
and wall.

237:05 Major.

Non-existent to
minor.

140:35 149:00 Major.

Non-existent to
minor.

Water is no longer flowing into the
collector tray. All outflow emanating from the back wall.

149:00 237.05 Major.

Non-existent to
minor.

All water is flowing out from the
front of the tunnel.

237:05

Figure 6-31b

Power outage. The inflow of water,
pressure recording and outflow
recording are restored in minutes.
The camera is restored at 94:16.

145:38 150:38
6

None.

Inflowing water flowing straight
out - initially from the front of the
tunnel, then increasingly through
the back wall. No significant
erosion of clay.

94:16

Reference

Water supply on - commencement of the test

23:35

2

Other observations

Pressure gauge measurements
interrupted.

Appendix 9

Figure 6-32a

Appendix 11

Water supply off - end of the test

Event 1
Once the test was initiated, water began seeping through the back wall from the seam
with the concrete arch slab at 23 h 35 min (Figure 6-31b). This was accompanied by a
distinct rise in pressure in all of the gauges commencing from 9 – 16 h into the test
onwards.
Event 2
A minute-long power outage at the test facility occurred at 70 h 35 min. The recording
of pressures and outflow as well as the inflow of water were restored immediately. The
operation of the camera was reset at 94 h 16 min.
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Event 3
All the pressures began to rapidly rise at 71 h 00 min, peaking at 82 h 00 min.
Maximum pressures for TPC 10, 11, 12, 13, 14 and 15 were 94, 106, 105, 168, 47 and
175 kPa, respectively. These were the combined hydrostatic and swelling pressure
values.
Event 4
At 88 h 00 min, water broke rapidly through the front of the backfill. The outflow was
located at the contact of the pellet layerwith the tunnel wall. Moderate erosion of clay
accompanied the initial outflow of water. The eroded clay was solely pellet mass, which
was the case until the end of the test. No erosion of block material during the flowthrough phase was evident (inferred by the color of the eroded clay deposited on the
front drainage ramp). The leakage of the back wall subsided during the time of the
initial outburst from the face of the backfill (Figure 6-31b), but it soon resumed.
Event 5
Based on photographs taken, at 94 h 16 min, most of the total erosion during the flowthrough phase had occurred (Figure 6-32a). During the remainder of the test, there was
no discernible ongoing erosion although there were brief periods of minor outflow.
Event 6
The test was concluded on Monday 22.11.2010 at 7:30 after 237 h 05 min of flowthrough phase testing. A dry weight of 34 kg of clay had eroded during the flowthrough phase. The eroded clay was solely pellet mass (Figure 6-32b), as inferred by
the color.

Figure 6-31a. The front of the tunnel at the
time of flow-through test initiation.

Figure 6-31b. 23 h 35 min. Seepage from
joint between back wall and concrete arch
components
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Figure 6-32a. 94 h 16 min. The front of the
tunnel.

Figure 6-32b. 95 h 00 min. No significant leakages at the back wall.

Water outflow was high from the time of the initial outburst until the conclusion of the
test. Water was flowing out from all over the boundary of the pellet layer and wall, but
there was a more active flow channel on the right-hand side in mid-way up the height of
the tunnel (Figure 6-33a).

Figure 6-33a. 119 h 30 min. The location
of the main flow channel in the pellet
layer behind the steel grid.

Figure 6-33b. 119 h 30 min. The eroded
clay on the drainage ramp.
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The average inflow rate was 0.170 l/min. Following the brief period of initial outflow,
79.3 % of the inflowing water flowed out of the tunnel. A total of 1183 l of water was
retained in the backfill over the course of the flow-through phase of this test. This is in
addition to the retention during the saturation phase. 81 l of water leaked through the
back wall. The leakage rate was assumed to be steady from 23 h 35 min until the end of
the test and the outflow rate, amount and retention graphs were corrected based on this
assumption.
6.6.4

Disassembling the backfill

The disassembly of the backfill required 3.5 working days. The backfill was excavated
from the test tunnel in five sections according to the predetermined disassembly plan
(Appendix 5). Photographs and infrared photographs were taken of each section (Figure
6-34). Water content samples were also collected from each section (Appendix 7). The
water contents were analyzed in the test facility laboratory and the results were then
used to develop water distribution patterns (Appendix 18). The infrared photographs
associated with them are presented in Appendix 12.
Once the steel grid in front of the backfill was removed, it was found that a considerable
segment of the face of the backfill in contact with the steel grid adhered to and came
away with the grid (Figure 6-35a). This mass was fully saturated. There seemed to be
no considerable erosion shifts in pellet or block mass behind the grid, but rather both
materials expanded horizontally against the grid in a controlled fashion and the
boundary between the two masses was distinct within the adhered mass. The entire
mass was shoveled off without weighing (Figure 6-35b), and the grid was then removed
out of the tunnel.
Section 1
After the face of the backfill adhering to the grid had collapsed, only minor mechanical
excavation was necessary to expose Section 1. The end-of-test thickness of the
foundation bed layer, consisting of a 40/60-mixture of bentonite and crushed rock, was
also measured in Section 1 (Figure 6-36). The layer had compressed slightly but not
uniformly during the test.
Section 1 (Figure 6-35a) was evenly wetted across its entire face. The average water
content of this section was much higher than for any of the subsequently excavated
sections. The water content of the blocks did not vary significantly, but the pellet layer
showed the effects of greater exposure to water and some variability in its water
content. The bottom left-hand corner and a narrow area in the top right-hand side in the
pellet layer were noticeably wetter than their surroundings. The top right-hand flow
channel in the pellet layer measured 390 mm in width and 70 mm in height (Figure
6-36).
After excavation progressed beyond Section 1, the limit of saturation was promptly met.
Immediately behind the blocks and pellets of Section 1, the backfill became dryer
(Figure 6-37). The wetting front ran across the vertical seam between Section 1 blocks
and the blocks directly behind them. The depth of saturation on the base and second row
block levels was 230 mm into the backfill. The third row was wet to 300 mm depth and
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the upper row was wet 370 mm in from the front face. This constituted an average depth
of saturation of 283 mm. This figure takes into account the height of each of the four
block rows. The greater depth of saturation in the upper rows may be due to water
travelling more swiftly across the upper pellet layer than blocks and, therefore, water
penetrating the upper block rows also from above.

Row 4
Row 3
Row 2
Row 1

Figure 6-34a. Section 1 of FrSAT.

Figure 6-34b. Section 2 of FrSAT.

Figure 6-34c. Section 3 of FrSAT.

Figure 6-34d. Section 4 of FrSAT.

Figure 6-34e. Section 5 of FrSAT.
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Figure 6-35a. A layer of wetted clay.

Figure 6-35b. Shoveling away the layer of
wetted clay.

FrSAT Foundation bed layer thickness, section 1
Before test

Thickness of foundation bed [mm]

60

After test
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2500
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Figure 6-36. The thickness of the foundation bed layer in FrSAT before and after the test.
The x-axis represents the front view or width of the tunnel from left to right.

Figure 6-37. The depth of saturation during the test. Wet blocks from Section 1
around the sides, and dry blocks immediately behind them visible in the center.
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Section 2
In Section 2 (Figure 6-34b), the blocks were little affected by wetting, although most of
their surfaces had been in contact with moisture at some point in the test. The left handside of the base block row had been exceptionally wetted across two blocks, as were the
edges of the blocks on the top row. The pellet layer was uniformly dry in water content,
except for a narrow area in the bottom left-hand corner and especially the flow channel
on the top right-hand side, which displayed an increased level of moisture. The flow
channel measured 500 mm in width and 150 mm in height.
Section 3
In Section 3 (Figure 6-34c), all the blocks in the core of the assembly were dry. The
entire perimeter of the block assembly against the pellet layer had been uniformly
wetted to a 50-100 mm depth. The wet patches of pellet mass on the face of the blocks
seen in Figure 6-34c were left there during the disassembly operation and do not
represent actual wetting at those locations. The pellet layer was uniformly moist, and
wetter than in Section 2. The flow channel on the top of the pellet-filled region had
increased in size, so that it was no longer a distinct clear-cut channel but a region
through which water had moved. This occupied the entire area from the central axis of
the tunnel to the right edge at the level parallel with the top row of blocks.
Section 4
In Section 4 (Figure 6-34d), the pattern of wetting and water distribution observed were
identical to Section 3 in every aspect. The blocks were as dry, but the water content of
the pellet layer had slightly increased compared to Section 3. The area of extremely wet
pellets had become wider and now stretched across the entire region above of the top
block row.
As the electrical resistivity survey lines were revealed from under the backfill at the
back half of the test tunnel in Section 4, it was noticed that a few of the electrodes had
been damaged during the test as some wires were protruding from the survey lines
(Figure 6-38).
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Figure 6-38. Wiring protruding from the electrical resistivity survey line. One of the
electrodes can be seen center-left in photo.
Section 5
In Section 5 (Figure 6-34e), the observations made during dismantling were again
similar to the trend in previous Sections 3 and 4. The blocks were dry, with only their
contact with pellet materials showing wetted, but this time deeper than in the previous
sections to a 50-150 mm depth. The pellet layer was generally as wet as observed in
Section 4, including the gravimetric water content values and size of the region above
the top layer of blocks where the highest water contents were present. It was observed
that unlike the other regions of the test, the lower, floor-level corners of the pellet fill
were very dry, and the pellets were in their initial cylindrical form. The samples taken
and analysed during dismantling also showed that immediate vicinity of both water
point sources displayed increased water content (Appendix 18).
6.6.5

Deformation of the blocks and block assembly

Measurements of the widths and lengths of the block assembly were taken during the
assembly of the blocks as well as during its dismantling. Comparing the widths of the
block rows before and after the test, it was possible to determine the extent of swelling
of the saturated blocks during the test.
When taking into account only the widths of completely saturated block rows in Section
1, the average after-test width of the pellet layer was 182 mm (when block cross-section
surface area is converted to a semi-circle), compared to an initial average width of
208 mm. This results in an estimated volumetric compression ratio of 1.13 for the pellet
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layer. As an additional value, the rate of saturated block expansion in any given
direction was estimated at 26-30 mm per every meter of backfill in that direction. In a
hypothetical deposition tunnel scenario, where the entire length of the backfill was
saturated, this would translate into a tunnel length-wise swelling displacement of 2.6 3.0 m per every 100 m of backfill. This estimation is based on before and after
measurements of Section 1 block rows in the horizontal and vertical direction. Section 1
was entirely saturated at the end of the test, so its measured radial block expansion may
give an indicative representation of maximum block expansion also in the longitudinal
tunnel-lengthwise direction.
The width of the block rows in the assembly were measured at certain survey lines as
the blocks were assembled into as well as disassembled from the tunnel (Appendix 3).
Measurements were taken from the bottom corners of each block row, giving five levels
of review (Figure 6-39). The measurements made before and after the test of every level
are presented below. These graphs show the horizontal displacement of the boundary
between the blocks and pellet layer during the test.

Figure 6-39. The width of the block rows in the assembly were graphed on five levels.

The width of block rows and the pellet layer before and after the test as well as the
depth of saturation on Levels 1 through 5 are presented in Figures 6-40 through 6-44.
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FrSAT, Level 1: Block-pellet boundary displacement during the test
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Figure 6-40. Overhead representation of block-pellet boundary displacement and
saturation depth on Level 1.
FrSAT, Level 2: Block-pellet boundary displacement during the test
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Figure 6-41. Overhead representation of block-pellet boundary displacement and
saturation depth on Level 2.
FrSAT, Level 3: Block-pellet boundary displacement during the test
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Figure 6-42. Overhead representation of block-pellet boundary displacement and
saturation depth on Level 3.
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FrSAT, Level 4: Block-pellet boundary displacement during the test
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Figure 6-43. Overhead representation of block-pellet boundary displacement and
saturation depth on Level 4.
FrSAT, Level 5: Block-pellet boundary displacement during the test
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Figure 6-44. Overhead representation of block-pellet boundary displacement and
saturation depth on Level 5.
6.7
6.7.1

Mixture of Bentonite and Crushed Rock Flow-Through (BCrFT) Test
Performing the flow-through test

The consignment of mixture blocks was of very consistent form. On average, each
block weighed 7.68 kg and had a water content of 11.8 %, resulting in a dry weight of
6.77 kg. The dimensional variations were in the range of 299.3 ± 0.2 mm × 147.2 ±
0.2 mm × 74.6 ± 0.4 mm. For comparison, a mixture block was on average 10.7 %
heavier than a Friedland block and appeared more tenacious and mechanically durable
during installation. All but for 160 blocks with a dry density of 2033 kg/m3 in the lower
back of the assembly, the rest of the mixture blocks for this test had a dry density of
2060 kg/m3. Different block materials are discussed in more detail in Section 3.3.
Initially, a camera was set to take photographs of the tunnel front once every 15
minutes. At 29 h 15 min the interval was reset to 10 minutes until the conclusion of the
test due to evident rapid changes in the backfill up to that point. The observations made
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during the duration of the test are inscribed in Table 6-8 and are elaborated on as
follows:
Event 1
During the first 12 h 51 min there was no outflow of water or accretion of clay observed
on the drainage ramp or against the plastic net that was present on the inside of the steel
grid. However, the TPCs showed a considerable and swift development of pressure
throughout the backfill beginning around 8 h 00 min and concluding at 13 h 35 min.
This was followed by a dramatic instantaneous decrease in the pressures for all the
TPCs.
Event 2
As determined from the photographs taken, the aforementioned pressure change was
noted in the first at 12 h 51 min of testing. After this time period, signs of minor clay
erosion and water outflow appeared against the plastic net at the crown of the test
tunnel, just left of the centerline. Between 13 h 36 min and 13 h 51 min, water and clay
abruptly burst from the test assembly, impacting the front net with notable force (Figure
6-45a), originating from the top pellet section just left of the central axis. Hereafter, that
flow channel persisted for approximately 12 hours, until the outflow gradually receded
around 39 h 42 min. Based on the colour of the eroded clay, it was almost exclusively
pellet material.
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Table 6-8. Key events in test BCrFT.
Time [hh:mm]
Event From
1

0:00

2

12:51

Until

Water outflow

Clay accumulation

Other observations

Water supply on - commencement of the test
13:51

Minor. Left block/ pellet
fringe on 4th row.
Minor.
Major. Mainly
pellet mass.

2

13:51

19:51

Major. Block/ pellet
fringe, top center,
excessive pressure.

2

19:51

39:42

Moderate. Flow
channel, top center.

Non-existent.

3

39:42

78:17

Non-existent to minor.

Non-existent to
minor.

3

32:53

Figure 6-45a

Contained within the grid.
Chunk of pellet mass swiftly
falls off the top section.

4

78:17

81:47

4

81:47

85:17

Figure 6-45b

Moderate. Left
front, presumably
originating from
top flow channel.
Minor.

Non-existent.

85:17

Outflow shifts from center top
to bottom left.

85:17

Minor.

Constant outflow from two
locations on bottom left, and
erratic bursts from top. Rest of
backfill face fairly dry.

Non-existent.

A steady state with some
outflow bursts.

Figure 6-46
Appendix 11

110:25 Moderate.

5

110:25 197:56 Minor to moderate.

6

131:54 167:20

Pressure gauge recording
interrupted.

149:25

Minor outburst simultaneously
from two lower left locations.

178:06

Minor outburst from top center
channel.

191:51 238:28

Pressure gauge recording
interrupted.

192:26 193:35

Moderate outburst from left of
the central axis between the 3rd
and 4th row.

197:56

Outflow shifts to the left of the
central axis on 3rd row level

Moderate. Left of the
197:56 209:16 central axis.

Non-existent.

Presumably originating from
top flow channel and flowing
down along the vertical clay
deposit.

209:16 238:28 Minor.

Non-existent.

No evident outflow locations.

7

Reference

238:28

Water supply off - end of the test

Appendix 11
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Event 3
At 32 h 53 min, a segment of pellet mass fell from the top of the screen (Figure 6-45b).
This was preceded by a 41-minute pressure upsurge at TPC0, located at the tunnel
crown (pressure went from 4 kPa to 50 kPa). Immediately after the expulsion of the
pellet mass, the TPC reading dropped back to 0 kPa. The other TPCs also detected the
buildup of pressure within the tunnel, which can be seen in the pressure graph as
distinct spikes (Appendix 11). After the initial outflow wave that concluded at 39 h 42
min, outflow was non-existent to minor with water exiting the system for only brief
periods until some 78 h into the test.

Figure 6-45a. 13 h 51 min. Abrupt water
and clay outflow at top near centerline of
test.

Figure 6-45b. 32 h 53 min. A section of
pellet mass falls off at location circled.

The location of the outflow channel can be estimated from the TPC readings, which
indicate that all the TPCs, except TPC0 (located at the crown of the tunnel arch),
remained fairly constant or maintained a steady rise in their outputs. The pressure at
TPC0 cycled up and down with a pattern of first gradually increasing pressure followed
by a rapid depressurization. The peak pressure varied between 4 – 14 kPa. This
indicated the influence of mostly hydrostatic pressure on the TPCs, not swelling
pressure. The result supported the visual observations made during the test, which
identified a major flow channel in the upper pellet layer.
Event 4
Visual observations from 78 h 17 min onwards indicate the emergence of new flow
channels in the lower half of the left backfill face. This is based on the accumulation of
clay against the plastic net, predominantly on the left side. As of 85 h 17 min, two
distinct outflow locations emerged on the lower left. These two outflow points seemed
to shift in location (Figure 6-47a) as the eroded clay accumulated on the netting. Water
outflow from the points appeared synchronized with each other and the previously
dominant flow feature at the crown of the tunnel dwindled in importance at the same
time. Based on these observations, it was concluded that most, if not all, of the
outflowing water on the left face was, in fact, still originating near the crown, but it was
now flowing down the sloped accumulation of clay from the top flow channel to the
lower left corner where it could exit the system.
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Event 5
Pressure readings from TPC0 show a reduction in the previously observed cyclic nature
of pressure increase and decrease after 105 h 00 min, indicating that either some of the
outflow shifted from the top to the left or the flow channel was eroded enough to proffer
water a clearer path without flowing water or expanding clay pressing against TPC0.
The other TPCs showed no such changes, indicating that there was no change in the
condition on the right side of the backfill.

Figure 6-46. 96 h 01 min. Clay build-up concentrated on the left base with pellet mass
being the dominant constituent of solids removed.
Event 6
The laptop responsible for recording the TPC outputs lost functionality twice during the
test: first at 131 h 54 min for 35 h 34 min and then again at 191 h 51 min extending until
the end of the test.
Event 7
The test was terminated on Sunday 1.8.2010 at 08:00 after 238 h 28 min of testing. The
dry weight of eroded clay was 66 kg, which was 0.7 % of the total backfill dry weight.
Outflow rates recorded for this test support the conclusion that erosion in the top flow
channel had by midway through the test was sufficient for water to pass to the front of
the backfill with only minor water retention by the backfill (Figure 6-47b). The average
inflow rate for the first 97 h of testing was 0.24 l/min and the outflow was 0.09 l/min
(63 % retention). From 97 h 20 min onwards the average calculated inflow rate was
0.18 l/min and the outflow rate 0.12 l/min (33 % retention) (Figure 6-48).
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Figure 6-47a. 95 h 27 min. Water poured
down from two distinct locations.

Figure 6-47b. 96 h 02 min. The water
trickled down as a constant rivulet.

Figure 6-48. 174 h 6 min. Water flowing through from three outflow point
sources,presumably emanating from the major flow channel in the top pellet section.
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6.7.2

Disassembling the backfill

The backfill was dismantled over a period of 3 working days as five sections, with
photographs, infrared photographs and water content samples taken of every section.
The samples were collected according to the predetermined sampling plan (Appendix 7).
A considerable proportion of saturated clay at the face of the test collapsed onto the
tunnel base (Figure 6-49) moments after the removal of the steel grid. Much of this was
the clay deposit that accumulated against the plastic net during the test. The remainder
was block and pellet material that would have had to have been removed prior to
surveying Section 1.
The vertical face of the assembly had wetted up to a 80 mm depth from the surface in
the base block row (Figure 6-50a). This was the result of water supplied by the eroded
clay deposited along the base of the steel grid. The entire right side of the backfill as
well as a patch in the upper left corner was still dry. There was a substantial flow
channel at the crown of the test assembly, ~330 x 310 mm2 in dimension (Figure 650b). The middle leading down from the flow channel and widening to swathe the entire
base block row was moist or thoroughly saturated.

Water outflow location
and saturated pellets

Wet blocks and pellets
Dry blocks and pellets

Figure 6-49. The face of the backfill showing essentially unaltered material on right
side, very wet pellets at central crown and wet block and pellet materials on left side.
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Section 1
Section 1 (Figure 6-51a) was accessed by careful removal of the backfill, chipping the
wetted center and top blocks with a hammer drill, dislodging the dryer blocks on both
sides by hand, and flaking off the pellets with a construction spatula, so as not to
damage the tunnel lining. The backfill, including both blocks and pellets, on the first
row as well as the center of the second row was visibly moist. This was attributed to wet
clay pressing against the face of the backfill, resulting in water collecting in any
available joints or gaps, rather than the result of unidentified flow channels in the base
level.
The top flow channel measured 190 × 190 mm2 (Figure 6-50c), and it was surrounded
by a wet area of approximately 600 × 450 mm2. Directlybelow the channel, the top of
the third row also showed signs of water uptake with a semi-circular wet patch of
330 mm diameter. Pellets were wet only on the left from the tunnel’s base to the third
row and around the top flow channel. The remaining pellets were dry.
Section 2
In Section 2 (Figure 6-51b), there were only small indications of wetting having
occurred, It was distinctly the driest section of the five. The only wet area was the top
flow channel, which had closed up due to swollen clay following test termination
(Figure 6-50d). Some minor flowing of water had also occurred along the front surface
of the top and third rows, exposing the coarse composition of the mixture blocks just
beneath the surface, but no substantial erosion of the blocks had occurred. The dark
spots visible in the top and right pellet layer in Figure 6-50b were the result of
puncturing of the surface with a hammer drill during disassembly and are not waterformed. The desiccated pellet mass was much more resilient and difficult to remove
than moist pellets.

Figure 6-50a. Water penetrated halfway Figure 6-50b. A major outflow channel on
through the first row of blocks in the front. the top, 330 × 310 mm2.
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Figure 6-50c. The flow channel in the top Figure 6-50d. Pellet transition from solid
(right) to pasty (left) due to wetting. Top
pellet layer, 190 x 190 mm2.
flow channel just beyond upper left corner
of photo.

Figure 6-50e. The pellets along the top Figure 6-50f. The pellet mass in the back
flow channel were saturated.
was wet beyond liquid limit of clay.

Figure 6-51a. Section 1 of BCrFT.

Figure 6-51b. Section 2 of BCrFT.
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Figure 6-51c. Section 3 of BCrFT.

Figure 6-51d. Section 4 of BCrFT.

Figure 6-51e. Section 5 of BCrFT
Section 3
As backfill was being removed for Section 3 (Figure 6-51c), the pellets around the top
flow channel became progressively wetter, up to the point they were wet beyond the
liquid limit of the clay and were behaving as a fluid.( Figure 6-50e). The flow channel
measured 70 × 350 mm2. Like in previous sections, the right pellet front remained dry,
but on the left side pellets were damp from the water supplied via the flow channel
down to the top of the first row. Most of the fourth row blocks had experienced wetting
to some degree, increasingly so nearer to the top and the left. On the third row, just
beneath the flow channel, there was a 140 mm wide strip of wetted block, which was
largely attributed to contact with the very wet pellets that flowed down the face of the
section although there were signs of some wetting on the surface of these blocks before
the wet pellet materials came in contact with them. With the exception of the fourth row
and the strip on the third, the rest of the block assembly was reasonably unaltered. The
wet horizontal area on the base block row vertically below the flow channel is again the
result of slumping of wet pellets during the dismantling procedure.
Section 4
In Section 4 (Figure 6-50d), the pellets maintained a high water content around the flow
channel (Figure 6-50f), perhaps being even higher in water content than those in
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Section 3. The main flow channel measured 45 × 400 mm2, but due to the runniness of
the pellets an elongated interstice was formed along the roof that extended from the
flow channel’s origin to the middle roof TPC1. Including the flow channel, the pellet
layer and the tunnel roof had an open gap of almost 900 mm length.
To the left of the chamber centerline, the pellet layer was wet from the crown down to
the base. Additionally, the entire top pellet section to the right of the centerline also
showed signs of experienced water uptake. Taking into account the dryness of the right
pellet layer in the preceding sections and of the right side in this section in general, it is
concluded that the water flowing in from the right point source had flowed through this
section to join the flow channel on the left side of the tunnel.
The two bottom block rows were dry, as was the third row with the exception of some
dampness on the far left extending over the first four blocks. On the fourth row, wetting
was noticeable on the blocks in the immediate vicinity of the right water point source,
the top parts along the entire length of the row, and the majority of the right half of the
top row.
Section 5
The blocks in Section 5 (Figure 6-51e) seemed to have undergone wetting throughout
their entire volume, but the center parts in rows 2 and 3 were comparatively dry and had
suffered only minor surface erosion. It is surmised that these regions were wetted early
on in the test and had since then dried (or absorbed water into inner regions of blocks)
as the flow channel originally supplying water to these regions shifted to the water flow
along the top layer of blocks and to the left side of the tunnel. Wetting was apparent on
both far ends on the third row across a width of two blocks each and the entirety of the
fourth row.
The pellet-filled regions having the highest water content were those at the top of the
tunnel. This also supports the conclusion that during the test water flowed across to the
left from the right water point source. The very wet region of pellets stretched across
most of the perimeter, from the top of the first row on both sides up to the tunnel arch
crown. On both sides of the tunnel closest to the base, the pellets were essentially still in
dry form with some indications that a slight amount of water uptake had occurred in
these regions also.
6.8
6.8.1

Mixture of Bentonite and Crushed Rock Open-Front (BCrOF) Test
Performing the open-front test

The mixture of bentonite and crushed rock open-front test was initiated on Tuesday
10.8.2010 at 15:34. Illustrations of the water inflow and outflow rates are presented in
Appendix 9, water inflow and outflow amounts in Appendix 10, and total pressures in
Appendix 11.
For the first 42 h 18 min, the front face of the test was photographed every 3 minutes.
After this time, once the initial water outflow and erosion occurred, the interval was
decreased to 5 minutes. The major events and observations recorded during testing are
presented in Table 6-9 and key photographs showing events are provided in Figure 652. The most critical in the table are highlighted in bold and are briefly described below:
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Table 6-9. Key events in test BCrOF.
Time [hh:mm]
Event

From

1

0:00

2

16:45

Intact

First signs of minor surface wetting. Top, right of
central axis.

2

18:09

Intact

Pellet mass from brackets falls off. Top, center.

20:48

Minor erosion

Commencement of block erosion. Water outflow
shifts to the right. Outflow: top of the fourth block row
on the far right.
Figure 6-52b

20:48

end

Moderate
erosion

Steady block erosion. Water flowing out from the top
flow channel down the face of the backfill, in effect
carving an ever-deepening trough.

65:26

69:41

3

4

5

Until

State of open
front / rate of
erosion

Observations / location of observations

Reference

Water supply on - commencement of the test
Figure 6-52a

Pressure gauge recording interrupted.

Appendix 11

81:27

Surface erosion penetrates through first block layer.

Figure 6-52d

96:32

Surface erosion penetrates through second block layer. Figure 6-52e

106:18

Flow channel clears itself of clay and becomes an open
pathway.

131:37

Surface erosion penetrates through third block layer.

136:17

Gauge 1 in the backfill is visible through the flow
channel.

148:59 162:43

Pressure gauge recording interrupted.

Appendix 11

181:51

Surface erosion penetrates through fourth block layer.

Figure 6-52g

231:38

Water supply off - end of the test

Figure 6-52h

Figure 6-52f

Event 1
As soon as the water supply was turned on, pressure in the lower right-hand corner of
the backfill at TPC2 began a steep climb in readings, peaking at 60 kPa at 6 h 51 min.
This was the highest pressure recorded during the test. Thereafter, it swiftly decreased
to approximately 30 kPa.
Event 2
Between 16 h 00 min and 18 h 00 min, the inflow rate of saline water plunged from
0.07 l/min to 0.18 l/min. This was ensued by a spike in pressures in gauges 1 and 2 at
16 h 00 min, and, consequently, first signs of wetting appeared on the face of the
backfill at 16 h 45 min (Figure 6-52a). Three blocks on the top row just right of the
central axis displayed a distinct and clear-cut change in color to a lighter tint that spread
outward toward the lower parts of the face of the backfill. 1 h 24 min later water
penetrated through the fringe between the top block row and pellet layer in the middle,
and, consequently, the pellet brackets began to fall off onto the tunnel base. At this
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point, the face of the backfill was still intact as far as the block material and the
surrounding pellet mass were concerned.
Event 3
At 20 h 48 min into the test, water and clay exited the face of the backfill through a flow
channel in the pellet layer at its contact with the right-most block on the top block row
(Figure 6-52b). Pellet mass was transported through the flow channel from the inner
parts of the backfill, and outflowing water streamed down the surface of the blocks
below this point. The proportion of pellet mass in the total amount of eroded clay
swiftly decreased as the exiting water mechanically carved away block material. The
eroded clay accumulating on the drainage ramp soon became almost exclusively block
material with bits of pellet material mixed in.
Event 4
From 20 h 48 min onwards, the rate of erosion stablilized at a moderate level (a relative
term in the context of observed rates of erosion in the entire test series) until the end of
the test. The heap of accumulating clay on the drainage ramp steadily gained height as
the outflowing water carved an ever-deepening trough into the block assembly (Figure
6-53a). Measurements of the flow channel were taken during the test to monitor its
development. No other flow channels emerged during the test and the rest of the backfill
face remained unaltered.
Event 5
BCrOF testing was concluded on Friday 20.8.2010 at 07:12 after 231 h 38 min of
operation. A dry weight of 594 kg of eroded clay was collected from the tunnel base and
drainage ramp. This amounted to 12.4 % of the bulk dry mass of the initial backfill. The
eroded material was overwhelmingly dominated by block materials, originating
practically exclusively from mechanical erosion, which was caused by exiting water
carving a vertical trough through the forward-facing blocks as water moved out of the
backfill from a single flow channel in the top-right pellet layer. Additionally, erosion
occured by slumping of block materials, resulting from wetting by water or wet
materials being in contact with them at the face of the backfill.

Figure 6-52a. 18 h 09 min. Minor wetting
of the face of the backfill in the center.

Figure 6-52b. 20 h 48 min. A flow channel
opens up in the pellet layer above the top
block row.
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Figure 6-52c. 48 h 03 min. After two days
of operation.

Figure 6-52d. 81 h 27 min. The trough has
eroded down through the first layer of
blocks.

Figure 6-52e. 96 h 32 min. The trough has
eroded down through the second layer of
blocks.

Figure 6-52f. 131 h 37 min. The trough
has eroded down through the third layer of
blocks.

Figure 6-52g. 181 h 51 min. The trough
has eroded down through the fourth layer
of blocks.

Figure 6-52h. 231 h 38 min. End of the
test.
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Water inflow, erosion features and TPC responses during test operation
The rate of inflow tended to decline during the test as the swelling of the wetted backfill
next to the water point sources obstructed the flow of water into the tunnel. The
constant flow valves were manually adjusted when needed so as to keep inflow as
constant as possible. The sudden climb in inflow rate at 137 h 00 min (Appendix 9) is an
example of one of the larger flow adjustments. The average total inflow rate via the two
point outlets to the chamber was 0.133 l/min.
After a rise in pressures to 45 kPa at 41 h 00 min, pressures in all TPCs declined
momentarily. After 50 h 00 min, all TPCs recorded a relatively steady development of
pressure. TPC1, which was in the path of the flow channel, dropped to 0 kPa at
59 h 00 min as the pellet mass pressing against the TPC had eroded away. Thereafter,
TPC1 displayed only minor short-lived rises, which suggested hydrostatic pressures
caused by momentary blockages of the drainage channel. By the time the test
concluded, pressures in TPCs 2 and 4 had risen to 8 kPa and 48 kPa, respectively. The
rest of the TPCs displayed pressures of 0 kPa at the end of testing.
The width of the expanding trough was measured during the test (Figure 6-54a). The
flow channel had developed into an open pathway with no overlying clay contact. It was
also the location of TPC1, so there was nothing in contact with this sensor (Figure 654b) for most of the testing period and is the reason why TPC1 showed effectively no
load on it for the entire duration (Appendix 11).

Figure 6-53a. 42 h 56 min. Figure 6-53b. 42 h 58 min. The width of the flow channel.
The exiting flow channel
and trough eroded into
front face of backfill.
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Figure 6-54a. 137 h 34 min. The width of
the trough.

6.8.2

Figure 6-54b. 137 h 35 min. Gauge 1 was
visible through the flow channel.

Disassembling the backfill

The disassembly of the backfill was executed in three sections with a distance of
300 mm in-between sections (Appendix 6). Photographs and infrared photographs of
each section are presented in Appendix 12. Water content samples were collected from
predetermined coordinates on each section (Appendix 7), and the results are presented in
Appendix 20.
As the pile of eroded clay was shoveled off the drainage ramp (Figure 6-55), the color
of the clay on the surface as well as within the pile confirmed what was observed during
the test: eroded clay was predominantly block material. Pellet mass was visible only in
patches. After the pile was removed from the test tunnel, the face of the backfill was
photographed (Figure 6-56).
Section 1
In Section 1 (Figure 6-57a), practically all of the blocks had suffered some degree of
moisture-related damage. Minor streaming of water and peeling of the surface layer had
occurred on the backfill face on the left side of the block assembly. The amount of
water was not sufficient to have discernibly altered their water content level. The right
side of the block assembly, below the location of the flow channel was missing all
together. In six of the pre-planned sampling locations materials were no longer present
and they are displayed in the water distribution profile as 0-values (Appendix 20). The
base block layer had been soaked from end to end. The eroded block front on the right
side of the section measured 1500 mm in width on top of the base block row, 950 mm
on top of the second row, 740 mm on top of the third row, and 450 mm on top of the
uppermost block row.
Water content sampling found that the pellet layer was as wet as the base block row,
with the exception of both bottom corners and a thin strip in the upper left corner, which
were much wetter. The pellet layer had a gaping hole in the upper right corner, where
the flow channel used to be. This gap measured 270 mm in width in parallel to the
tunnel wall. These features can be seen in Figure 6-57a.
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Pictures were also taken of the block face between Sections 1 and 2 (Figure 6-58a). As
was observed at Section 1, the flow of water had eroded much of the top pellet layer,
and there was an empty cavity at the back of the tunnel in the pellet layer (Figure 658b).
Section 2
In section 2 (Figure 6-57b), much of the surface of the block assembly was dry and had
the same water content as before the commencement of the test. Some wetting and
crumbling of the block surfaces was evident in the upper left-hand side. The entire
upper right-hand side of the block assembly had been completely saturated and had
water contents up to 40 – 52 %. This saturated area measured 540 mm in width across
the top of the second row. It extended from the bottom of the second row up to the roof
of the tunnel.
The pellet layer was as wet as Section 1 at the base and second row levels, but had even
higher water content across the entire length of the bottom layer of Row 3. A width of
650 mm of the pellet layer was missing in the upper right corner.

Figure 6-55. The accumulated clay on the tunnel base and drainage ramp. Note nearly
intact blocks that have fallen from face of backfill due to softening of underlying
materials.
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Water outflow channel
Hole created by
collapsing blocks
Eroded block materials
Unaltered blocks

Figure 6-56. The face of the backfill.

Outflow channel
Collapsed blocks
Eroded blocks and pellets

Figure 6-57a. Section 1 of BCrOF.
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Figure 6-57b. Section 2 of BCrOF.

Figure 6-57c. Section 3 of BCrOF.

Figure 6-58a. In-between Sections 1 and 2.

Figure 6-58b. A cavity in the upper pellet
layer at the back of the tunnel.
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Irregularities in the backfill were noted and measured during the disassembly (Figure 659a). The employment of a hammer drill was necessary in order to remove the blocks
from the tightly packed assembly as well as chipping away resistant regions of pellets
(Figure 6-59b). Even in locations where the blocks were still dry they appeared to have
been compressed to form a more tightly packed mass during the test. Dry or even
moderately wetted pellets could be removed with ease, but saturated viscoplastic pellets,
which had been fully wetted during the spraying operation or during the test, formed a
uniform paste-like mass that was particularly challenging to remove.
Section 3
The disassembly plan indicates only the height of two block rows were intended to be
included in Section 3 (Figure 6-57c). However, because the very wet third row directly
on top remained stable and excluding the third row from the section photograph would
have meant viewing only the back wall of the tunnel behind it, it was included as
additional information.
The blocks on the base and second row were dry with only minor signs of water having
contacted their surface. Pellets on the same level were also dry in both lower corners,
and generally still in their original as-placed cylindrical shape. Pellets above the second
row had wetted thoroughly and especially in the vicinity of both the water inlet points.
Samples of the upper pellet layer and the top block row could not be collected, as they
had either collapsed or already been removed and, in any case, were not part of the
disassembly plan for Section 3.

Figure 6-59a. Measuring a gap. Boundary between the
blocks and pellet layer on the right.

Figure 6-59b. Dismantling blocks with a
hammer drill.
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6.9

Mixture of Bentonite and Crushed Rock Saturation (BCrSAT) Test

6.9.1

Installing the foundation bed layer

The block and pellet materials installed in BCrSAT were assembled in exactly the same
manner as previous tests. The installation of the foundation material placed below the
blocks and pellets was placed in the manner described in Section 5.3. In order to
provide a measure of the deformation of this bed the thickness at various locations was
measured (Figure 6-60) and these measures were subsequently compared to end-of-test
conditions.

Front measurement

Thickness of foundation bed [mm]

BCrSAT Foundation bed inclination

Middle measurement

25

Back measurement
Average inclination

20
17,8
15,1

15

10

5

0
0

500

1000

1500

2000

2500

3000

Measuring point [mm]

Figure 6-60. Cross-section of the foundation bed. The inclination was measured as the
average of the three series of thickness measurements (Appendix 3). The x-axis represents
the front view or width of the tunnel from left to right.
6.9.2

The saturation phase

The saturation phase of BCrSAT was initiated on Wednesday 29.12.2010 at 10:52. The
procedures used in operation and monitoring the course of this test were identical to test
FrSAT (Section 6.6).
The saturation phase was visually uneventful once the test was under way. It ran
uninterrupted for 4 months. Only water absorption monitoring, TPC readings and
electrical resistivity tests indicated in real time what was happening inside the tunnel.
All events during the test are summarised in Table 6-10.
The void present between the watertight saturation door and the backfill inside the
tunnel was filled with 1288 l of water, so that the entire face of the backfill was in
contact with water. There was no time during the test that the water level inside the
tunnel decreased, because the void was connected through the upper inlet of the
saturation door to the supply tank located above the tunnel structure. The valve on the
supply tank was left open, and an additional 29 l of water was pumped into the supply
tank, so that the body of water inside the tank was 300 mm in height. The valve was
located 2040 mm (540 mm to the inner surface of the crown of the tunnel) above the
base of the test tunnel, and so in theory the water pressure in the test tunnel could reach
5 – 23 kPa (a hydraulic head of 0.54 – 2.34 m). A combined total of 1317 l of saline
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water was pumped into the empty void inside the tunnel and the supply tank in
connection with the commencement of the saturation phase.
Water was free to flow down from the supply tank, through the connecting pipe, and
into the initially-open, water-filled void at the front of the tunnel. Throughout the
duration of the test, the water level inside the supply tank was monitored. It varied
between 150-320 mm. Once the level was deemed low enough, more 3.5 % saline water
was pumped into the supply tank. The weighed amount of water was also documented.
By recording the changes in the water level at least twice a day, it was possible to
determine how much water was being absorbed into the backfill and at what rate
(Appendix 13).
Table 6-10. Events of the BCrSAT saturation phase.
Time [hh:mm]
Event

From

Until

Event description

0:00

Commencement of the test

1

43:48

Minor water leakage through a screw thread on the saturation
door.

1

102:58

Slight moisture seeping through one side of the tunnel. No
action necessary.

2

179:38

293:30

Pressure gauge measurements interrupted

2

406:10

485:57

Pressure gauge measurements interrupted

2

756:50

789:56

Pressure gauge measurements interrupted

2

795:38

838:00

Pressure gauge measurements interrupted

2

973:34

987:42

Pressure gauge measurements interrupted

2

1109:57

1125:29

Pressure gauge measurements interrupted

2

1275:51

1461:57

Pressure gauge measurements interrupted

2

1640:57

1653:19

Pressure gauge measurements interrupted

2

1766:40

1798:32

Pressure gauge measurements interrupted

2

1922:29

1989:14

Pressure gauge measurements interrupted

2

2074:24

2094:58

Pressure gauge measurements interrupted

2

2333:44

2349:41

Pressure gauge measurements interrupted

2

2410:59

2426:04

Pressure gauge measurements interrupted

2

2453:36

2468:13

Pressure gauge measurements interrupted

2

2692:07

2708:45

Pressure gauge measurements interrupted

3

2708:45

End of the saturation phase

Reference

Appendix 11
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Event 1
There was very minor and centralized leaking in the beginning of the test, but otherwise,
no leakage or build-up of moisture occurred at all during the test. First at 43 h 48 min,
water seeped through the thread of one screw. It was immediately sealed. At 102 h
58 min, it was noted that some moisture was seeping through the side of the tunnel, but
it soon dried up and no remedial action was needed.
Event 2
The data acquisition system suffered numerous interruptions in the course of the
saturation phase. None of these affected the operation of the test and the data collected
between interruptions provided adequate measures of the conditions within the test.
Event 3
The saturation phase of the test BCrSAT was concluded on Thursday 21.4.2011 after
2708 h 45 min (16 weeks 0 days 20 hours 45 minutes) of operation. The supply tank
valve was closed and the upper inlet pipe of the saturation door removed. The body of
saline water in the test tunnel void was gravitationally let out through the lower inlet of
the saturation door and collected into a large container. During this operation and the
subsequent removal of the saturation door, some water passed into the collector tray and
onto the facility floor as well as remained on the bottom of the test tunnel behind the
base angle iron. No accurate total weight for the amount of removed water is available.
Monitoring Results During the Saturation Phase
TPC readings indicated a rapid rise in pressures at the locations of TPCs 12, 13 and 14
for the first 3-6 days of testing. At 63 h 25 min, TPC14 peaked at 49 kPa and then
pressure steadily decayed to 0 kPa by 1263 h 33 min where it remained until the
conclusion of the test. TPC12 peaked at 87 kPa at 141 h 32 min, after which its readings
fluctuated but remained at 50-80 kPa and indicated 74 kPa at the end of the saturation
phase. TPC13 maintained a steady upward trend in its readings until the end of the test
with no major abrupt shifts in pressure, which would have indicated the involvement of
hydrostatic pressure. TPC13 recorded the highest pressure in the test, right at the end of
the saturation phase with 125 kPa. TPCs10, 11 and 15 did not record any changes in
pressure.
Electrical resistivity measurements were performed once a week on both survey lines.
More data was obtained from both survey lines than in FrSAT, but many of the
electrodes still did not provide any data. This was due to either poor electrode contact
with the backfill, dry backfill, which did not conduct a current, or damage of the
electrodes or their wiring. Both survey lines were at the back of the tunnel, but the
developments in saturation took place at the front of the tunnel, so the results of the
electrical resistivity monitoring were not relevant to the saturation process, even when
sufficient data was received to map a resistivity pattern. As was subsequently observed
during disassembly, the wetting front had not advanced far enough during the saturation
phase to have affected even the survey line closest to the front of the tunnel.

109

A total of 1449 l of saline water had entered the system (void and supply tank) during
the saturation phase. This includes the initial volume needed to fill the void and supply
tank in the first place. No leakages had occurred during the test. With this information,
the amount of water absorbed into the backfill was estimated at 132 l. This is the
difference between the sum total of water passed into the system (1449 l) and the initial
volume of the water-filled system (1317 l). The average rate of water absorption
calculated from the water levels in the supply tank was 0.055 l/h (Appendix 13).
Once the saturation door was unfastened and removed from the front of the test tunnel,
it was noted that there was a minor amount of eroded clay between the front grid and
the base angle iron. No clay was removed, so as to enable water to flow out directly into
the collector tray in the upcoming flow-through phase, without water collecting behind
the angle iron and potentially influencing flow measurements or wetting of the lower
block rows or base materials.
6.9.3

The flow-through phase

The flow-through phase of BCrSAT commenced on Thursday 21.4.2011 at 10:42. The
supporting steel grid and mesh installed between the water-tight door and the backfilled
volume was left in place. Water inflow from the two point sources at the back of the
tunnel was turned on. The average inflow rate was 0.152 l/min, but the short-term
variations were reasonable high throughout the test (0.05 to 0.35 l/min). The outflow
rate in comparison to the inflow rate suggested a high rate of retention. The outflow
rates from the test are provided in Appendix 9 and the total outflow amount provided in
Appendix 10 has been corrected for the 312 l of water that leaked from the chamber as a
steady flow from 50 h 58 min onwards.
A camera was also positioned in front of the tunnel and set to take pictures once every 5
minutes. The notable events associated with this portion of the test are listed in Table 611 and briefly discussed below:
Event 1
The outflow of water from the backfill began in a matter of minutes. By 18 min into the
test, there was a minute (0.1-0.4 l/min), but steady, stream of water flowing into the
collector tray. The outflow from the front of the tunnel increased slightly to ~0.02 l/min
at around 72 h. This outflow persisted until the end of the test, being on average
0.07 l/min. No erosion of the backfill was involved with the outflow of water. Some
clay residue had settled on the bottom of the clarification tank by the end of the test, but
not enough to be separated and weighed. The total erosion during the flow-through
phase was therefore defined as being 0 kg.
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Table 6-11. Events of the BCrSAT flow-through phase.
Time [hh:mm]
Event

From

Until

Water
outflow

0:00
0:18

248:02

2

42:54

143:25

50:58

4

248:02

Other observations

Reference

Water supply on - commencement of the test

1

3

Clay
accumulation

Minor.

Minor.

None.

None.

Pressure gauge measurements
interrupted.

Appendix 11

Water is leaking out from the back
and sides of the tunnel. 312 l leaked
out by the time the test ends.

Figure 6-61

Water supply off - end of the test

Figure 6-62

Event 2
Data acquisition difficulties resulted in the loss of TPC data for the period 42:54 h to
143:25 h. Given the very consistent behaviour of the system, the loss of these data did
not adversely affect subsequent evaluation of the test.
Event 3
By 50 h 58 min into the flow-through phase, the base of the back wall (Figure 6-61a)
and both sides of the tunnel (Figure 6-61b) began leaking. The leaking was so extensive
that no exterior repairs were feasible. Water flowed out the seams of the arch slabs until
the completion of the test. Water was collected from the sides of the base plate, the floor
of the test facility and buckets positioned under the corners of the concrete base plate
(Figure 6-61c). A rough estimate weight for the amount of leaked water is 314 l or
30 % of the total amount of flow-through phase water ouflow. This estimate is based on
the weighed total amount of water collected from both the saturation and flow-through
phases, which was 1800 l (in two large containers), and the knowledge that of this
amount 750 l (this is not an applicable figure for saturation phase calculations because it
does not include all the water that was in the system in reality at the end of the
saturation phase) was water collected after the saturation phase and 736 l was water that
had flowed out straight into the collector tray during the flow-through phase.
Event 4
The test was terminated after 248 h 02 min of operation.
Outflow Monitoring and Pressure Sensor Readings
There was no evident flow-through channel visible on the face of the backfill. The
outflow from the face of the backfill seemed to be dispersed over a wide area in the
backfill. Since the steel grid and mesh were still in place, it was not possible to
determine if the outflow was emanating through the pellet layer or the block assembly.
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Figure 6-61a. Water leaking Figure 6-61b. Water leaking Figure 6-61c. Water leaking
from the base of the back from the side of the tunnel.
over the base plate onto the
wall.
floor and bucket.
Pressure at all TPC locations showed a steady pressure development throughout the test,
suggesting they were measuring a swelling pressure. Nevertheless given that these are
total pressure cells, there will be a hydrostatic component to their readings (Appendix
11). A crash of the laptop responsible for running the TPCs resulted in loss of all the
data from 42 h 54 min to 143 h 25 min. None of the pressures recorded on recovery of
logging seemed to have dramatically changed in terms of the patterns developed prior to
loss of recording. Pressures at the end of the test for TPC10, 11, 12, 13, 14 and 15 were:
17 kPa, 28 kPa, 88 kPa, 140 kPa, 7 kPa and 32 kPa, respectively.
During the ten days of operation, three electrical resistivity soundings were carried out
for each survey line. No applicable results were gathered due to the same inherent
limitations of this method that are discussed in Section 6.9.2.
The test was concluded on Sunday 1.5.2011 at 18:44 after 248 h 02 min of flow-through
phase testing. No changes or indications of additional clay accumulation against the
steel grid were observed during the flow-through phase (Figure 6-62).

Figure 6-62. The front of the tunnel after the flow-through phase. No changes or
accumulation of clay during the phase.
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6.9.4

Disassembling the backfill

Disassembly commenced approximately 12 hours after the inflow of water was shut off
to the tunnel. The process took 3 working days to complete, and it was the most
laborious disassembly in the test series. The pellet layer was extremely resistant to
removal and the blocks had evolved into a uniform, excavation-resistant mass,
especially in the front half of the tunnel. The average water content of the pellet layer
was 71.4 %, which was the highest in the test series and corresponds to an average endof-test dry density of approximately 920 kg/m3. The average water content of the blocks
was 20.7 % but due to the larger variation in water content for the blocks, an average
density value does not provide a useful measure of actual conditions.
Dismantling of this test was accomplished in five sections, according to the disassembly
plan (Appendix 5). Photographs and infrared photographs were taken of every section
(Figure 6-63). Water content samples were collected from each section, analyzed in a
laboratory, and the results were modeled into water distribution patterns (Appendix 21).
The thickness of the foundation bed layer, consisting of a 40/60-mixture of bentonite
and crushed rock, was measured during disassembly of the test (Figure 6-64).
According to the physical measurements taken, the layer seemed to have expanded but
had done so non-uniformly.
As the steel grid was removed (Figure 6-65a), the saturated front section of the backfill
separated with it (Figure 6-65b). The wet weight of the collapsed front section was
1900 kg. The third and top block rows intended to be sampled in Section 1 were not
able to be included in the photographs, infrared photographs and sampling since they
were part of the material lost during grid removal. Therefore, Section 1 (Figure 6-63a)
for this test includes the intended base and second block rows, but the third and top
rows are of backfill 150 mm behind the intended depth.
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Figure 6-63a. Section 1 of BCrSAT.

Figure 6-63b. Section 2 of BCrSAT.

Figure 6-63c. Section 3 of BCrSAT.

Figure 6-63d. Section 4 of BCrSAT.

Figure 6-63e. Section 5 of BCrSAT.
Section 1
Section 1 was entirely wet with no dry patches. The blocks were evenly wet across
Section 1, with an average block water content of 36.9 %, which was 2-3 times as high
as the blocks in the subsequent sections (average block water contents for Sections 2, 3,
4 and 5: 20.1, 14.5, 15.7 and 16.3 %, respectively). The pellets were wetter than the
blocks, particularly a 670 × 230 mm2 strip at the pellet-chamber contact to the right of
the tunnel axis. This area seemed to be the main source for water flow during the flowthrough phase.
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Change in BCrSAT foundation bed layer thickness
Before test
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Figure 6-64. The thickness of the foundation bed layer in BCrSAT before and after the
test. The x-axis represents the width of the tunnel from left to right at the front of the
tunnel.

Figure 6-65a. Easing down the steel grid.

Figure 6-65b. A layer of wetted clay stuck
onto the grid.

The extent of saturation was measured after disassembly proceeded beyond Section 1.
The depth of saturation for base blocks was 190 mm, second row blocks 300 mm, third
row blocks 340 mm, lower half of the top row blocks 470 mm, and upper half of the top
row blocks 570 mm. The average was 338 mm. Water seemed to have penetrated deeper
into the backfill on the top and less with distance from the top of the tunnel. This
occurred even though during the saturation phase water inside the tunnel was initially
distributed evenly across the entire front face of the backfill, and the surface was kept
wet for 4 months.
Most likely water passed through the upper pellet layer more rapidly than the blocks in
the front. This enabled water to enter the block assembly further back in the backfill
through the pellet layer and wet top row blocks vertically from top to bottom. Hence the
uneven limit of saturation in the backfill.
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Another notion for the uneven saturation was that the blocks next to the water-filled
void swelled into the void to close it, resulting in a saturated clay skin over the
downstream face of the backfill. Water would have still been supplied to the face
through the upper inlet, but its movement would have been limited by the saturated clay
that now filled the void. Hence it would have taken a considerably longer time for water
to move down and into the blocks. This, however, can be ruled out due to the
specifications of the test setup. The initial average distance between the face of the
backfill and the steel grid was 43 mm, and this gap was closed up evenly by swelling
backfill, both blocks and pellets. The swollen clay mass adhered onto the steel grid
during the saturation phase as can be seen in Figures 6-65a and 6-65b, but the clay mass
did not swell beyond the steel grid and, therefore, did not close up any volume of the
void between the steel grid and the saturation door. This distance was measured during
the installation operation as 265 mm. This comes to prove that the entire face of the
backfill was in direct contact with the body of water for the duration of the saturation
phase.
Section 2
In Section 2 (Figure 6-63b), blocks from base to third row level were found to be at
their initial water content for the most part. The edges of these rows as well as the top
row had taken on water (Figure 6-66a) and there was a clearly observable horizontal
wetting front present in the blocks below the uppermost layer (Figure 6-66b). The depth
of saturation reached just behind the upper half of the top block row in Section 2
(Figure 6-63b). The pellet layer was distinctly wetter than the center of the backfill. The
entire upper pellet layer had the highest water content, and both lower sides of the pellet
layer had a somewhat lower water content relative to the crown. The white stripes
visible on the surface of some blocks are impact marks caused by a hammer drill.

Figure 6-66a. Measuring
the depth of saturation.

Figure 6-66b. A closer view of the upper half of section 2.

116

Section 3
In Section 3 (Figure 6-63c), practically all the blocks demonstrated signs of having
been affected by water at some point during the test, as the extent of surface peeling was
widespread. The majority of these blocks had the same measured water content as they
had during the initial assembling. Only the blocks in contact with the pellet layer
showed measurable change in their water content, especially the top-most four blocks
had been affected by water.
Pellets in Section 3 were distinctly drier on average than in the preceding sections. Insitu observations and water content samples (Appendix 21) both indicated that the upper
pellet layer across the width of the four top-most blocks had the highest water content
(and lowest density). The left side of the pellet layer below this level was not much drier
(Figure 6-67a). The only region that showed a notably lower water content was on the
right below third row level (Figure 6-67b).

Figure 6-67a. Moist left side of the pellet
layer.

Figure 6-67b. Dry right side of the pellet
layer (note coarse texture remaining in
pellet filled volume).

Section 4
For the most part, Section 4 (Figure 6-63d) also contained blocks that were still at their
initial water content. The changes in surface colouration, caused by the drying of
moisture visible on the face of the blocks, was merely cosmetic. Dark coloring of the
blocks shown in Figure 6-63d was the result of the surface layer having crumbled off,
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revealing the darker interior of these blocks. Only the perimeter of the block assembly
had experienced notable wetting. There was a minor flow channel in the top left-hand
corner of the uppermost row of blocks, measuring 90 × 90 mm2, as shown in Figure 663d.
The pellet layer above the uppermost row of blocks was again the wettest, but less so
than in Section 3. The left and right sides of the pellet layer were equally wet, but below
the mid-height of the second row on the right, the pellet layer abruptly became
discernibly drier.
Section 5
In section 5 (Figure 6-63e), the moisture distribution trend was the same as observed in
the previously excavated section. The blocks that were not in contact with the pellet
layer were dry. Where in contact with the pellets, the entire perimeter of the block
section had been wetted as a thin strip, especially nearest to the water point sources. The
pellet layer was notably wetter than observed for Section 4, especially in the immediate
vicinity of both point sources for water inflow. The bottom right-hand corner of the
pellet-fill contained a small pocket of dry pellets, which had rolled down to the side
from the poured-in section of pellets between the block assembly and the back wall.
(Figure 6-68a).
After excavation of Section 5, it was noted that:
a) Most of the electrical resistivity electrodes were just barely coated by a dry layer
of bentonite paste (Figure 6-68b). This will have affected their functionality.
b) The pellet mass next to the point sources was so wet that it was beyond its liquid
limit. Hence the pellet mass could flow away from that location, if not
physically held in place (Figure 6-68c).
c) Pellets installed behind the third block row and below were still in their dry form
(Figure 6-68d).

Figure 6-68a. The lower right corner of
the pellet layer was still dry.

Figure 6-68b. An electrode coated by a
layer of crumbling dry bentonite paste.
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Figure 6-68c. The left water point source Figure 6-68d. Pellets poured into the gap
at the back of the tunnel showing very wet at rear of chamber were still dry.
pellet mass.
6.9.5

Deformation of the blocks and block assembly

As was done in test FrSAT (Section 6.6), measurements of the width of the block rows
and pellet layers were taken from predetermined survey lines during initial block
assembly as well as during the disassembly. This allowed for estimation of how much
the boundary between the blocks and pellet layer shifted during the test and an
indication of how much swelling and subsequent deformation of the backfill had
occurred.
When taking into account only the widths of completely saturated block rows in Section
1, the average after-test width of the pellet layer was 190 mm (when block cross-section
surface area is converted to a semi-circle), compared to an initial average width of
210 mm. This results in an estimated volumetric compression ratio of 1.10 for the pellet
layer. As an additional value, the rate of saturated block expansion in any given
direction was estimated at 26-38 mm per every meter of backfill in that direction. In a
hypothetical deposition tunnel scenario, where the entire length of the backfill was
saturated, this would translate into a tunnel-lengthwise swelling displacement of 2.6 3.8 m per every 100 m of backfill. This estimation is based on before and after
measurements of Section 1 block rows in the horizontal and vertical direction. Section 1
was entirely saturated at the end of the test, so its measured radial block expansion may
give an indicative representation of maximum block expansion also in the longitudinal
tunnel-lengthwise direction.The width of block rows and the pellet layer before and
after the test as well as the depth of saturation on Level 1 through Level 5 are presented
in Figure 6-69 through Figure 6-73. The distance that the wetting front had penetrated
from the front face of the backfill is also shown in this figure. The horizontal
measurements were taken from the bottom corners of each block row, giving five levels
of review (Figure 6-39).
The measurements of block expansion (pellet compression) show a clear pattern of
reduced pellet volume, which would only occur if the saturated pellet mass has a lower
swelling pressure than the adjacent blocks. This test does not however provide a
measure of the equilibrated density of the blocks or pellets as it has not run long
enough. It is likely that such equilibration would take years to accomplish.
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BCrSAT, Level 1: Block-pellet boundary displacement during the test
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Figure 6-69. Overhead profile showing lateral deformation of block-pellet boundary
displacement and distance of saturation progression from the front face on Level 1.
BCrSAT, Level 2: Block-pellet boundary displacement during the test
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Figure 6-70. Overhead profile showing lateral deformation of block-pellet boundary
displacement and distance of saturation progression from the front face on Level 2.
BCrSAT, Level 3: Block-pellet boundary displacement during the test
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Figure 6-71. Overhead profile showing lateral deformation of block-pellet boundary
displacement and distance of saturation progression from the front face on Level 3.
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BCrSAT, Level 4: Block-pellet boundary displacement during the test
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Figure 6-72. Overhead profile showing lateral deformation of block-pellet boundary
displacement and distance of saturation progression from the front face on Level 4.

BCrSAT, Level 5: Block-pellet boundary displacement during the test
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Figure 6-73. Overhead profile showing lateral deformation of block-pellet boundary
displacement and distance of saturation progression from the front face on Level 5.
6.10 Milos B Flow-Through (MiFT) Test
6.10.1 Performing the flow-through test

The Milos B flow-through (MiFT) test was built in the same manner as previous tests,
except for the use of Milos B bentonite in the manufacture of both the blocks and the
pellets. It was initiated on Friday 5.11.2010 at 14:57. All the notable events associated
with its operation are listed in Table 6-12 and where appropriate, briefly elaborated in
the following text:
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Table 6-12. Key events in test MiFT.
Time [hh:mm]
Event

From

Until

Water outflow

0:00

Clay accumulation

Other observations

Water supply on - commencement of the test

13:07

20:46

Pressure measurements
interrupted.

39:22

48:16

Pressure measurements
interrupted.

58.35

64:15

Pressure measurements
interrupted.

68:54

A small puddle of water
emerges on the drainage
ramp on the far left. No
further outflow.

1

68:04

2

88:08

Water supply shut off.

90:33

Water supply on.

3

4

5

5

6

7

Reference

Appendix 11

Figure 6-74a

Water penetrates the
front of the backfill (top
right corner, pellet
layer).

Figure 6-74b

101:52

Power outage. Test
interrupted. Water
supply off.

Appendix 11

115:31

Power restored. Test
continued. Water supply
on.

91:23

115:31

129:04

139:04

101:52

Major. Accumulating
behind the grid on the
right.

129:04

Minor. Outflow
from upper pellet
layer on the right.

139:04

Minor. Outflow
from upper pellet
layer on the left.

None.

Minor.

Moderate.
Accumulating behind
the grid on the left.

Major.

Minor to moderate.
Accumulating on the
drainage ramp on the
left.

162:00

162:00

256:53

164:53

167:08

256:53

Major. Outflow
from upper pellet
layer on the right.

None.
A new outflow channel
gradually opens up in
the top pellet layer.

Figure 6-74c

Pressure measurements
interrupted.
Water supply off - end of the test

Appendix 11
Figure 6-74d
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Event 1
The face of the backfill withstood intact longer than any of the other tests in the series.
A minute puddle of water emerged onto the drainage ramp from behind the steel grid on
the left side at 68 h 04 min (Appendix 10). The outflow dried up in 50 minutes, and the
total outflow constituted no more than a cupful of water (Figure 6-74a).
Event 2
Between 88 h 08 min and 90 h 33 min the water supply was shut off, but the pressure in
the inflow tubes was sufficient enough to have conveyed some saline water into the
tunnel during this period. The cause for the interruption remained unknown.
Event 3
At 91 h 23 min, substantial quantities of water began to exit the front of the test. An
abrupt outburst of air/water/clay against the steel grid from the pellet layer on the top
right was followed by major outflow of water and a rapid accumulation of clay behind
the grid on the right side. Clay built up all the way up to third row level, and there was
only minor accretion on the drainage ramp beyond the grid. The outflow of both water
and clay remained high until a power outage caused a 13 hour interruption of water
supply and system monitoring to the test beginning at 101 h 52 min (Figure 6-74b).
Event 4
The functioning of the testing system was restored at 115 h 31 min and the test resumed.
Once the test resumed, only a minor outflow of water was measured, emanating from
the established flow channel on the right side. There was no mentionable erosion.
Event 5
Then at 129 h 04 min onwards, the top left side of the steel grid began to gradually soak
in water from top to bottom, originating presumably from the upper pellet layer.
10 hours later, the minor outflow of water is accompanied by the commencement of
clay erosion at a moderate rate (Figure 6-74c). This persisted until approximately
162 h 00 min. Thereafter, until the cessation of the test, the rate of water outflow
escalated to a higher rate (Appendix 9), and the accumulation of clay remained at a
steady lower moderate to minor rate (Figure 6-74d).
Due to the fact that the blocks and the pellets in this test both consisted of the same
material, Milos B clay, it was difficult to distinguish the ratio of block and pellet
material in the eroded clay. The mass of eroded clay was of the same light brown color
throughout. Only crumbs in the mass designated that at least a portion of the mass was
block material (Figure 6-75a), as crumbs were a component of the blocks, not pellets.
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Figure 6-74a. 68 h 54 min. Small puddle of
water in the lower left corner.

Figure 6-74b. 101 h 52 min. Clay
accumulating behind the grid on the
right.

Figure 6-74c. 143 h 16 min. Clay accumulating behind the grid and onto the
drainage ramp on the left.

Figure 6-74d. The front of the steel grid
at the end of the test.

Event 6
Soon after 143 h into the test, the accumulating clay on the left side of the drainage
ramp caused an overflowing of the outflow collection system (Figure 6-75b).
Consequently clay and water flowed onto the concrete base plate (Figure 6-75c) and
onto the floor of the test facility (Figure 6-75d). At 160 h 48 min, 237 l of water was
vacuumed off the floor. This volume was used to correct the outflow measurements, and
the results are provided in Appendix 10. During the period 160 h 48 min to 189 h there
is no actual measure of additional water losses due to system overflow, but it was
assumed to be similar to what had occurred prior to this time. The accumulated clay on
the floor, base plate and the drainage ramp was shoveled into a separate container at
189 h, and no further overflow of the outflow collection system occurred during the
remainder of the test.
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Event 7
The test was concluded on Tuesday 16.11.2010 at 07:50 after 256 h 53 min of
operation.
A total of 45.5 kg (dry weight) of clay had eroded during the test, and this amount is the
sum of the materials from the collector tray, clarification tank and the floor of the test
facility. This sum amounted to 0.6 % of the initial backfill mass. The eroded materials
that accumulated behind the front grid against the face of the backfill were
indistinguishable from the rest of the backfill, and therefore, could not be included in
the total amount of erosion since it was in part eroded material and partially swelled
block materials.

Figure 6-75a. The accumulated clay
contained crumbs from blocks.

Figure 6-75b. 162 h 03 min. Clay
accumulating in the drainage ramp.

Figure 6-75c. 188 h 13 min. Clay overflowing the sides of the drainage ramp.

Figure 6-75d. 188 h 13 min. Clay overflowing onto the floor of the test facility.

Swelling Pressure and Water Inflow Patterns
Pressures demonstrated a subtle development throughout the test (Appendix 11).
Pressure in all but for TPC5 rose steadily for the first 119 h 10 min. TPC1 peaked at 48
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kPa and then at 137 h 49 min TPC4 peaked at 93 kPa. Shortly thereafter, pressures
decreased substantially and then stabilized until the end of the test. The end-of-test
readings for TPC0, TPC1, TPC2, TPC3 and TPC4 were 2, 6, 37, 65 kPa, respectively.
TPC5 did not detect any mentionable pressure during the test.
TPC3 followed the pattern observed in the other sensors until 82 h 00 min, following
which the readings fluctuated erratically until the end of the test (peaking at 613kPa).
This may have been either the influence of hydrostatic pressure variations, a
malfunction in the gauge or some other unidentified factor, but whatever the cause the
readings were not consistent with other pressures observed in the test. TPC3 performed
without problem in tests done before and after MiFT so the reasons for the readings
obtained in this test remain unidentified.
The inflow rate seemed erratic during the first 162 h into the test, fluctuating between
0.00-0.41 l/min, and averaging 0.16 l/min (Appendix 9). After this point, the alterations
were slighter and the average for this period rose to 0.20 l/min. The total average for the
inflow rate was 0.15 l/min.
6.10.2 Disassembling the backfill

The disassembly of the backfill was accomplished in 2.5 working days. Backfill was
removed from the tunnel as five sections according to the disassembly plan (Appendix
5), and photographs and infrared photographs were taken of every section (Appendix
12). Water content samples were gathered and the results were used to generate a water
distribution pattern of each section (Appendix 22). The front views of Sections 1 to 4 are
presented in Figure 6-76. A photograph of Section 5 is not available, but on-site
observations, notes, the water content pattern and infrared photographs confirm that the
features of Section 5 were identical to those recorded in Section 4.

Figure 6-76a. Section 1 of MiFT .

Figure 6-76b. Section 2 of MiFT.
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Figure 6-76c. Section 3 of MiFT.

Figure 6-76d. Section 4 of MiFT.

Removal of the Steel Grid
Once the steel grid was lifted off (Figure 6-77a), it was observed that the face of the
backfill was intact and unlike several other tests, had not adhered to the grid (Figure 677b). Eroded clay had accumulated behind the grid and merged with the backfill blocks
to form a uniform mass of Milos B clay in the front of the tunnel. It was not possible to
distinguish the ratio of eroded block and pellet material, since the coloring of both
Milos B products was identical when wet.
In a matter of minutes after the support of the steel grid had been removed, the face of
the backfill began collapsing. First a section detached from the top left corner, leaving a
hole in the backfill measuring 780 × 300 mm2 (Figure 6-77c). Moments later the entire
face of the backfill slumped onto the drainage ramp (Figure 6-77d). The subsequently
measured dry mass of collapsed clay was 134 kg.
Section 1
As the disassembly proceeded to the depth defined for Section 1, the depth of water
penetration into the backfill from the front was measured to be approximately 4070 mm (Figure 6-77e). The water, which had evenly wetted the front blocks, came from
the wet clay that had accumulated to fill the majority of the originally open gap between
the steel grid and the backfill.
There was a substantial cavity in the upper pellet layer on the left, which stretched back
into the backfill (Figure 6-77f). Water flowing through this flow channel had also
eroded most of the top block row in the front half of the tunnel during the test.
Section 1 in this test was the wettest of any of the flow-through tests in the series
described in this document. Figure 6-78a clearly shows the wetting pattern across
Section 1, with the dark areas representing wet and the light grey areas dry blocks.
Essentially both the base and top block rows had been thoroughly saturated. There was
a gap in the pellet layer to the top left measuring 660 × 200 mm2 (Figure 6-78a). Blocks
under this cavity had eroded away or were entirely saturated. The rest of the blocks in
the section tested for slightly elevated water contents, but seemed to have been little
altered in terms of texture or appearance.
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The water distribution pattern for Section 1 is provided in Appendix 22. The pellet layer
was wettest in the crown region, extending across a length of six blocks along the top
block row. Pellets on both sides of the tunnel were drier below the top of the third row.
Pellets on the right side were still maintaining their initial as-sprayed texture (Figure 678b).
Both lower corners of the pellet layer at the junction of the tunnel floor and walls had
higher than average water contents in Section 1, but this is attributed to the manually
mixed and inserted mass of pellets that was used during construction rather than actual
water entry into these locations. The purpose of the manual removal of a considerable
volume of as-sprayed pellets and their substitution with pellet mass hand-mixed in a
separate container was done initially directly after the spraying operation, because the
lower corners were sprayed deficiently with an insufficient amount of water for the
pellets to form a cohesive mass that did not crumble out onto the drainage ramp. The
laboratory-tested water content of the initial hand-mixed pellet mass replacement in the
corners was 78.1 %. This can be compared with the laboratory-tested water content of
35.4 % (single sample from the face of the backfill) and computational average water
content of 17.6 % for the entire remaining sprayed pellet layer that were noted directly
after the spraying operation. These figures indicate that the lower corners of the pellet
layer were significantly higher in water content even before the initiation of the test
MiFT.
During the disassembly, sampling of Section 1 indicated a water content of 75.9 % for
the lower left corner of the pellet layer, 62.6 % for the lower right corner of the pellet
layer, and an average of 59.6 % for the rest of the as-sprayed pellet layer. As the lower
left corner of the pellet layer passed water through 68 h 04 min into the test, but the
right corner remained dry until the end, it is reasonable to conclude that the difference in
water contents between the two corners during the disassembly indicated how much the
minor outflow of water in the left corner raised the water content in the pellet mass.
However, this could also be the result of water and clay accumulating predominantly on
the left side of the tunnel and pressing against the face of the backfill.
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Figure 6-77a. Removing the steel grid.

Figure 6-77c. The front began to collapse after
removing the grid.

Figure 6-77e. Measuring the depth of water
penetration.

Figure 6-77b. The intact face of the
backfill.

Figure 6-77d. Shoveling the collapsed section of the backfill face.

Figure 6-77f. The upper pellet layer was
missing. Blocks and pellets are indistinguishable in the uniform mass.
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Figure 6-78a. Close-up view of the flow channel in
Section 1.

Figure 6-78b. The dry right
lower corner of the pellet layer.

Section 2
In section 2 (Figure 6-76b), the limited extent of water penetration into the block mass
was evident. Except for the blocks in contact with the pellet layer on the far left on the
base, second and third rows, the rest of the blocks were in their initial condition with no
measurable alterations to their initial water content. This is a sharp contrast to the top
half of the top row, which had saturated, and the left upper half of the top block row,
which had been eroded away all together.
The void in the pellet layer on the top left was so extensive and it did not exhibit any
clear-cut boundaries, so it is misleading to describe it as a flow (piping) channel of the
type observed in other tests in this series. There was probably a discrete flow channel
present during the test, but once the steel grid was removed, the entire top section
around the flow channel caved in, leaving no evidence of the feature. This cavity
measured 600 × 120 mm2 in Section 2 (Figure 6-79a), and extended further back into
the tunnel. The pellet layer had subsided so that there was a narrow gap between the
tunnel roof and pellet layer across the length of the cavity.
Pellets on the right side of the backfill were dry and still in their initial form (Figure 679b). However, pellets in the left lower corner were as wet as those observed in Section
1, leading to the conclusion that there was in fact a flowpath at this location at some
point during the test.
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Figure 6-79a. Measuring the cavity on top.

Figure 6-79b. Pellets on the right side were
still dry.

Section 3
Conditions in Section 3 (Figure 6-76c) were essentially the same as Section 2, just
without the presence of an eroded cavity at the crown. The edges of the left-side blocks
on the base, second and third rows had all taken on water, but otherwise the rows were
dry. The upper half of the top block row had also taken on water. There was a 150 ×
50 mm2 gap in the pellet layer at the crown of the tunnel, the remaining extent of the
cavity described in the preceding sections. The pellets above the top block row were
again the wettest in the section. Wetting had also occurred in the lower left corner of the
backfill. The pellet layer was very dry on the left side below third row level.
Section 4
In Section 4 (Figure 6-76d), the depth wetting of the blocks was symmetrical, following
the semi-circular tunnel contour. Water had penetrated no more than 1-2 block
thicknesses below the top row. The pellet layer was again wettest directly on top of the
top block row, but the rest of the pellet layer demonstrated higher water contents than
previous sections. Only the lower right corner next to the base block row was distinctly
drier than the rest of the pellet fill.
Section 5
Section 5 was identical to Section 4 in every way with a very symmetrical wetting of
the blocks and pellets observed. The pellet mass next to both water inlet locations was
clearly of higher water content than their surroundings. The pellets in the bottom-right
corner were even drier than in Section 4 and they were a mixture of sprayed (flaky dry)
and dry cylindrical pellets. The latter pellets had been dry poured into the gap at the rear
of the tunnel during backfill installation. These still-dry pellets had rolled forward from
their initial location during dismantling of Section 5 and were now visible on the sides.
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6.11 Summary of Statistics in BACEKO II Tests
6.11.1 Construction of the backfill
6.11.1.1 Duration of construction phases

Information on times spent constructing the block assembly and dismantling the backfill
is presented in Table 6-13. The duration of spraying has been provided as an absolute
value and additionally in terms of time per m of installation because the assembly in
two open-front tests was only half the length of the other tests (Appendix 1 and
Appendix 2). The unit day [d] refers to a standard work day of 7.5 h.
Table 6-13. Duration for assembling the blocks, spraying the pellets, compacting the
foundation bed layer and disassembling the backfill in each test.

Test

Physical
length of
test
(m)

Time needed
to assemble
blocks [d]

Relative
Time needed to
spraying
spray in the
duration
pellets [h:min]
[h:min/m]

Compacting
Disassembthe foundation ling the
layer [h]
backfill [d]

FrFT 3.5

1.5

1.5

0:45

0:29

-

2.5

FrFT 7

1.5

1.5

0:38

0:24

-

2.5

FrOF1

0.75

2

0:30

0:37

-

1.5

FrOF2

1.5

1.5

0:47

0:30

-

2.5

FrSAT

1.5

2

0:46

0:30

3

3.5

BCrFT

1.5

1.5

0:45

0:29

-

3

BCrOF

0.75

1

0:29

0:36

-

1

BCrSAT

1.5

1.5

0:47

0:30

2

3

MiFT

1.5

1.5

0:58

0:37

-

2.5

Average

0:31

6.11.1.2 Blocks

In order to determine densities, precise block assembly volumes, area and volume
percentages of each backfill component and overall vertical and horizontal gaps within
the block assembly, the dimensions of the blocks needed to be known to a high degree
of accuracy. Friedland blocks were measured in tests FrFT 3.5, FrFT 7 and FrOF1;
mixture blocks in BCrFT; and Milos B blocks in MiFT. Each set of measurements
included ten blocks. The measured average block dimensions are provided in Table
6-14.
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Table 6-14. Dimensions of the blocks.
Block

Length [mm]

Width [mm]

Depth [mm]

Fr

300.9 ± 0.9

148.0 ± 0.2

75,0 ± 0.2

BCr

299.3 ± 0.2

147.2 ± 0.2

74.6 ± 0.4

Mi

300.3 ± 0.4

149.8 ± 0.4

75.0 ± 0.2

Using the dimensional parameters provided above for the block assembly in each test,
the average start-of-test densities for the block-filled regions can be estimated (Table 615). The Empty space at the back in Table 6-15 represents the same dimensional space
in-between the block assembly and the back wall of the tunnel than the Gap at the back
refers to, but also includes a measure of the width and height of this space. This empty
space was filled manually with unmoistened dry pellets during the construction of the
block assembly.
Table 6-15. Parameters of the block assembly.
Test

Number of
blocks

Dry weight
[kg]

Volume
[m3]

Average dry
density
[kg/m3]

Gap at the
back [mm]

Empty space at
the back [m3]

FrFT 3.5

1160

7390

3.874

1958

52

0.133

FrFT 7

1160

7390

3.876

1994

50

0.130

FrOF1

580

3695

1.957

1967

54

0.142

FrOF2

1160

7390

3.888

1966

44

0.117

FrSAT

1160

7390

3.835

1947

36

0.107

BCrFT

1160

7858

3.831

2049

46

0.119

BCrOF

580

3929

1.918

2093

50

0.135

BCrSAT

1160

7858

3.844

2010

35

0.098

MiFT

1160

6019

3.953

1550

49

0.129

6.11.1.3 Gaps and voids in-between blocks

The volume represented by the construction gaps in-between the blocks installed in each
test is an important aspect of test evaluation as it will affect the initial average density
for the block-filled region. For each test a series of measurements of the horizontal
distance between adjacent blocks were made and an average gap calculated. The
average gap distances in Table 6-16 are based on the following:


the total length of all seams in-between blocks in the entire block assembly was
determined based on measured block dimensions and the assembly plan,
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the volume of the measured gaps (2 mm of more in width) – with the assumption
that the width of a gap remained constant across the entire area of the block
being measured (in other words, it was assumed the block was not leaning in any
direction), and



the volume of the unmeasured gaps (discernibly no measurable gap present) was
assumed to be 0 mm3.

Table 6-16. The average horizontal gap between any two adjacent blocks in the
assembly calculated from manual measurements of all gaps 2 mm or more in width.
Test

Average distance between two blocks [mm]

FrFT 3.5

0.13

FrFT 7

0.11

FrOF1

0.18

FrOF2

0.12

FrSAT

0.08

BCrFT

0.07

BCrOF

0.13

BCrSAT

0.03

MiFT

0.14

Similarly, the vertical distance between overlapping block rows also needed to be
estimated. Tachymeter measurements were taken for three of the tests (Figure 5-7) to
provide a measure of this gap dimension. The vertical gap widths are presented in Table
6-17.
Table 6-17. Vertical gap widths between overlapping block rows measured with a
Trimble S6 tachymeter.
Location*

A

B

C

D

E

F

G

H

Avg. σ

Vertical width in FrFT 3.5 [mm]

0.5

0.4

1.2

0.6

0.5

1.1

0.8

0.9

0.7

0.3

Vertical width in FrFT 7% [mm]

0.4

0.2

0.2

0.7

1.2

0.2

0.2

0.3

0.4

0.4

Vertical width in BCrFT [mm]

1.0

1.0

0.7

0.9

1.4

1.0

1.0

1.0

1.0

0.2

* For location details see Figure 5-7.
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6.11.1.4 Pellets

The pellet layer thickness was calculated from the fixed and known cross-section of the
tunnel and the average area of the face of the block assembly for each test. The blocks
were assumed to be equidistant (the block surface area was converted into an equivalent
semi-circular area in calculations) from the tunnel wall in order to provide the average
pellet layer thickness. The block volume takes into account the varying width of block
rows along the length of the tunnel and the gaps between the blocks. This is why the
thickness of the pellet layer varies slightly from test to test, even though the theoretical
block filling degree is identical for all tests. As a result, the dry density calculated for
the pellet-filled regions should be recognized as being an average value with some
degree of variation being present in the various regions of the pellet-fill.
Measurements related to the installation of the pellet layer for each test are summarised
in Table 6-18a and Table 6-18b. The deflection value is the percentage of pellet material
that bounced back during spraying. This material was manually removed from the test
tunnel and weighed to allow for determination of the actual as-placed mass of pellets. In
all of the tests, an empty gap existed between the block assembly and the back wall and
this was filled by pouring dry pellets into this volume. The amount of poured pellets
(Poured into the back manually) has been added to the sprayed material (Sprayed
pneumatically) and the amount of deflected pellets reduced from this sum (Deflected in
spraying) in order to produce the total amount of pellets remaining in the tunnel (Total
remaining in tunnel) and calculate the Dry density of the pellet layer.
Table 6-18a. Parameters of the pellet layer: amount of pellets in installation.
Poured into the back
manually

Sprayed pneumatically

Deflected in spraying

Test

Scale Water
weight content
[kg]
[%]

Dry
weight
[kg]

Scale
weight
[kg]

Water
content
[%]

Dry
weight
[kg]

Scale
weight
[kg]

Water Dry
content weight
[%]
[kg]

FrFT 3.5

108

18.9

88

1914

18.9

1553

300

18.1

246

FrFT 7

104

18.9

84

1668

18.9

1354

202

24.4

153

FrOF1

150

18.9

122

1320

18.9

1071

585

28.2

420

FrOF2

85

18.9

69

2018

18.9

1638

316

18.5

258

FrSAT

93

18.9

75

1658

18.9

1345

283

17.3

234

BCrFT

111

18.9

90

1937

18.9

1572

215

22.5

167

BCrOF

102

18.9

83

1160

18.9

941

284

23.1

218

BCrSAT

89

18.9

72

1695

18.9

1375

355

28.8

253

MiFT

91

9.1

83

1644

9.1

1494

392

20.2

313
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Table 6-18b. Parameters of the pellet layer upon completion of installation.

Test

Total
remaining
in tunnel,
dry weight
[kg]

Total
remaining in
tunnel,
relative, dry
weight [kg]

Pellet
layer
volume
[m3]

Dry
density
[kg/m3]

Spraying
pressure
[kPa]

Pellet layer
Pellet
average
deflection
thickness
[%]
[mm]

FrFT 3.5

1395

930

1.524

915

150

15.3

208

FrFT 7

1285

857

1.509

852

120

10.9

208

FrOF1

773

1031

0.857

902

230

37.8

204

FrOF2

1449

966

1.501

965

100

15.2

207

FrSAT

1187

791

1.471

807

200

16.8

208

BCrFT

1495

997

1.535

974

170

10.2

212

BCrOF

806

1074

0.869

927

150

22.4

212

BCrSAT

1195

797

1.496

799

150

17.7

210

MiFT

1264

843

1.547

817
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20.8

204

6.11.1.5 Foundation bed layer

Only tests FrSAT and BCrSAT were installed with a foundation bed underlying the
block and pellet materials. The measurements associated with them are presented in
Table 6-19. In both tests, the foundation bed layer consisted of a mixture of bentonite
(40%) and crushed rock (60%). The mixture material was spread onto the base of the
tunnel as loose uncompacted soil and compacted in the tunnel manually with a steel
roller and weight. The compaction pressure is the weight of the steel roller divided by
its area of ground contact, which was tested and measured on-site.
Table 6-19. Foundation bed layer in tests FrSAT and BCrSAT.
Test

Dry weight
[kg]

Average thickness Average dry
[mm]
density [kg/m3]

Compaction
pressure [kPa]

Surface
inclination
[degrees]

FrSAT

204

34

1285

12.0

0.24

BCrSAT

130

17

1710

12.5

0.05

The average thickness of the foundation bed layer in FrSAT was twice to that in
BCrSAT. The dry weight of the used mixture material, however, did not correlate to this
same ratio. The average dry density of the thicker FrSAT foundation bed layer was
significantly lower than for the thinner BCrSAT. This goes to implicate that manual onsite compaction of the foundation bed layer in this test series did not produce consistent
results for the density. It might also be a case of difficulty to compact a thicker soil
layer with the same static compaction pressure to an equal state of density. Apart from
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decreased density, the thicker foundation bed layer was measured to have a greater
surface inclination as seen in Table 6-19.
6.11.1.6 Total quantity of backfill

The total dry weight and average dry density of the entire backfilled region for each
backfilled tunnel prior to the start of testing is calculated from the information provided
above and is presented in Table 6-20. These values include the masses and volumes
occupied by the block assembly, construction gaps, the pellet layer and, in saturation
tests, the foundation layer. It is recognized that these values assume a homogeneous,
density-equilibrated system and the actual tests listed had not achieved these conditions.
For the purposes of longer-term, system performance purposes, equilibrated values are
of particular interest.
Table 6-20. The total dry weight and dry density of the installed backfill in each test.
Test

Dry weight [kg]

Dry density [kg/m3]

FrFT 3.5

8785

1622

FrFT 7

8675

1603

FrOF1

4468

1577

FrOF2

8839

1634

FrSAT

8780

1633

Average Fr tests

1614

BCrFT

9353

1735

BCrOF

4735

1694

BCrSAT

9183

1710

Average BCr tests
MiFT

1713
7284

1320

6.11.1.7 Area and volume percentages

The percentage each material component in the backfill occupied of the total area in a
cross-section of the tunnel was calculated. The area percentages presented in Table 6-21
are based on actual measured dimensions of each block type (Table 6-14) and on-site
measurements of the width of designated block rows illustrated in the assembly plans of
each test type (Appendix 1, 2, 3). Foundation bed measurements were conducted on-site
for the tests that included this component. These calculations do not take into account
the presence of the pellet-filled space present at the rear of the tunnel. An example
calculation for tests FrSAT is presented in Appendix 23.
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Table 6-21. Area percentages of backfill material components in a cross-section of the
test tunnel.
Test

Blocks [%]

Pellets [%]

Foundation bed [%]

Air-filled gaps inbetween blocks [%]

FrFT 3.5

74.0

25.8

-

0.2

FrFT 7

74.0

25.8

-

0.2

FrOF1

74.0

25.4

-

0.6

FrOF2

74.0

25.7

-

0.2

FrSAT

74.0

22.9

2.9

0.2

BCrFT

73.3

26.3

-

0.4

BCrOF

73.3

26.3

-

0.5

BCrSAT

73.3

24.6

1.4

0.7

MiFT

73.9

25.4

-

0.7

The percentage each component in the backfill occupied of the total volume of the
tunnel was also calculated. The volume percentages presented in Table 6-22 are based
on the following:


the theoretical block filling percentages presented Table 6-22,



the volume of the block assembly calculated separately in each test based on onsite measurements of the average length of the block assembly from back to
front,



the volume of the tunnel calculated separately in each test based on on-site
measurements of the average length between the back wall and the front edge of
the block assembly,



the volume of the pellet-filled back gap (which is included in the Pellets column
in Table 6-22) in each test, and



the volume of all air-filled gaps in-between blocks, measured during the
construction phase of each test from all gaps 2 mm or more in width.

An example calculation is presented in Appendix 24. The sum total volume percentage
(sum of each row in Table 6-22) in all the tests was in the range 98.85-99.93 % due to
inaccuracy factors in determining the initial parameters:


unmeasured air-filled gaps within the block assembly (less than 2 mm in width),



undetermined air-filled gaps between the block assembly and the foundation bed
layer,



disparities in block dimensions (average block dimensions used as default),



inaccuracies in handmade measuring.
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Table 6-22. Volume percentages of backfill material components in the total volume of
the test tunnel.
Test

Blocks [%]

Pellets [%]

Foundation bed [%]

Air-filled gaps in-between
blocks [%]

FrFT 3.5

71.5

28.3

-

0.1

FrFT 7

71.6

28.2

-

0.1

FrOF1

69.1

30.4

-

0.2

FrOF2

71.9

27.9

-

0.1

FrSAT

71.4

24.9

2.9

0.1

BCrFT

71.1

27.7

-

0.1

BCrOF

68.6

31.0

-

0.1

BCrSAT

71.6

26.7

1.4

0.0

MiFT

71.6

27.5

-

0.1

6.11.1.8 Water content of the as-built backfill

The block assembly is assumed to be at the reference water content for each block type
as tested in the laboratory. The gravimetric water content samples taken at the time of
construction of each test were taken from the face of the pellet layer minutes after
spraying concluded. Because of the spraying technique, the front was wetter (and most
likely denser), than the inner parts of the pellet fill. Therefore, the estimated water
content, based on known initial water contents for the pellets and the amount of water
added during placement, provides a more representative value for the start-of-test
condition of the pellet layer as a whole. The pellet layer is therefore assumed to be a
uniformly-wet mass based on the estimated water content from water consumption
during spraying and the initial pellet moisture content.
From this data and initial state estimates, the start-of-test water content conditions for
the pellets were calculated. Water consumption parameters for spraying the pellets and
initial water contents of the pellet layer in each test are presented in Table 6-23. Pellets
were sprayed by two different nozzlemen with apparent discrepancies between the
resultant pellet layers between the two operators.
Initial water contents for each test are displayed in Table 6-24. The total water content
of the backfill is a weighed average of the block assembly and pellet layer, which takes
into account the mass degree of each material of the total mass of the backfill. The
saturation tests also include the foundation bed material. Most importantly, it assumes a
uniform distribution of water within the backfill, which is known to be incorrect. The
average values do however provide a means of evaluating the effects of gross
differences in system water content.
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Table 6-23. The water content of the sprayed pellet layer in each test.

Test

Sprayed by
nozzleman

Water content,
Water used in Relative amount of
laboratory
Pellet type spraying the water used in
analyzed value
pellet layer [l] spraying [l/m]
[%]

Water
content,
estimated
value [%]

FrFT 3.5

A

QSE

348.7

232.5

40.7

30.8

FrFT 7

A

QSE

361.8

241.2

58.1

32.6

FrOF1

A

QSE

112.0

149.3

40.3

24.6

FrOF2

B

QSE

111.8

74.5

31.6

22.9

FrSAT

A

QSE

192.2

128.1

47.6

26.9

BCrFT

A

QSE

241.6

161.1

50.1

27.4

BCrOF

A

QSE

189.2

252.3

43.0

29.4

BCrSAT

B

QSE

157.9

105.3

59.0

25.4

MiFT

B

IBECO

178.6

119.1

35.4

17.6

162.6

45.1

26.4

Average

Table 6-24. The initial water content values of the block assembly, pellet layer and
foundation bed material.
Test

Water content of the
block assembly [%]

Water content of the
pellet layer [%]

Water content of the
Total water
foundation bed
content [%]
material [%]

FrFT 3.5

8.2

30.8

-

11.9

FrFT 7

8.2

32.6

-

12.0

FrOF1

8.2

24.6

-

11.2

FrOF2

8.2

22.9

-

10.7

FrSAT

8.2

26.9

11.0

10.9

BCrFT

11.8

27.4

-

14.4

BCrOF

11.8

29.4

-

14.9

BCrSAT

11.8

25.4

11.0

13.5

MiFT

17.3

17.6

-

17.4

The changes in these materials as the result of water inflow are discussed in Section
6.11.3.2.
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6.11.2 Test evolution
6.11.2.1 Start of water outflow and erosion

From the detailed observations made, the monitoring data collected and the results of
dismantling of the nine tests that constitute BACEKO II, a compilation has been made
that provides key comparative details for these tests. From these, valuable estimations
can be made regarding key parameters and processes that are likely to affect the
evolution and performance of tunnel backfill.
Information concerning key water outflow- and erosion-related events in the tests have
been provided in the detailed discussion of each test (Table 6-1 through Table 6-12) and
these are summarized in Table 6-25. As these tests represent two very different starting
conditions for the water flow-through phase, the saturation tests have been divided into
saturation (FrSAT) and flow-through phases (FrSAT FT) to facilitate comparison with
other flow-through tests. Of particular significance is that the start of water outflow in
all the tests began soon after the start of testing (typically within 12-24 hrs), which
indicates that there will be very limited delay of water movement through newly
backfilled tunnel sections.
Table 6-25. Times of key events and rates of water flow in each test.
Test

Duration of
Rate of water
the test
inflow [l/min]
[hh:mm]

Distance from water
inlet to face of test
[m]

Start of
outflow
[hh:mm]

Start of erosion
[hh:mm]

FRIEDLAND BLOCKS
FrFT 3.5

0.118

262:45

1.4

16:38

16:38

FrFT 7

0.164

243:50

1.4

28:16

28:16

FrOF1

0.140

238:32

0.7

11:35

12:20

FrOF2

0.197

184:35

1.4

21:45

21:45

Average

~ 20 h

FrSAT

-

2753:05

-

-

-

FrSAT FT

0.170

237:05

1.4

88:00

88:00

MIXTURE BLOCKS
BCrFT

0.200

238:58

1.4

12:51

12:51

BCrOF

0.133

231:38

0.7

18:09

20:48

Average

~ 15 h

BCrSAT

-

2708:45

-

-

-

BCrSAT FT

0.152

248:02

1.4

00:18

-

256:53

1.4

91:23

91:23

MILOS B BLOCKS
MiFT

0.156

Information concerning water flow amounts are presented in Table 6-26. This includes
the amount of water inflow, water outflow measured in the collector tray and estimated
in leakages around the tunnel, and water retention in the backfill.
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Table 6-26. Amount of water inflow and outflow.
Test

Water inflow
amount [kg]

Water outflow into
collector tray [kg]

Water outflow via
leakage through
tunnel walls [kg]

Water retention in
backfill [kg]

FrFT 3.5

1718

0

-*

-*

FrFT 7

2395

1283

40

1072

FrOF1

2015

979

0

1036

FrOF2

2181

842

0

1339

FrSAT

-

-

48

412

FrSAT FT

2421

1162

81

1178

BCrFT

2866

1212

0

1654

BCrOF

1847

945

0

902

BCrSAT

-

-

0

132

BCrSAT FT 2268

736

314**

1218

MiFT

441

237***

1719

2397

* Value for the amount of leakage could not be determined (Section 6.1).
** Value is an estimation (Section 6.9).
*** Value is a minimum (Section 6.10).
The amount of erosion that occurred during each test was measured and is presented in
Table 6-27. As can be seen in this table, the quantity of material removed by the water
passing through the backfill can differ greatly. The implications of erosional differences
are discussed at length in Section 7.6.2.
Table 6-27. Erosion at the end of each test.
Test

Percentage of initial
Dry weight
Average rate of
backfill weight removed
removed [kg] erosion* [kg/h]
[%]

Mass removed expressed
as # of clay blocks

FrFT 3.5

0

0

0.0

0.0

FrFT 7

63

0.26

0.7

9.9

FrOF1

282

1.18

6.2

44.3

FrOF2

440

2.38

4.9

69.1

FrSAT FT

40

0.14

0.5

6.3

BCrFT

66

0.28

0.7

9.7

BCrOF

594

2.57

12.4

87.7

BCrSAT FT 0

0

0.0

0.0

MiFT

0.18**

0.6

8.8

46

* Value based on mass removed during the outflow period. It does not reflect
inconsistent erosion patterns observed in many of the tests.
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** Value is not representative of the true erosion rate. This is because most of the
eroded material during the test accumulated against the steel grid and adhered against
the face of the backfill. During disassembly, it was not possible no weigh this eroded
material.
6.11.2.2 Swelling pressure

Six TPCs recorded the changes in pressure inside the test tunnel during each of the tests.
The recorded pressure readings were a combination of swelling and hydrostatic
pressures, which calls for careful deliberation in interpreting the pressure results and
determining swelling pressure as a single parameter. Generally hydrostatic pressure is
evident in the results as abrupt variations in pressure level and the evolution of swelling
pressure is visible as a gentle, steady and unchanged rise in pressure. Therefore, when
interpreting TPC readings, rapid shifts in pressure midtest can be defined as hydrostatic
pressure fluctuations and the end-of-test TPC readings can be deliberated as the most
indicative representations of swelling pressure. Table 6-28 presents end-of-test TPC
pressure readings for each test.
Table 6-28. End-of-test TPC readings (kPa) as indicative swelling pressure results.
Test

TPC 0

TPC 1

TPC 2

TPC 3

TPC 4

TPC 5

Max

FrFT 3.5

49

95

48

242

114

20

242

FrFT 7

3

0

18

0

2

2

18

FrOF 1

10

70

0

0

12

9

70

FrOF 2

0

15

14

13

17

0

17

FrSAT

4

3

13

92

0

36

92

FrSAT FT

0

12

17

121

0

88

121

BCrFT

5

28

47

78

69

30

78

BCrOF

0

0

9

0

44

0

44

BCrSAT

0

0

75

125

0

3

125

BCrSAT FT

17

28

88

140

0

30

140

MiFT

2

6

37

72

65

1

72

6.11.2.3 Test-specific saturation statistics

Two saturation tests with two different block materials were performed that lasted four
months each. The test evolution of FrSAT is described in detail in Section 6.6 and that
of BCrSAT in Section 6.9. The results of each saturation test are discussed in Section
7.4.3.
Information specific to only saturation tests is presented in Table 6-29 – most
importantly, the average depth and rate of saturation. The Average depth of saturation is
the average distance water permeated through the backfill blocks from the front face of
the backfill, which was in continuous contact with a body of water (Volume of water-
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filled front void in Table 6-29) for four months. This was measured manually during the
disassembly of each test. The Average rate of saturation has been calculated directly
from this value. The Average rate of water absorption has been calculated from
information on the changing water levels in the supply tank above Test Tunnel #2.
Table 6-29. Average depth and rate of saturation in saturation tests.
Test

Average rate of
Average depth of
saturation
saturation [mm]
[mm/month]

Average rate of
water absorption
[l/month]

Distance between Volume of
backfill front and water-filled front
door [mm]
void [l]

FrSAT

283

71

114

324

1145

BCrSAT

338

84

41

364

1288

6.11.3 Disassembly
6.11.3.1 Average water contents of blocks and pellets

Once each test was concluded, the backfill was dismantled in specific predetermined
sections. Samples for water content analysis were gathered from each section from
specific locations, which included both pellet and block samples. Table 6-30 presents
the average water contents of each backfill component in each section of each test.
Table 6-30. Average water content [%] of blocks and pellets in each section of each
test.
Test

Section 1

Section 2

Section 3

Section 4

Section 5

Total

Blocks Pellets Blocks Pellets Blocks Pellets Blocks Pellets Blocks Pellets Blocks Pellets

FrFT 3.5 11.8

47.8

9.5

44.1

11.1

44.8

16.8

47.5

30.9

66.9

16.0

50.2

FrFT 7

24.7

64.8

13.4

60.1

13.3

58.1

14.3

64.3

18.3

67.9

16.8

63.1

FrOF1

30.2

58.8

20.5

45.9

28.2

69.0

26.3

57.9

FrOF2

18.1

41.1

12.6

49.6

13.4

54.7

12.4

51.2

14.9

58.9

14.3

51.1

FrSAT

39.9

74.7

13.7

49.0

15.7

68.2

16.7

69.9

19.4

73.7

21.1

67.1

BCrFT

22.6

58.2

11.7

46.7

12.3

52.8

14.8

64.3

18.9

75.3

16.1

59.5

BCrOF

26.8

55.3

18.2

61.9

24.9

70.5

16.0

50.2

BCrSAT 36.9

79.6

20.1

74.3

14.5

62.0

15.7

64.9

16.3

76.4

20.7

71.4

MiFT

60.7

25.7

54.6

28.2

56.9

30.3

66.5

30.6

67.0

31.9

61.1

44.6

6.11.4 Change in backfill water content during test operation

After each test, average water contents for both block and pellet material were
determined from the disassembly samples. The results of these measurements were used
to generate water distribution patterns for each profile sampled (Appendices 6.14 –
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6.22). The results of these measurements are presented in Table 6-31 as averages for
each component. It was not feasible to calculate the average water contents for the
backfill as a whole and compare these values to the as-built conditions for each test. It
was not possible to accurately determine the exact extent of wetting since wetted pellet
materials varied dramatically depending on their proximity to the inflow and erosional
flow pathways. Wetting of the blocks was also uneven making volumetric estimation
problematic. It was also impossible to determine the exact ratio of pellet and block mass
that had been removed by erosion. Considerable amounts of clay had also accumulated
behind the steel grid, and the face of the backfill collapsed in many occasions when the
steel grid was removed, further complicating any attempts to accurately determine the
end-of-test moisture conditions. Hence, for the purposes of gross comparison of the
pre- and post-test water contents, the sampling averages provided in Table 6-31 are the
best option.
Table 6-31. Initial and end-of-test water content values of the block assembly and pellet
layer.

Test

Initial water
content of
block
assembly [%]

End-of-test
water content of
block assembly
[%]

End-of-test
degree of
saturation,
blocks [%]

End-of-test
Initial water End-of-test
degree of
content of
water content
saturation,
pellets [%] of pellets [%]
pellets [%]

FrFT 3.5

8.2

16.0

114

30.8

50.2

69

FrFT 7

8.2

16.8

128

32.6

63.1

79

FrOF1

8.2

26.3

191

24.6

57.9

78

FrOF2

8.2

14.3

103

22.9

51.1

77

FrSAT

8.2

21.1

147

26.9

67.1

77

BCrFT

11.8

16.1

137

27.4

59.5

91

BCrOF

11.8

23.3

217

29.4

62.6

88

BCrSAT

11.8

20.7

163

25.4

71.4

81

MiFT

17.3

31.9

116

17.6

61.1

72

In Table 6-31, the degree of saturation is calculated from the formula:
Sr 

where

G s  d
G s  w    d

Sr = degree of saturation,
ω = measured average end-of-test water content,
Gs = specific gravity of the solids (assumed 2.70),
ρd = dry density of component (values for blocks in Table 6-15 and for
pellets in Table 6-18b), and
ρw = density of water (assumed 1000 kg/m3)
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The data provided above for the blocks and pellets provide valuable information
regarding the early evolution of the backfill. In all cases, the average of the block
measurements show an approximate doubling of the gravimetric water content,
regardless of wheather it was a test that was intented to evaluate flow-through following
an extended period of intentional saturation (FrSAT, BCrSat) or flow-through from the
as-built state (other tests). The results of water content sampling and observations on
trends and differing characteristics in moisture conditions between tests have been
discussed at length in Section 7.4.
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7

ANALYSIS OF THE TEST RESULTS

7.1

BACEKO II test series

The BACEKO II series of tests comprised of 4 flow-through tests, 3 open-front tests
and 2 saturation tests. These tests are summarized below.
Flow-Through Tests: The flow-through tests yielded information on water induced
effects in the backfill material, such as swelling pressure, piping and erosion of clay.
These tests were subdivided into the following three groupings:
–

Two of the flow-through tests were performed with Friedland clay blocks and
Cebogel pellets. In the first Friedland clay flow-through test the salinity of the
supplied water was 3.5 %, as was for all the tests executed in the series, and in
the second 7 %.

–

one with 40/60-mixture blocks of bentonite (40 %) and crushed rock (60 %),
referred to as mixture material, and Cebogel pellets, and

–

one with Milos B clay blocks in conjunction with Milos B (IBECO-RWC-BF)
pellets.

Open-Front Tests: The tests established the time span in which the open backfill front
remains stable when interrupting the backfilling process. Furthermore, the open-front
tests served in gathering information on swelling pressure, piping and erosion to some
extent. These tests consisted of the following:
–

one open-front test using Friedland clay blocks and Cebogel pellets, and

–

one open-front test using Mixture blocks and Cebogel pellets.

Saturation Tests: Saturation tests determined the rate of saturation in the backfill
material. After the saturation phase, the body of water at the front of the tunnel was
discharged, the water supply was turned on at the back of the tunnel, and the test
proceeded as a flow-through test. All of the tests were assembled similarly using a block
filling degree of 73.8 % which roughly corresponds to the block filling degree of the
repository with 10 % over-excavation.These tests consisted of the following assemblies:
– Friedland clay blocks and Cebogel pellets with a foundation bed composed of a
40/60-mixture of bentonite (40 %) and crushed rock (60 %) that was blended
contemporaneously in Riihimäki with the block material.
– Mixture blocks with Cebogel pellets and a foundation bed composed of 40/60mixture of bentonite (40 %) and crushed rock (60 %) that was blended
contemporaneously in Riihimäki with the block material.
7.2

The time of outflow

The time of initial water outflow through the face of the backfill is the first result of
interest in assessing backfill evolution. The results from this study are plotted in Figure
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7-1. The outflow time is plotted based on the length of the backfill water must pass
through, (two of the open-front tests were 0.75 m in length, with the remainder 1.50 m
in length. Figure 7-1 also includes the data from the first set of tests conducted under
the BACEKO 2008 project (Riikonen 2009).
Figure 7-1 indicates that in tests FrFT 3.5 and BCrFT the outflow time differed by only
a few hours. The outflow in FrFT 3.5 was very small and lasted only approximately
4 hours, but the results are complicated by the presence of considerable internal leakage
from the test chamber (Chapter 6.2). Generally Friedland clay blocks seemed to delay
outflow slightly better than the mixture blocks (average ~20 h versus ~15 h, Table 618). Figure 7-2 shows that for mixed material the higher inflow results to quicker
outflow but for Friedland clay the effect is reversed. Evaluation of the results is
complicated by the difficulty encountered in adjusting the inflow so that a constant rate
was achieved. The average inflow varied from test to test and the average does not
necessarily reflect the degree of variation encountered during the test. Inflow was
however generally well under the target rate of 0.25 l/min.
For the saturation tests, both tests had quite similar inflow rates but the Friedland clay
block system required much more time before outflow occurred relative to the mixed
block system. For the partly saturated mixture material, outflow commenced practically
instantaneously after turning on the water supply.
In Figure 7-3 the outflow time is presented in relation to initial dry density of the
sprayed pellet layer. Since the focus is on pellet layer the role of the block material in
comparison is less essential. The initial dry density given in Figure 7-3 includes only
the pellet material which was sprayed into the tunnel, not poured at the back of the
blocks. The outflow times seem random in respect to initial dry density and it can not be
concluded that with higher or lower initial dry density the discharge would take longer.
However, a possibility remains that the pellet layer in respect to outflow time has an
optimal density which appears in tests FrSAT and MiFT.
More probably the initial water content (Figure 7-4) has an effect on outflow times.
There is an appreciable descending trend in Figure 7-4 of the lower initial water content
resulting in longer discharge times. This would explain why Milos B clay had a
considerably longer outflow time, although that was partially due to the low average
inflow rate.
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Time of outflow in relation to lentgh of the backfill
2250

FrFT 3.5
FrFT 7

Length of the backfill [mm]

FrOF 1
FrOF 2
1500

FrSAT FT
BCrFT
BCrOF
BCrSAT FT
MiFT

750

F1
F2
MB1
MB2

0
0:0
0

12
:00

24
:00

36
:00

48
:00

60
:00

72
:00

84
:00

96
:00

Elapsed time [hh:mm]

Figure 7-1. The time of outflow in relation to the length of the backfill, includes data from
Riikonen (2009).
Time of outflow in relation to inflow rate
FrFT 3.5

0,240

FrFT 7

Average inflow rate [l/min]

0,220

FrOF 1
FrOF 2

0,200

FrSAT FT
BCrFT

0,180

BCrOF
BCrSAT FT

0,160

MiFT
F1

0,140

F2
0,120

MB1
MB2

0,100
0:0
0

12
:00

24
:00

36
:00

48
:00

60
:00

72
:00

84
:00

96
:00

Elapsed time [hh:mm]

Figure 7-2. The time of outflow in relation to the inflow rate, includes data from Riikonen
(2009).
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Time of outflow in relation to initial dry density of the pellet layer

Dry density of the pellet layer [kg/m3]

1250

FrFT3.5
FrFT7

1150

FrOF1

1050

FrOF2
FrSAT FT

950

BCrFT

850

BCrOF
BCrSAT FT

750

MiFT
F1

650

F2
550

MB1
MB2

450
0:00

12:00

24:00

36:00

48:00

60:00

72:00

84:00

96:00

Elapsed time [hh:mm]

Figure 7-3. Time of outflow in relation to the initial dry density of the sprayed pellet layer,
includes data from Riikonen (2009).
Time of outflow in relation to initial water content of the pellet layer

Water content of the pellet layer [%]

35,0 %
FrFT3.5
FrFT7

30,0 %

FrOF1
FrOF2
BCrFT
BCrOF

25,0 %

MiFT
F1
F2

20,0 %

MB1
MB2
15,0 %
0:00

12:00

24:00

36:00

48:00

60:00

72:00

84:00

96:00

Elapsed time [hh:mm]

Figure 7-4. Time of outflow in relation to average calculated initial gravimetric water
content of the pellet layer, includes data from Riikonen (2009).
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7.3

Water Uptake by Backfill

The amount of water retained by the backfill in flow-through tests has been plotted in
Figure 7-5. Results presented in Figure 7-5 were achieved by determining the
difference between the weights of the inflow and outflow water. The calculation does
not take into account the mass of clay that outflowing water conveyed to the collector
tray. Eroded clay was mainly shoveled past the collector tray directly into a clarification
tank for drying. The amount of clay accumulation in the collector tray was therefore
relatively small and impossible to detect with the measuring system mounted to the
collector tray.
Figure 7-5 shows the water uptake quantities by the various materials examined in this
study. The inflow rate (Appendix 9) was higher for the mixture material backfill than
for the other tests, resulting in a larger volume of water entering (and being retained by
this material). The Friedland clay and Milos B clay systems had similar water inflow
rates applied and water retention for these materials were very similar. The rate of
inflow had a substantial effect on the wetting process as can be seen in Figure 7-5, a
higher average inflow rate resulted in a rapid increase in the quantity of water retained,
while lower average inflow rate resulted in a more steady water retention.
The plots in Figure 7-5 show two distinctive patterns, the first a tendancy for reduced
retention with time (more water bypasses system as time goes by). This pattern is
demonstrated by all but two tests (FrFT3.5 and MiFT), and is attributable to the
development of the flowpath(s) from the inlet locations directly to the front of the
backfill. The remaining two tests seem to be showing a constant rate of water uptake. In
the FrFT3.5 test water ended up in to the loose layer of pellets behind the block
assembly (Figure 6-3) creating pressure in the back of the tunnel and causing leakeges
(Figure 6-1) while the outflow was nonexistent (Table 6-1). In the MiFT tests water
formed a flow channel (Figure 6-77c) into the pellet layer under which the blocks had
wetted (Figure 6-78a). The water had also distributed into the Milos B backfill more
evenly indicating that Milos B blocks absorb water easier than Friedland or mixture
material blocks.
FrFT 7 also differed from the other tests in terms of the salinity of the water moving
through it (7 % TDS versus 3.5 % TDS), and it exhibited the lowest water retention of
the flow-through tests. Comparison to the other flow through tests indicates that
although lower, water retention was not drastically lower indicating that changing
groundwater salinity from 3.5 to 7 % TDS is not apparently sufficient to drastically alter
water retention behaviour. It should be cautioned that this conclusion is based on the
result of only one test.
From these data it can be seen that the backfill can be relied on to provide some water
absorption capacity in the period immediately following its installation, The amount
will depend on a range of factors, principal of which are: inflow rate into backfill,
material used for backfill and time since backfilling occurred. It is also evident that the
backfill cannot be relied on to provide more than a few hours/days of delay before water
will begin exiting the face of the backfill. Hence it will be vital to ensure that
disruptions in backfilling are minimized and means are developed that will allow for
collection of water exiting the backfill face and minimizing the disruptive effects of this
water on the backfill.
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Figure 7-5. Amount of water retained in the flow-through test.

Figure 7-6. Water retention % in the flow-through tests.
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Water retained by the backfill during the saturation phase (no outflow from tunnel
allowed), is presented in Figure 7-7.
The amount of water uptake during the 4-month saturation phase was relatively small
(Figure 7-8) compared to what was observed in flow-through-only tests. The difference
in behaviour is a result of how water was supplied. During the saturation phase, water
was supplied passively; as it was needed to the face of the backfill and the saturation
door. The only hydraulic pressure exerting against the backfill in the saturation tests
was applied by the low-head body of water used to supply the system (Figure 5-5a;
Figure 6-25). In the flow-through phase of testing, water was pumped at a constant rate
(m3/min). During the flow-through portion of testing in the saturation tests, the water
retention % of BCrSAT and FrSAT tests were low (10 % and 25 % respectively),
(Figure 7-8).
The amount of water retained by the backfill in the open-front tests, where no saturation
phase was applied, is presented in Figure 7-9. Water retention has been normalized to
[l/m] length of tunnel, since the length of the backfill assemblies varied from 750 mm to
1500 mm. From these data it can be seen that the Friedland clay and mixture materials
exhibited similar water retention behaviour (Figure 7-10). The lower water retention%
of the FrOF2 test derives from the briefer test duration. The plot in Figure 7-10 is not
normalized to testing time.

Figure 7-7. The amount of water retained in saturation tests.
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Water retention% in the saturation tests
100 %

Retention of the inflow [%]
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Figure 7-8. The water retention % in saturation tests once flow through phase began.

Figure 7-9. The amount of water retained in open-front tests.
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Water retention% in the open-front tests
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Figure 7-10. Percentage of inflow water volume retained by open-front tests

7.4
7.4.1

End-of-Test Water Distribution in Backfill
General water distribution patterns

Water retained by the backfill was located primarily in the pellet layer. Corresponding
sections for each flow-through test have been gathered to Figure 7-11 to illustrate this
tendency of wetting. The moistest parts in all tests could be found on top of the backfill.
This tendency was previously observed in the first test series of BACEKO 2008
(Riikonen 2009).
Apparently the pellet mass generally tends to subside slightly after spraying, leaving
some empty space between the backfill and the tunnel wall. Even though water moves
primarily downwards, the swelling clay material obstructs propagation, turning the flow
upwards. After reaching the top of the backfill, water finds a flow path in a gap between
the pellet layer and the tunnel wall.
The pellet layer of MiFT was initially dryer than in the other tests (Table 6-31). During
the test the uppermost rows of blocks wet more than the blocks in other flow-through
tests, although the end-of-test water content of the pellet layer was not significantly
higher. It can therefore be concluded that water flowed along the pellet-block interface
in the MiFT test for a considerable time during the test.
The pellets in the Milos B test (MiFT) were made from Milos B clay (IBECO-RWCBF), which had gravimetric water content of approximately half that of the Cebogel
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QSE pellets used in the other tests. It should also be noted that the initial gravimetric
water content of different block materials varied; 6.5-9.3 % for Friedland blocks; 10.512.8 % for Mixture blocks; and 18.5 % for the Milos B blocks (Table 3-2). For Milos B
clay blocks, the initial water content was the highest and for that reason Figure 7-11d
correctly shows a wetter system but only the uppermost rows of blocks were actually
discernibly wetter than their initial state. However, it is also noteworthy that the water
distributed more evenly in the pellet layer on top of MiFT than observed in other tests.
This effect may be attributed to the Milos B clay pellet material itself, the low average
inflow rate, or most likely the low initial water content of the pellet layer.

Figure 7-11a. Water distribution pattern of
FrFT3.5 Section 3

Figure 7-11b. Water distribution pattern of
FrFT7 Section 3.

Figure 7-11c. Water distribution pattern of
BCrFT Section 3.

Figure 7-11d. Water distribution pattern of
MiFT Section 3.

Figure 7-11e. Water distribution pattern of
FrSAT Section 3.

Figure 7-11f. Water distribution pattern of
BCrSAT Section 3.
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7.4.2

Saturation Tests FrSAT and BCrSAT

Figure 7-12a presents a longitudinal section of the saturation tests. In both sections
(Figure 7-12b) the water was concentrated in the upper parts of the backfill as a result
of the manner in which it moved during the flow-through phase. The wetting of the
saturation phase of the BACEKO II tests progressed only to the second and third
adjacent block rows from the face in 4 months of wetting. The results for two similar
tests conducted as part of BACEKO 2008 are also included with the BACEKO II results
in Table 7-1 and are presented in terms of wetting front movement. The average
distances of wetting calculated from the end-of-test measurements of water penetration
and so should be referenced with caution. In BACEKO 2008 wetting tests, the wetting
of the Friedland clay backfill proceeded further than for the mixture material backfill
(Riikonen 2009) in a shorter time than the current tests. This is more likely the result of
the different water supply method in the 2008 tests, which highlights the importance of
water supply conditions in wetting front movement.
Table 7-1. The progression of wetting in FrSAT and BCrSAT tests of BACEKO II and in
FSAT and MBSAT tests of BACEKO 2008 (Riikonen 2009).
Average penetration
of wetting front into
the backfill [mm]

The averate rate of
wetting front
penetration into the
backfill [mm/d]

FrSAT

282.5

2.46

BCrSAT

337.5

2.99

FSAT

~300

~10.7

MBSAT

~150

~3.96

In BCrSAT tests the rate of water penetration into the backfill was more rapid than in
the FrSAT test but the subsequent water retention rate during flow testing was less than
half of that in FrSAT test (Figure 7-8). Section 1 (Figure 7-13) shows that the water
content values of FrSAT were generally higher than for BCrSAT although the pattern of
wetting was essentially identical.
The presence of the mechanical joints between blocks apparently affects the progression
of the wetting front. Wetting is interrupted briefly, when the water moving through the
blocks of the test cross from one row of blocks to another. This phenomenon can be
observed in Figure 6-34b, in which wetting has advanced to Section 1, but blocks
directly behind the section in the adjacent block row are completely dry. The interface
between two adjacent block rows contains a tiny gap that inevitably closes as the blocks
in the first row swell into contact with the next row, with wetting proceeding only once
the blocks have swelled sufficiently to create a direct contact between blocks. This
process is of importance since it shows that wetting is not a constant rate process and
even apparently small features within the backfill can discernibly affect the saturation
process.
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Figure 7-12a. Longitudinal section A-A.

Front

Rear

Figure 7-12b. The section A-A of FrSAT and BCrSAT tests.

Front

Rear
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Figure 7-13a. Section 1 of FrSAT.

Figure 7-13b. Section 1 of BCrSAT.
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7.4.3

Open Front tests

In the open-front tests, the face of the backfill was exposed to water exiting from the
body of the test, which resulted in an elevated rate of erosion and higher water contents
in the outside, front surface of the backfill. Figure 7-14 presents a set of infrared
photographs taken from Section 1 of each open-front test and a water distribution
pattern of Section 1. The water absorbed from the face of the backfill (regions wet by
exiting water, or presence of accumulated eroded clay in contact with clay blocks or
pellets), can still be observed in certain areas of the first section. The higher water
retention of the open-front tests with respect to flow-through tests is observed at the
outermost block rows of the assembly between the face of the assembly and the
Section 1.
The progression of wetting from the front of each test through each sampling section
was supposed to be observed with the use of electric resistivity surveying. A
combination of disruption and damage to the electrodes during test installation,
operation and dismantling resulted in a non-recoverable degradation in the quality of the
survey. The results obtained through electrical resistivity surveying were therefore
excluded from the report.

161

Figure 7-14a. Infrared photograph of
FrOF1 section 1.

Figure 7-14b. Water distribution pattern of
FrOF1 section 1.

Figure 7-14c. Infrared photograph of
FrOF2 section 1.

Figure 7-14d. Water distribution pattern of
FrOF2 section 1.

Figure 7-14e. Infrared photograph of
BCrOF section 1.

Figure 7-14f. Water distribution pattern of
BCrOF section 1.
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7.5

Pressures within the test tunnels

The total pressure results presented in Appendix 15 need to be examined carefully with
regards to evaluating what the pressures that might eventually be developed by the
backfill. Total pressures contain both hydrostatic, passive mechanical loads as well as
swelling pressure and in a system such as the BACEKO II tests separation of these are
problematic.
An example of the complex interactions is presented in Figure 7-16 where pressure
spikes (due to changes in hydraulic pressure applied to unsaturated system) overwhelm
any readings associated with static load from backfill blocks or loads induced by
swelling of clay materials. The final pressure readings at the end of each test may be
providing an indication of the swelling pressure developing locally since in most cases
the hydraulic pressure is too small to negligible once an open flow channel has
developed. It should however be noted that these backfill tests have not reached either
water saturation or density equilibrium and considerable variation in local density still
exist, making determination of swelling pressure problematic or impossible.
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Figure 7-15.The measured pressure inside the test tunnel in FrFT 7.
The end of test total pressures have been gathered to Figure 7-16. The highest total
pressure values were observed in the FrFT 3.5 test, where only a minor, very short-term
outflow emerged. However, this test set up leaked at the back of the tunnel, causing a
loss of hydraulic head and a concurrent decrease in the total pressure values recorded
(Appendix 15). In the FrFT 3.5 test, the pellet fill between the back wall and the blocks
had absorbed a great quantity of the retained water and between the hydraulic pressure
contained within this volume and any swelling-induced pressures was able to generate
sufficient force to push a row of blocks forward at the face of the assembly (Figure
6-2).
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The total pressure results for FrFT 7 test are exceptionally low, even for this test series.
It is expected that this may in part be the result of the higher salinity (7 %) affected the
magnitude of swelling pressure, since there were no waterformed channels or cavities
present in the backfill.
The MiFT test shows similar pressure development values as BCrFT. The water content
of the pellet layer was more uniform, either because of the Milos B (IBECO-RWC-BF)
pellet material or, more likely, because of the low average inflow rate and the low initial
water content which allowed for a more uniform water uptake behaviour.
The low pressure values recorded for FrOF2 can be explained by a high rate of erosion
(Section 7.7). In BCrOF, a cavity emerged in the pellet layer during the test. The cavity
was located directly below Gauge 1 (Figure 6-54b). This type of feature would result in
a negligible swelling pressure component to develop since swelling is not constrained.
If the wetting had progressed closer to the back wall and the survey line of gauges in
saturation tests, the pressure responses recorded would have been higher. At some point
during testing, some water evidently passed through the pellet layer to the line of gauges
as a steady rise in their readings was recorded. This may also have been the result of
stress transfer from saturated regions through to the unsaturated materials near the
location of the sensors (Appendix 15). In both saturation tests the total pressure
increased after the saturation phase (Figure 7-16), when flow-through testing was
occurring. Again it is not possible to determine if this is the result of localized
pressurization of the porewater by the metering pumps used or swelling pressure
development.
The maximum end-of-test total pressure values, (excluding those for FrFT 3.5), were
highest in the saturation tests. BCrSAT FT test had the highest total pressure, probably
because no erosion occurred during the test which would have limited volume change
and reduction in swelling-induced pressure and water moved through the pellet layer
more evenly, again resulting in a greater potential for the system to swell and apply load
to the pressure sensors. Evidently the backfill will tend to develop higher early-stage
pressure on its confinement under conditions of very slow inflow or with no outflow at
all, as was observed during the saturation phase.
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Figure 7-16. The end of test maximum pressure values for all tests.
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Figure 7-17. The EMDD for the maximum swelling pressures for tests in BACEKO
2008 exlcuding FS (Riikonen 2009) and in BACEKO 2010.

165

The location of swelling pressure values has been presented in Figure 7-18. The highest
swelling pressures occurred at gauges 3, 4 and 5, though mainly at gauge 3, that is to
say on base. In all the flow-through tests, the base block layer remained dry. Thus, the
pressure derived from the upper parts of the backfill. High swelling pressures in the
pellet layer were displayed at gauges 0-2 and the water distribution map showed
relatively dry areas in the middle of the assembly. Therefore, a very plausible
rationalization for where the high swelling pressure values emanated is the space
between the back wall and the hindmost blocks, which was filled by pouring pellets
during block assembly.
The swelling pressure results in the BACEKO 2008 test series were generally higher at
gauges 0-2 and mostly nonexistent at gauges 3-5. The low swelling pressures recorded
on the base, may be caused by the larger block size of 300×300×150 mm3. It is more
probable that with larger blocks one single block may have completely covered a gauge
than with smaller blocks. Being covered by a block, a gauge is unable to record any
changes in pressure unless the covering block absorbs water. The higher results at
gauges 0-2, positioned in the roof of the test tunnel, may result from the higher block
backfill degree (85.6 %).

Pressure by gauges in flow-through tests
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200
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0
FrFT3.5
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FrSAT FT

BCrFT

BCrSAT FT

MiFT

Figure 7-18. The swelling pressure by gauges in flow-through tests (gauge numbering
in Figure 5-6).
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7.6
7.6.1

Backfill Deformation
Radial Compression of pellet fill

The pellet layer and the blocks swelled randomly resulting from the flow path that water
formed inside the test tunnel during the tests. The change in location of the interface
between the pellet layer and the block assembly was determined in several locations of
the backfill while dissembling. The measured block rows are presented in the
disassembling plan (Appendix 3) and the displacement values represent the swelling of
the block row in the positions are also given in Figure 6-39. The displacement is
presented in Figure 7-19 and Figure 7-20 for FrSAT and BCrSAT tests. In FrSAT tests
(Figure 7-19) the boundary areas of the block assembly have relocated not only in the
front of the backfill, where most of the wetting took place, but also in the rear of the test
tunnel. This indicates that the blocks have swelled at the back of the test tunnel, not
only in the front. The water may have been longitudinally more equally distributed in
the pellet layer of FrSAT test than in BCrSAT test (Figure 7-20) which shows more
abrupt descent in trendlines towards the rear.
The results match with the longitudinal water distribution patterns presented in Figure
7-12b. The pellet layer in section A-A in FrSAT test is wetter in the rear of the test
tunnel, which caused the backfill to swell more in this region.
In section A-A of the BCrSAT test the moister areas are located in the front as a result
of the saturation phase rather than internally as the result of the flow-through phase. The
high displacement values at the front of the backfill originate from the swelling of the
saturation phase. The lower degree of wetting at the back of the tunnel are more likely
caused by the flow-through phase and are therefore located in the upper layers (35.layer).
Based on the results given in Figure 7-19 and Figure 7-20 the location of the soil
pressure gauges at the back of the test tunnels was not optimal for measuring the
swelling pressure.
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Figure 7-19. The displacement of the interface between the block assembly and the
pellet layr in test FrSAT.
Wetting induced displacements inside the backfill in BCrSAT
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Figure 7-20. The displacement of the interface between the block assembly and the
pellet layr in test BCrSAT.
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7.6.2

Erosion of backfill

An important process associated with backfill performance is that of internal erosion in
the period immediately following backfill placement and before the deposition tunnel is
closed. The total mass of eroded material for each test in the BACEKO II tests is
presented in Figure 7-22 as are those for earlier tests done as part of the BACEKO 2008
study. Each of the tests showed different behaviour in the details of its evolution but
several general patterns were observed. These were as follows:
1. The water supply rate could vary considerably from the desired constant
0.25 l/min which could have affected erosion. The high salinity (7 %) of the
inflow water in FrFT 7 did not seem to have an effect on erosion, whereas there
was an apparent influence of the water supply rate on erosion of Friedland clay.
The 40/60-mixture of bentonite and crushed rock seemed to be less sensitive to
variation in the water supply rate.
2. The system saturation state prior to the start of through flow evidently affects
erosion, with a decreased the rate of erosion being observed for the Friedland
clay and the mixture material when a saturation phase preceded water
throughflow. The influence of saturation is particularly noteable in the mixture
material, since there was no eroded clay in the BCrSAT FT test and only a
minor quantity in the MBS FT test of the BACEKO 2008 test series (Riikonen
2009).
3. In flow-through tests, erosion occurred predominantly in the uppermost regions
of the pellet layer. In all the flow-through tests (except FrFT 3.5), water exited
primarily above the top block row in the pellet layer. Sometimes water
established a distinct flow channel and sometimes the outflow was dispersed and
spread over a broad area near the crown. As a general rule: when water in the
pellet layer formed a clear-cut flow channel, piping occurred and erosion of
block material as well as the amount of total erosion increased. When water
travelled evenly across the pellet layer, only pellet material eroded and the edges
of the block assembly wetted evenly. It is not possible to establish whether the
difference in block materials had an effect in the amount of erosion.
4. Water also travelled along the boundary between the block assembly and the
pellet layer. For both Friedland clay and the mixture material assemblies, the
edges of the top blocks bordering the moist pellet layer experienced notable
wetting. While the main component of the eroded material was pellet mass,
block material was also removed from the top of the assembly and transported
through the flow channel. The amount of block material lost in this manner
seemed slightly higher for Friedland clay than the mixture blocks. In brief the
individual flow-through tests performed as follows:
– In FrFT 7, there was an equivalent amount of both pellet and block material
in the eroded clay mass. The materials seemed to emerge from a clear-cut and
centralized flow channel with each taking turns being the dominant
component in the outflow.
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– In FrSAT FT, water flow was limited to a broad area near the crown of the
tunnel and so only pellet material was eroded. This also meant that there was
only minor block wetting.
– In BCrFT, there was a distinct flow channel in the pellet layer on top of the
block assembly, but water never penetrated efficiently into the blocks, so
practically all eroded material was pellet mass.
– In BCrSAT FT, water travelled again over a broad area across the pellet layer
and actually did enter relatively deep into the block assembly all around.
Because the outflow of water was not centralized, water seeped evenly out
from across the boundary between the pellet layer and block assembly, with
no erosion to the backfill.
– Milos B clay in the test MiFT initially seemed to withstand initial erosion
extremely well, because both the dry pellet material (IBECO-RWC-BF) and
blocks absorbed inflowing water evenly around the backfill. However, once
water established a distinct flow channel in the upper pellet layer and broke
through the front, erosion was more rapid than in other flow-through tests.
Both pellet mass from the back of the tunnel as well as block material from
underneath the flow channel eroded at a high rate. Milos B blocks did not
seem to withstand a flow of water as well as Friedland or mixture material
blocks without erosion.

Figure 7-21. The amount of eroded clay in flow-through tests.
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Erosion in relation to inflow rate in flow-through tests
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Figure 7-22. The average rate of erosion in relation to average inflow rate in flowthrough tests, includes data from Riikonen (2009).

The erosional losses in the open-front tests were substantially higher than for the flowthrough tests (Figure 7-22). Figure 7-23 presents the amount of eroded clay removed
from each of these tests. As noted previously, the high rate of erosion in open-front tests
was the result of water flowing down the face of the backfill and removing materials
through physical erosion or weakening the face sufficiently than it collapsed locally,
generating an ever-deepening channel in the backfill. With such a high rate of erosion,
the stability of the open backfill front becomes compromised as soon as the outflow
begins. Thus the outflow time establishes the time span in which the open backfill front
can endure. The time of outflow can vary depending on the initial water content and
density of the pellet layer from about 13 h up to several days (Figure 7-1).
The three open-front tests – FrOF1, FrOF2 and BCrOF – show two patterns of erosion.
–

In FrOF1, inflowing water within the backfill saturated the entire upper pellet
section and water flowed down along the pellet layer to the side of the backfill
on a broad front. As the blend of water and saturated pellet mass cut across from
the top to the side and gushed out, the blocks underneath wetted and eroded.
There was little left of the upper pellet layer after the test. The eroded mass was
comprised of an equivalent amount of both pellet and block material.
Essentially, erosion transpired from the inside outward and on a broader area
than the other open-front tests. The support of the steel grid in the front of the
backfill would have delayed the onslaught of the saturated pellet mass onto the
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block assembly underneath by supporting the face of the backfill and, hence,
reducing the outflow rate by confining the aperture for water and clay to flow
out. Nevertheless, a cavity would have probably formed in the pellet layer at the
back of tunnel.
–

In the tests FrOF2 and BCrOF, outflowing water established a clear-cut flow
channel in the upper pellet layer just above the block assembly. There was no
discernible erosion from the back of the tunnel through the flow channel. Once
water broke through, it streamed down the face of the block assembly from the
mouth of the flow channel and onto the base of the tunnel. As water streamed
down, the flow mechanically removed block material from the surface of the
blocks. Gradually, the extent of block surface erosion became so extensive that
the water had cut a narrow vertical channel onto the face of the block assembly.
As the tests progressed, the outflow of water through the flow channel was
constant and the trough became increasingly deeper. By the time the tests ended,
the trough had cut deeply into the backfill. Practically all eroded clay was block
material. Pellets had eroded only around the flow channel above the block
assembly. The rest of the pellet layer and blocks were unaffected by water or
erosion. Unlike in FrOF1, the erosion progressed from the outside inward.
Because of the manner in which erosion occurred, it is reasonable to say that in
this case the amount of erosion could have been effectively reduced if a means
of redirecting the stream of downflowing water from the surface of the backfill
was used.

Figure 7-23. The amount of eroded clay in open-front tests.
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Erosion in relation to inflow rate in open-front tests
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Figure 7-24. The average rate of erosion in relation to average inflow rate in openfront tests.

7.6.3

Density Change as determined from backfll movement towards open face
of tunnel in Saturation Tests

The initial density of the backfill blocks depended on the parameters used in
manufacturing and is known. The initial density of the pellet layer depends on the
manufacturing, but more on the parameters applied while spraying. The variance in the
density of the pellet layer relate closely to the nozzleman (Figure 5-2e). From these pretest measurements it is possible to establish the initial state of the backfill in each of the
tests. Density loss was highest for open-front tests as a result of high erosion rates
(Section 7.7).
The change in dry density calculated for each test as determined from its erosionalinduced loss of materials and volume changes resulting from backfill movement into the
open end of the tunnel is presented in Figure 7-25. The movement of the backfill blocks
towards the open face of the tunnel was determined to have been caused by the swelling
of the backfill at the back of the tunnel.
Examples of the density changes induced by erosion and swelling are as follows:
–

In test FrFT 3.5, no outflow emerged and therefore no eroded material was
collected for weighting. In test FrFT 3.5, a row of blocks was found to have
moved in longitudinal direction as the steel grid was removed and the blocks fell
of the assembly (Figure 6-2). The longitudinal displacement resulted in a

173

theoretical loss of 3.2 – 4.4 % in backfill density. The displacement was caused
partly by hydrostatic pressure and partly by pressure exerted by the swelling of
Cebogel pellets. The blocks had not swelled in the longitudinal direction.
–

In test BCrSAT, outflow emerged quickly after the flow-through phase was
initiated, but no erosion was detected.

–

The open front tests, with their lack of mechanical restraint to system
deformation exhibited the greatest degree of density loss (5-12 %), which is
significant with respect to the performance of the backfill in the longer term.
Measurements taken at the time of dismantling these tests indicate that physical
movement towards the unfilled end of the tunnel can result in substantial density
reduction. For example FrFT 3.5 experienced an overall density loss of between
3.2 % and 4.4 % due solely to its movement in the tunnel. Substantial loss of
density will result in reduced swelling pressure and a higher hydraulic
conductivity for this backfill.

–

Where the backfill was mechanically restrained the loss of material due to water
flow resulted in a much smaller reduction in system density (< 1 % for Friedland
and mixed block systems Figure 7-22).
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Figure 7-25. Change in density in all the tests resulting from erosion and swelling into
open section of tunnel.
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IMPROVEMENTS NEEDED TO THE TEST SETUP IN ORDER TO
PROVIDE BETTER DEFINITION OF TIME-TO OUTFLOW AND TIME TO
SUBSTANTIAL DISRUPTION OF BACKFILL

As noted in Sections 6 and 7, the BACEKO II tests have provided a valuable addition to
the knowledge base regarding the effects of block type, pellet placement and the
presence of a foundation bed below the backfill. The results obtained have also
identified a number of ways in which improved test operation and monitoring could be
achieved. These include the following:


The water supply system should be improved in order to achieve a constant
water supply rate. The average water supply rate in the test series remained well
under the designed 0.25 l/min.



The measuring system responsible of determining the rate of eroding clay should
be improved.
o

The collector tray should be large enough to contain all of the clay flowing
out of the test set up.

o

A means of determing the mass of material eroded at various time intervals
during test operation should be developed in order to provide a measure of
how erosion rate changes with time and system evolution.

o

Also the pump attached to the collector tray should be modified so that its
clogging is avoided.



Total pressure gauges should be added at the back wall of the test tunnel and/or
in the steel grid in order to measure pressure acting in the longitudinal direction.



The use of electrical resistivity measurements should be reassessed as this
device has not proven to be particularly effective in monitoring water
movement. If used in future tests, the electrical resistivity survey lines should be
repositioned towards the front of the test tunnel. In addition, the survey lines
should be embedded into the tunnel lining to protect it from damage during
pellet placement.



A system to monitor the inflow pressure should be installed. This may provide a
means of determining what swelling pressures are being developed locally
within the backfill.



The waterproofing of the test tunnels should be improved.
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CONCLUSIONS

With regards to outflow times, the properties of the pellet layer had a substantial role.
By optimizing the parameters such as initial water content of the pellet layer, it may be
possible to extent the time of discharge.
Water was retained by the backfill significantly more in flow-through tests than during
the saturation phase where passive wetting occurred. In saturation tests the Friedland
clay retained notably higher amount of water than the mixture block material. The
progression of saturation was however slowlier for Friedland clay. The Friedland clay
was able to retain more water in less volume than the mixture material.
The internal pressures developed by the saturation tests were higher than in flowthrough tests. This may indicate that swelling pressure were developing in these systems
where very slow water inflow or with no outflow at all was occurring. These were also
systems where physical disruption of the system was not occurring.
The displacement of the blocks towards the open end of the tunnel due to development
of pressure at the back of the tunnel results in decrease of density in the backfill. The
decrease caused by displacement of the blocks was in the same range with the decrease
in density caused by the erosion in flow-through tests.
The rate of erosion was similar for all the block materials used in test series. The
saturation phase markedly reduced the amount of eroded clay in the flow-through phase.
The erosion originated from the upper pellet layer where cavities were formed by the
water flowing through the pellet materials.
In open-front tests the amount of erosion was exceptionally high. The erosion started
from the face of the backfill forming eventually large gaps in the block assembly.
In summary, the time that backfilling can be interrupted during room closure is defined
by the time available between backfill placement and the development of active outflow
from the already filled portion of the tunnel. The BACEKO II tests have provided some
valuable bounding values for the time to outflow when flow originates close (0.75-1.5
m) to the portion of the tunnel that is unfilled.
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FrFT3.5 Section 1

FrFT3.5 Section 1 infrared photograph

FrFT3.5 Section 2

FrFT3.5 Section 2 infrared photograph

FrFT3.5 Section 3

FrFT3.5 Section 3 infrared photograph

FrFT3.5 Section 4

FrFT3.5 Section 4 infrared photograph
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FrFT3.5 Section 5

FrFT3.5 Section 5 infrared photograph

(2/16)

227
Appendix 12. Sections with infrared photographs

FrFT 7

FrFT7 section 1

FrFT7 section 1 infrared photograph

FrFT7 section 2

FrFT7 section 2 infrared photograph

FrFT7 section 3

FrFT7 section 3 infrared photograph

FrFT7 section 4

FrFT7 section 4 infrared photograph
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FrFT7 section 5

FrFT7 section 5 infrared photograph
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FrOF 1

FrOF1 section 1

FrOF1 section 1 infrared photograph

FrOF1 section 2

FrOF1 section 2 infrared photograph

FrOF1 section 3

FrOF1 section 3 infrared photograph
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FrOF 2

FrOF2 section 1

FrOF2 section 1 infrared photograph

FrOF2 section 2

FrOF2 section 2 infrared photograph

FrOF2 section 3

FrOF2 section 3 infrared photograph
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Appendix 12. Sections with infrared photographs

(7/16)

FrOF2 section 4

FrOF2 section 4 infrared photograph

FrOF2 section 5

FrOF2 section 5 infrared photograph
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Appendix 12. Sections with infrared photographs

(8/16)

FrSAT

FrSAT section 1

FrSAT section 1 infrared photograph

FrSAT section 2

FrSAT section 2 infrared photograph

FrSAT section 3

FrSAT section 3 infrared photograph
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Appendix 12. Sections with infrared photographs

(9/16)

FrSAT section 4

FrSAT section 4 infrared photograph

FrSAT section 5

FrSAT section 5 infrared photograph
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Appendix 12. Sections with infrared photographs

BCrFT

BCrFT section 1

BCrFT section 1 infrared photograph

BCrFT section 2

BCrFT section 2 infrared photograph

BCrFT section 3

BCrFT section 3 infrared photograph

BCrFT section 4

BCrFT section 4 infrared photograph

(10/16)
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Appendix 12. Sections with infrared photographs

BCrFT section 5

BCrFT section 5 infrared photograph

(11/16)
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Appendix 12. Sections with infrared photographs

BCrOF

BCrOF section 1

BCrOF section 1 infrared photograph

BCrOF section 2

BCrOF section 2 infrared photograph

BCrOF section 3

BCrOF section 3 infrared photograph

(12/16)
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Appendix 12. Sections with infrared photographs

BCrSAT

BCrSAT section 1

BCrSAT section 1 infrared photograph

BCrSAT section 2

BCrSAT section 2 infrared photograph

BCrSAT section 3

BCrSAT section 3 infrared photograph

BCrSAT section 4

BCrSAT section 4 infrared photograph

(13/16)
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Appendix 12. Sections with infrared photographs

BCrSAT section 5

BCrSAT section 5 infrared photograph

(14/16)
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Appendix 12. Sections with infrared photographs

(15/16)

MiFT

MiFT section 1

MiFT section 1 infrared photograph

MiFT section 2

MiFT section 2 infrared photograph

MiFT section 3

MiFT section 3 infrared photograph

MiFT section 4

MiFT section 4 infrared photograph
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Appendix 12. Sections with infrared photographs

(16/16)

MiFT section 5 infrared photograph

Elapsed time [hh:mm]

2280:00
2400:00
2520:00
2640:00
2760:00

2280:00

2400:00

2520:00

2640:00

2760:00

1920:00

1800:00

1680:00

1560:00

1440:00

1320:00

1200:00

1080:00

960:00

2160:00

440
420
400
380
360
340
320
300
280
260
240
220
200
180
160
140
120
100
80
60
40
20
0

2160:00

Amount of water absorption in saturation tests
2040:00

Elapsed time [hh:mm]

2040:00

1920:00

1800:00

1680:00

1560:00

1440:00

1320:00

1200:00

1080:00

960:00

FrSAT

840:00

720:00

600:00

FrSAT

840:00

720:00

600:00

BCrSAT

480:00

360:00

240:00

120:00

0:00

Velocity of water absorption [kg/h]

BCrSAT

480:00

360:00

240:00

120:00

0:00

Weight of water [kg]
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Appendix 13. Water absorption results for saturation tests
(1/1)

Velocity of water absorption in saturation tests

1,6

1,4

1,2

1,0

0,8

0,6

0,4

0,2

0,0
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Appendix 14. FrFT 3.5 %. Water distribution pattern

(1/3)
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Appendix 14. FrFT 3.5 %. Water distribution pattern

(2/3)

244
Appendix 14. FrFT 3.5 %. Water distribution pattern

(3/3)
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Appendix 15. FrFT 7 %. Water distribution pattern

(1/3)

246
Appendix 15. FrFT 7 %. Water distribution pattern

(2/3)

247
Appendix 15. FrFT 7 %. Water distribution pattern

(3/3)
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Appendix 16. FrOF1. Water distribution pattern

(1/2)
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Appendix 16. FrOF1. Water distribution pattern

(2/2)
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Appendix 17. FrOF2. Water distribution pattern(1/3)
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Appendix 17. FrOF2. Water distribution pattern(2/3)
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Appendix 17. FrOF2. Water distribution pattern(3/3)
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Appendix 18. FrSAT. Water distribution pattern(1/4)
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Appendix 18. FrSAT. Water distribution pattern(2/4)

255
Appendix 18. FrSAT. Water distribution pattern(3/4)
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Appendix 18. FrSAT. Water distribution pattern(4/4)
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Appendix 19. BCrFT. Water distribution pattern

(1/3)

258
Appendix 19. BCrFT. Water distribution pattern

(2/3)

259
Appendix 19. BCrFT. Water distribution pattern

(3/3)
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Appendix 20. Water distribution pattern for BCrOF.

(1/2)

261
Appendix 20. Water distribution pattern for BCrOF.

(2/2)
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Appendix 21. Water distribution pattern for BCrSAT.

(1/4)
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Appendix 21. Water distribution pattern for BCrSAT.

(2/4)
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Appendix 21. Water distribution pattern for BCrSAT.

(3/4)
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Appendix 21. Water distribution pattern for BCrSAT.

(4/4)
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Appendix 22. Water distribution pattern for MiFT.

(1/3)
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Appendix 22. Water distribution pattern for MiFT.

(2/3)

268
Appendix 22. Water distribution pattern for MiFT.

(3/3)
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Appendix 23. An example calculation of the total area of each backfill material
component in the test tunnel

(1/2)

An example calculation for test FrSAT:
Blocks [%]:

Abr 1

Abr 2

where

Abr 3
Att

Abr 4

Abr 5

,

Abrn is the area of the n:th block row
Att is the total tunnel area

(35 300.9 75.0 mm 2 ) (32 300.9 75.0 mm2 ) ( 29 300.9 75.0 mm2 ) (12 300.9 75.0 mm2 ) (8 300.9 75.0 mm 2 )
(1500 mm) 2
2

0.7403 (theoretical value)

Foundation bed layer [%]:

havg

ht

Att
where

,
havg is the average thickness of the foundation bed
ht is the width of the tunnel

34.1mm 3000mm
(1500mm) 2
2

0.0289

Pellet layer [%]:

1 Abm
where

1

1

A fb ,
Abm is the measured block surface area
Afb is the foundation bed area

Abr1hrow,avg

...
Att

2622033.787mm 2
(1500mm) 2
2

0.0289

Abr 5 hrow, avg

A fb
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Appendix 23. An example calculation of the total area of each backfill material
component in the test tunnel
1 0.7419 0.0289
0.2292

Air-filled gaps in-between blocks [%]:

Abm
where

Abt ,
Abm is the measured block surface area
Abt is the theoretical block surface area

Abr1 hrow,avg

...
Att

2622033.787mm 2
(1500mm) 2
2

0.7419 0.7403
0.16

0.7403

Abr 5 hrow,avg

Abt

(2/2)
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Appendix 24. An example calculation of the total volume of each backfill material
component in the test tunnel
An example calculation for test FrSAT:
Blocks [%]:

f bt

Att lb,avg

Vtt
f bt Att lb,avg
Att lb,avg hg ,avg
where

,

fbt is theoretical block filling degree in cross section
Att total area of tunnel
lb,avg average length of block assembly
Vtt total volume of tunnel
hg,avg average width of back gap
(1500mm) 2
2

0.7403

(1500mm)2
2
0.7403

1466mm

1466mm 36mm

3534292mm 2 1466mm
5375299759.88mm 3

0.7135

Foundation bed layer [%]:

h fb ,avg

ht
Vtt

where

l fb

,

hfb,avg is the average thickness of the foundation bed layer
ht is the width of the tunnel
lfb is the measured length of the foundation bed layer

34.1mm 3000mm 1520.9mm
5375299759.88mm 3
0.0289

(1/2)
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Appendix 24. An example calculation of the total volume of each backfill material
component in the test tunnel
Pellet layer [%]:

f pl

fg

f pl *

Att

l b , avg

Vg

Vtt
where

Vtt

,

fpl is the filling degree of the pellet layer on sides of the tunnel
fg is the filling degree of the back gap
fpl* is the filling dgree of the pellet layer in cross section
Vg is the volume of the back gap
(1500mm ) 2
2

0.2292

1485mm

5375299759.88mm

36mm

3

1072791149.13mm 3
5375299759.88mm 3

0.2491

Air-filled gaps in-between blocks [%]:

Vtg
Vtt
where

,
Vtg is the total volume of all measured gaps
Vtt is the total volume of the tunnel

4237108.524mm3
5375299759.88mm3
0.0008

2mm in width

(2/2)

