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Abstract

This report describes the set-up, operation and observations from the first 1,385 days (3.8 years) of
the large scale gas injection test (Lasgit) experiment conducted at the Aspd Hard Rock Laboratory.
During this time the bentonite buffer has been artificially hydrated and has given new insight into the
evolution of the buffer.

After 2 years (849 days) of artificial hydration a canister filter was identified to perform a series

of hydraulic and gas tests, a period that lasted 268 days. The results from the gas test showed that
the full-scale bentonite buffer behaved in a similar way to previous laboratory experiments. This
confirms the up-scaling of laboratory observations with the addition of considerable information on
the stress responses throughout the deposition hole.

During the gas testing stage, the buffer was continued to artificially hydrate. Hydraulic results, from
controlled and uncontrolled events, show that the buffer continues to mature and has yet to reach full
maturation.

Lasgit has yielded high quality data relating to the hydration of the bentonite and the evolution in
hydrogeological properties adjacent to the deposition hole. The initial hydraulic and gas injection
tests confirm the correct working of all control and data acquisition systems. Lasgit has been in
successful operation for in excess of 1,385 days.
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Sammanfattning

Denna rapport beskriver utformningen, driften och observationerna fran de forsta 1 385 dagarna
(3,8 &r) med det storskaliga gasinjekteringstestet (Lasgit) som utfors vid Aspélaboratoriet. Under
denna tid har bentonitbufferten blivit artificiellt atermittad och data ddrifran har gett ny insikt om
utvecklingen av en hogkompakterad bentonitbuffert under isotermala forhéllanden.

Efter 2 ar (849 dagar) av artificiell vattentillforsel utfordes en serie av hydrauliska och gasinjekterings-
tester i ett filter i den nedersta uppséttningen, ndrmast basen av kapseln. Denna testfas varade 1 268
dagar. Aven om bentoniten inte var i full hydraulisk jimvikt, s visade resultaten frin den forsta
gastesten att gas genombrott i full skala genom bentonitbufferten upptrader pa ett kvalitativt liknande
sdtt som tidigare sma experiment i laboratorieskala. Detta tyder pa att det &r giltigt att skala upp
observationer fran laboratorieforsok for denna fas i1 utvecklingen, men ytterligare arbete krivs for

att fullstindigt forklara resultaten och undersdka hur om det blir férdndringar allteftersom bufferten
fortsatter att méttas och mogna.

Under gasinjekteringsforsoket vattenméttades bufferten artificiellt genom de 6vriga filtren. De hydrau-
liska resultaten fran testerna med konstant gradient och tryckfallstester visar att bufferten fortsétter att
mogna, men har dnnu inte uppnatt full mognad.

Lasgit har producerat hogkvalitativa data om vattenupptag i bentonit under isoterma forhallanden,
utvecklingen i de hydrogeologiska egenskaperna i narheten av deponeringshélet och unika uppgifter
om hur gas vandrar genom kompakt bentonit i verklig forvarsskala. De inledande hydrauliska och
gasinjekteringstesterna bekréftar funktionen hos alla kontroll- och datainsamlingssystem. Lasgit har
nu varit i framgangsrik drift i 6ver 1 385 dagar.
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Executive summary

This report describes the set-up, operation and observations from the first 1,385 days (3.8 years) of
the large scale gas injection test (Lasgit) experiment conducted at the Aspdé Hard Rock Laboratory.

Hydration Stage 1 (day 106—day 849)

The deposition hole was closed on the 1% February 2005 signifying the start of the hydration phase.
Groundwater inflow through a number of highly-conductive discrete fractures quickly resulted in
elevated porewater pressures throughout large sections of the borehole. This lead to the formation of
conductive channels (piping), the extrusion of bentonite from the deposition hole and the discharge
of groundwater to the gallery floor. This problem was addressed by drilling two pressure relief holes
in the surrounding rock mass to lower the porewater pressure in the vicinity of the deposition hole.

Artificial hydration began on the 18" May 2005 after 106 days of testing. In general, from this

time onwards, the pressures in all of the canister filters and hydration mats (excluding the FCT and
FR901) were used to hydrate the clay. Initial attempts to raise porewater pressure in the artificial
hydration arrays occasionally resulted in the formation of preferential pathways, even at relatively
modest excess water pressures, resulting in localized increases in porewater pressure and total
stress. These pressure dependent features were not focused in one location within the bentonite but
occurred at multiple sites at different times in the test history. These pathways were relatively short
lived, closing when water pressure was reduced. Packers were installed into the pressure relief holes
on 23 March 2006 and sections in them closed over the period to 5" July 2006. These operations
caused clear effects throughout the deposition hole in both the measured porewater pressures and, to
a lesser extent, the total stresses. However, there was no repeat of the formation of piping through
discrete channels so, on 20" November 2006, pressures to the artificial hydration filters on the
canister were increased to 2,350 kPa.

Hydraulic and gas injection tests Stage 1 (day 843—day 1,110)

A preliminary set of baseline hydraulic measurements were started on the 25" May 2007 (day 843)
with the isolation of the lower canister filters FL901 to FL904 while artificial hydration continued
through all other canister filters and filter mats. Preliminary modelling of the initial hydraulic test was
performed using a 2D axisymmetric variably saturated finite element porewater flow model. Hydraulic
conductivity was found to range from 9 x 10" to 1.6 x 107> ms™' and specific storage values were
from 5.5 x 1075 to 4.4 x 10* m'; filter FL903 was modelled with a hydraulic conductivity of 7.5 x 1014
ms! and a specific storage of 2.5 x 10° m'. The design specifications of the KBS-3V concept states that
hydraulic conductivity should not exceed 10> m.s™! (SKB TR-09-22) and /Harrington and Horseman
2003/ report the hydraulic conductivity of MX-80 as between 3.9 x 1075 and 9.28 x 10 * m.s™'.

Gas injection to FL903 began on day 917. Analysis of the data indicates gas starts to flow into the
buffer at a pressure of about 775 kPa, which is much lower than the expected gas entry pressure
for intact bentonite. When initial gas pressurisation stopped and the pressure was held constant at
around 1.85 MPa, flow into the clay spontaneously reduced, indicating that propagation of the gas
pathway(s) practically ceased when the pressure stopped increasing.

Upon restarting gas injection, the observed pressure begins to deviate from the predicted value,
indicating pathway propagation continues at the onset of testing. Gas flux into the clay gradually
increases as the pressure in the system rises. At a gas pressure marginally greater than the local total
stress measured on the rock wall (but a little smaller than the radial and axial stresses measured

on and near the canister surface respectively which are between 1,049 and 2,149 mm from the gas
injection point), flux into the clay rapidly increases. Gas pressure continues to rise reaching a peak
pressure marginally greater than the axial stress measured at PB902. This is followed by a small
spontaneous negative transient leading to a quasi steady state. The post peak gas flux exhibits
dynamic behaviour (over and undershooting flux into the system) suggestive of unstable gas
pathways, which are linked to a strong couple between pore pressure and gas flow as indicated by
changes in porewater pressure during and after gas breakthrough.
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Following the cessation of pumping, the injection flux through the bentonite declines rapidly before

entering an extended period of very small flows. This is reflected in the pressure response which ini-
tially drops rapidly but then decays very slowly towards an asymptotic capillary threshold pressure,

which is estimated to be around 4,900 kPa, equating to the average radial stress (PC902 and PC903)
measured on the canister surface.

Following peak gas pressure a well pronounced increase in radial stress occurs around the entire
base of the deposition hole, with the highest increase noted in the vertical plane below the point of
injection. This strongly suggests gas preferentially moved downwards, probably along the interface
between the canister and buffer. It is notable that the radial stress immediately adjacent to FL903
actually decreases during this time.

Analysis of the porewater pressure sensors located within the buffer show no obvious sensitivity to
the injection of gas. In contrast, axial stress sensors located beneath and above the canister appear to
register the passage of gas.

A small inflection in the rate of increase in axial stress at the base of the canister occurs shortly
after the peak in gas pressure. Such a reduction in stress can only be caused by the removal of load,
suggesting some form of displacement has occurred as a result of gas injection.

While it is difficult to make definitive statements regarding the exact direction and number of gas
flow paths, it seems highly probably that the gas moved generally downwards away from the injec-
tion filter and then along the interface between blocks C1 and R1 and/or R1 and R2.

The observed general coupling between gas, stress and porewater pressure at the repository scale
is extremely important and can be readily explained through concepts of pathway dilatancy. These
observations are qualitatively similar to those reported by /Horseman et al. 2004/.

Hydration Stage 2 (day 1,110—day 1,385)

The second stage of artificial hydration began on day 1,110. This was interrupted by the failure of
the Spiralair KS1/T compressor on day 1,289. The following decrease in filter pressures were
modelled to provide additional data on the hydraulic evolution of the clay. Good model fits were
achieved for most of the filters, which suggests that the transient behaviour can be captured in terms
of a single hydraulic transport coefficient and a single hydraulic storage coefficient. The upper filters
generally indicate higher values for permeability and specific storage than elsewhere in the system,
ranging from 9 x 102! m?to 50 x 102" m?. Values obtained for filters FL901 and FL904 (8 x 102! m?
and 13.5 x 102! m? respectively) were quite similar to those from the previous hydraulic test,
indicating little change in the hydraulic baseline properties between the two test stages.

Monitored porewater pressures within the bentonite have significantly increased during the test, but
remain relatively low ranging from 250 kPa to 685 kPa. This is in contrast to the water pressure
measured at the face of the deposition hole which ranges from 1,025 kPa to 2,555 kPa. However,
three sensors in the clay show a slow decrease in pressure initiated at approximately day 1,240.

Suction has decreased throughout the experiment confirming ongoing hydration of the clay, though
the rate of hydration has slowed significantly. Greatest progress in hydration of the clay has been
made near to the large filter mats above the canister, whilst the least progress has occurred just below
the canister.

Pore pressure monitored at the rock wall greatly increased in response to the commissioning of
the packers. Since this time, pore pressure has slowly decayed, ranging between 1,025 kPa and
2,555 kPa. During 2008 four pressure “break-throughs™' were observed in three of the sensors.
The presence of mapped or extrapolated fractures close to these events suggest the fractures play a
significant role in the observed behaviour.

The total pressure sensors mounted on the rock wall have significantly increased during the experi-
ment and now range between 1,890 kPa and 5,850 kPa. The spatial and temporal evolution in radial
stress measured at the rock wall has remained fairly constant, with only small variations noted,

'Rapid increases or decreases in monitored porewater pressure.
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primarily due to the hydraulic break-through events. Effective stress generally changes around the
circumference of the depositional hole but does not exhibit any significant correlation to depth. High
radial stresses are concentrated along part of the deposition hole wall at about 300° and that stress
varies mainly with angular position rather than with depth.

Axial stress monitored within the clay has increased steadily to range from 4,770 kPa to 6,480 kPa.
The data clearly shows a non-uniform distribution of axial stress across the major axis of the
emplacement hole. The effect of the compressor failure is complex with two sensors having no
change, whilst all other sensors exhibit either an absolute decrease in total stress or a reduction in
the rate of stress increase. The most prominent stress drop occurred at the interface between the
bentonite buffer and the concrete plug, with a near 350 kPa reduction from 6,565 kPa to 6,215 kPa.

Stress measurements on the canister surface indicate that radial and axial stress varies between 5,055 kPa
and 5,385 kPa, which is comparable with the average value of radial stress monitored at the rock face.
The increase in canister radial stresses have mirrored one another, while axial stress has increased at a
much greater rate, such that it now represents the intermediate principal stress acting on the canister.

The axial force acting on the steel lid is now greater than the initial pre-stressing value applied during
the installation phase. Since the installation and closure of packers in the pressure relief holes there
has been a marked rise in the axial force acting on the lid. There is also strong evidence in later data
for the stick slip movement of the conical concrete plug.

Displacement sensors mounted on the steel lid indicate a fairly uniform drop in lid height relative to the
gallery floor during the early part of the test history, mirroring the relaxation in the initial pre-stressing
applied to the lid. During the early stages of hydration the canister moved away from the lid due to
preferential swelling of the clay near the large filter mats located above the canister. Following closure
of the packers in both pressure relief holes, pore water pressures in the base of the deposition hole
increased and the canister changed direction of movement and returned to a position similar (~0.5 mm)
to that at the start of the test.

Complete test history (day 1-day 1,385)

Clear seasonal variation has been observed in many of the instrument outputs recorded within Lasgit
when data are viewed over the entire 1,385 day (3.7 year) history. The largest variation is seen in

the HRL temperature, with variation between 10 and 16°C. The canister shows similar variation, but
with a 90 day lag from the HRL temperature and a range of only £0.5°C from 13.3°C.

The temperature within the HRL closely correlates with the variation seen in axial force on the lid, the
position of the lid and the stick-slip behaviour. This correlation is not perfect and an offset between
displacement and temperature can on occasion be observed.

Other observations of seasonal variation appear to more closely correlate with the canister tempera-
ture, including pore pressure within the bentonite (UB), pore pressure at the wall rock (UR), radial
stress (PR) and the radial & axial stresses (PC). With most of these instruments there is also some
variation in the oscillation, many showing variation in lag with depth down the deposition hole.

As well as seasonal variation, it has been seen that pore pressure within Lasgit and the HRL around
the 420 m level displays a long term gradual decay. The underlying cause for this behaviour remains
unclear.

Lasgit has yielded high quality data relating to the hydration of the bentonite and the evolution in
hydrogeological properties adjacent to the deposition hole. The initial hydraulic and gas injection
tests confirm the correct working of all control and data acquisition systems. Lasgit has been in
successful operation for in excess of 1,385 days.
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1 Introduction

In the Swedish KBS-3 repository concept for spent nuclear fuel, copper/steel canisters containing
spent fuel will be placed in large diameter (~1.8 m) boreholes drilled into the floor of the reposi-
tory tunnels. The space around each canister will be filled with pre-compacted bentonite blocks,
which over time, will draw in the surrounding groundwater and swell, closing up any remaining
construction gaps. While the copper/steel canisters are expected to have a very substantial life, from
a performance assessment perspective, it is important to consider the possible impact of groundwater
penetrating a canister. Under certain conditions corrosion of the steel insert of each canister will
lead to the formation of hydrogen. Radioactive decay of the waste and the radiolysis of water will
produce some additional gas. Depending on the gas production rate and the rate of diffusion of gas
molecules in the pores of the bentonite, it is possible that gas will accumulate in the void-space of
each canister.

Current knowledge pertaining to the movement of gas in initially saturated buffer bentonite is based
on small-scale laboratory studies /Donohew et al. 2000, Harrington and Horseman 1999, Horseman
et al. 1999, 1997, Hume 1999, Pusch et al. 1987, 1985, Tanai et al. 1997/. Recent laboratory tests
have demonstrated the importance of the boundary condition on gas migration /Harrington and
Horseman 2003, Horseman et al. 2004/. Gas penetration and subsequent flow is accompanied

by local dilation of the buffer clay. Porewater pressure and total stress acting within the clay are
strongly affected by the passage of gas. The maximum gas pressure attainable during a discharge
event, in part, relates to the geometry and spatial distribution of both the gas pathways within

the buffer and the characteristics of the fractures distributed along the walls of the emplacement
borehole. The transmissivity and hydrostatic pressure of these features will affect the maximum gas
pressure that can be generated within the buffer.

While significant improvements in our understanding of the gas-buffer system have taken place
/Harrington and Horseman 2003/, recent laboratory work has highlighted a number of uncertainties,
notably the sensitivity of the gas migration process to experimental boundary conditions and pos-
sible scale-dependency of the measured responses. These issues were best addressed by undertaking
a large-scale gas injection test or “Lasgit”.

Lasgit is a full-scale demonstration experiment operated by SKB at the Aspd Hard Rock Laboratory
at a depth of 420 m. The objective of Lasgit is to provide quantitative data to improve process under-
standing and test/validate modelling approaches which might be used in performance assessment.

This report is the second in a series published on the status of the Lasgit experiment. /Harrington

et al. 2007/ covered the initial stage of artificial hydration and the first stage of gas testing. This
report mainly covers the activities of 2008 (artificial hydration), but also re-examines all data to date
with particular emphasis placed on the impact of seasonal variations on experimental parameters and
the evolution of the system over the last 3.7 years of testing.
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2 Characterisation of deposition hole

This section is a review of a number of SKB International Progress Reports (IPR). These include
IPR-03-28 Geological mapping of the assembly hall and deposition hole /Hardenby and Lundin
2003/, IPR-04-52 The Lasgit hole DA3147G01 hydrogeology /Hardenby 2004/ and IPR-07-14
Hydraulic tests with surface packer systems /Nowak et al. 2007/. Additional information is also
introduced that has been presented at various Lasgit project meetings.

The Lasgit experiment has been commissioned in deposition hole number DA3147GO01; the first emplace-
ment borehole to be drilled at the Aspd Hard Rock Laboratory (HRL). The experiment is located within
the Tunnel Boring Machine (TBM) assembly hall which is situated on the 420 m-level of the tunnel
system. The tunnel system is comprised of an underground access ramp (TASA) approximately 3,600 m
long. It is initially straight but between sections 1,600-3,100 m turns into a spiral.

The deposition hole has a length of 8.5 m and a diameter of around 1.75 m. A full scale KBS-3 canister
has been modified for the Lasgit experiment with twelve circular filters of varying dimensions located
on its surface to provide point sources for gas injection, mimicking potential canister defects (Section
3.2.2). These filters are used to inject water during the hydration stage and gas during gas testing.

21 Geological mapping (IPR-03-28)

The area around the Lasgit experiment has been comprehensively mapped by Carljohan Hardenby
and Jan Lundin. These studies can be divided into 1) the TBM assembly hall and trial pit, and 2) the
deposition hole DA3147GOl1.

211 Geological mapping of the TBM assembly hall

The assembly hall constitutes an enlarged section of the TASA main tunnel. It is higher and wider
than the connecting tunnels for about 30 m of its length. It was excavated using conventional drilling
and blasting techniques in 1994 and was created for the assembly of the tunnel boring machine that
was used later in 1994 to bore the final part of the TASA (408.5 m, Section 3,191.2-3,599.7).

As a part of the general geological characterization of the tunnels at Aspd HRL the geological
mapping of the walls and roof of the TBM assembly hall was completed shortly after the excavation
was completed in 1994. Currently, the majority of the exposed surface of the walls and roof in the
assembly hall are covered with shotcrete and the floor is paved.

The TBM assembly hall was previously used for the SKB-project “Demonstration of the Deposition
Technology”. The purpose of that project was to develop and test methodology and equipment for
deposition of canisters for spent fuel in full-scale and in a realistic environment. The assembly hall
was intended to serve as a reloading station for canisters. During the reloading process a temporary
deposition hole for a canister was needed. The reloading station was, however, never constructed.

As a part of the characterisation work in 1998 a pit was excavated to expose the rock in the TBM
assembly hall floor in an area suitable for the reloading station. The pit floor was mapped and the
results were used to decide where to drill two short core bore holes, KA3147G01 and KA3153GOl.
The results from all of these studies were used to decide where DA3147G01 was to be completed.
Basic information for these holes is contained in Table 2-1.

TR-10-38 13



Table 2-1. Co-ordinates of the pilot and the deposition holes in the TBM assembly hall. Notes:
Negative dip indicates downwards; * = centre of the top of the hole, natural tunnel rock floor;
#= centre of the top of the hole, top of tunnel concrete floor at the time of the drilling; @ = centre

of the hole bottom.

Borehole category ID — Codes X coordinate Y coordinate Z coordinate Dip° Length (m)
Deposition hole DA3147G01 7312.491 2313.562 —418.450% -90 8.830@
Pilot hole KA3147G01 7312.490 2313.554 -419.561" -90 8.0

Pilot hole KA3153G01 7311.511 2308.194 —419.053" -90 8.0

The results of the various geological mappings of the TBM assembly hall are shown in Figure 2-1.
There are basically four rock types present (Table 2-2 summarises the relative proportions of the
three main rock types):

+  Grey, medium-grained Aspd diorite (with or without feldspar megacrysts) is the dominant rock type.

* Reddish or sometimes grey, fine to medium-grained “fine-grained granite” occurs in minor
amounts as veins, dykes or irregular bodies.

» A dark-blackish green, fine- to medium-grained greenstone is less common than the reddish
fine-grained granite and occurs mainly as xenoliths within the Asp6 diorite.

*  Pinkish to reddish pegmatite is the least common rock type in the TBM assembly hall. Fine-
grained granite sometimes forms hybrids with Aspd diorite.

The rock is regarded as “fresh” (i.e. no alteration aside from some minor oxidation of the rock nor-
mally in connection with fractures). The contacts between the rock types are mostly tight and sharp.
More diffuse contacts are commonly found where a distinct rock type grades into a hybrid one.

All recorded fracture orientations have been plotted in Schmidt net and joint rosette diagrams, as
shown in Figure 2-2. Three major fracture sets have been distinguished having the following mean
orientations: 120°/80°, 180°%/15° and 20°/80° (strike/dip right hand rule). The 120°/80° fracture set
is the most prominent. However, /Hardenby and Lundin 2003/ showed that in certain locations the
major fracture sets may be divided into two sets with mean orientations of 120°/80° and 140°/90°.

Only a few fractures showed evidence of displacements along the fracture surfaces. The apparent
dislocations varied between 0.05-0.2 m. All fractures except one are steeply dipping. Three of
them strike WNW-NW or ESE-SE and two of them, found in the deposition hole, lack record of
strike. Lineations on the fracture planes have not been recorded, neither on dislocated planes or
non-dislocated ones.

Most fractures contained more than one type of filling. Chlorite is by far the most common fracture
filling and is found in 60—80% of all fractures, as shown in Table 2-3. Calcite, epidote and oxidation
rims along fractures also appear frequently. Quartz, fine-grained granite and pegmatite appear in a few
of the fractures. The latter two fillings are veins that are too thin to be recorded as rock types. Clay
and grout was observed in a few fractures in the walls of the TBM assembly hall. Fe-precipitation/gel
was found in a few fractures in the deposition hole.

The fracture surfaces are mostly planar and rough. Planar and smooth fracture surfaces are rather
common too in the walls, roof and pit floor of the TBM assembly hall. A few fractures are undulating
or arched; they may be smooth or rough. Since healed and tight fractures commonly were regarded
to be rough, this “roughness-class” is believed to be over-represented. It is often impossible to judge
how rough fracture planes of tight, healed fractures are.

When the mapping of the walls and roof of the TBM assembly hall took place all fractures were
regarded as tight and healed. If all the water bearing fractures in the walls and roof are considered as
open they will constitute 13% of the fractures recorded there, which is similar to the deposition hole
(Section 2.1.2).
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Figure 2-1. Geological mapping of the TBM assembly hall, roof and side walls. Legend: Rock types:

BI = Aspo diorite, greyish and medium-grained with feldspar megacrysts. B3 = fine-grained granite,
reddish brown. B5 = Greenstone, dark and fine-grained. Contacts: KO-K1 and dashed line. KO = contact
between Bl and B3. K1 = contact between B3 and BS. Fractures: 01-81 and continuous line (thick lines
represent water bearing fractures). Water: A—I and K—P and v = damp-minor seepage, occasional drops,
vy = wet-seepage, drops or minor flow or vwv = flow.

Table 2-2. Rock type distribution for the TBM assembly hall, walls and roof.

Rock type Area m? Percentage of mapped area
(side walls, and roof, 809 m?)

Aspd diorite 752.37 93
Fine-grained granite 40.45 5
Greenstone 16.18 2
Total 809 100
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Figure 2-2. Fracture orientations from the roof and side walls of the TBM assembly hall presented in
Schmidt net and joint rosette diagrams.

Table 2-3. Distribution of fracture fillings in the TBM assemble hall, walls and roof.

Filling No of observations % of all observations
(total 132 fractures)

Chlorite 104 79
Calcite 47 36
Oxidation rim 38 29
Epidote 4 3
Clay 8 6
Grout 9 7
Fine-grained granite 1 1
Pegmatite 1 1
No filling or not observed 2 2

With a few exceptions, the fracture widths were not recorded while the geological mapping of the
TBM assembly hall took place. Most fractures are, however, rather narrow, <1-2 mm. The standard
mapping of the assembly hall (walls and roof) and the pit-floor, using a cut-off of about 1 m, shows
that only 7% and about 45% respectively of the fractures are shorter than 2 m. With the same cut-off,
about 70% of the fractures measured in the deposition hole are less than 2 m in length. The longest
fracture observed in the deposition hole was just under 6 m, in the pit-floor 7 m and in the walls and
roof of the assembly hall 20-25 m.

The Rock Mass Rating (RMR)-values (approximately 70—75) indicate that the rock mass of the
TBM assembly hall and the deposition hole can be classified as being of good quality.

2.1.2 Mapping of deposition hole DA3147G01

Deposition hole DA3147G01 was constructed in 1999 using a specially made vertically drilling
Robbins TBM. Soon after completion the hole was geologically mapped in detail from a cage
hooked up to a lift. The result of the detailed mapping of the deposition hole is shown in Figure 2-3.
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Figure 2-3. Geological mapping of the deposition hole DA3147G01. Legend: Rock types: Bl = Aspo
diorite, greyish and medium-grained with feldspar megacrysts, B2 = greenstone xenolith, black and
fine-grained, includes some Bl and B4; B3 = “fine-grained” granite, greyish red and medium-grained;
B4 = pegmatite, red and coarse-grained; B5 = “fine-grained” granite — hybrid of Bl and B3, greyish red
and medium grained; B6 = greenstone xenolith, black and fine-grained. Contacts: KO—K5 and dashed line;
KO = contact between Bl and B3; K1 = contact between Bl and B2; K2 = contact between Bl and B4,
K3 = contact between Bl and B5; K4 = contact between Bl and B6; K5 = contact between B5 and B3.
Fractures: 0/-90 and continuous line (thick lines represent water bearing fractures). Water: A—Q and

v = damp-minor seepage, occasional drops; vv = wet-seepage, drops or minor flow; vvv = flow.
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Similar to the geological mapping of the TBM assembly hall, four major rock types have been distin-
guished in the deposition hole; Aspd diorite, greenstone, fine-grained granite, and pegmatite. Besides
some specific features (listed below) the rock types resemble those that have been described for the
walls and roof of the assembly hall:

+ Aspb diorite. In the deposition hole the Aspé diorite is mainly of the feldspar megacryst bearing
type. The colour is grey-dark grey sometimes slightly reddish grey. It constitutes about 85% of
the hole-surfaces (wall and bottom) and is spread throughout the hole.

* Greenstone. The “greenstone” that was found in the deposition hole is fine-grained and black.
It occurs as xenoliths scattered in the Asp0 diorite. The patches of “greenstone” (7% of the hole-
surfaces) may sometimes include minor amounts of the Aspd diorite itself and pegmatite.

* Fine-grained granite. Two greyish red to pinkish red rock varieties assembled under the generic
name fine-grained granite constitute 5% of the hole-surfaces. They appear in approximately equal
amounts mainly in the lower part of the hole. One type is medium grained and may be regarded as
a hybrid between fine-grained granite and Aspd diorite and occurs often as small “lenses” in the
Aspd diorite proper. The other, fine- to medium-grained type and a more typical representative of
the fine-grained grained granite forms 0.05—0.1 m wide veins. It occurs also as fracture filling.

* Pegmatite. It constitutes only 3% of the mapped surfaces. It appears as a light red approximately
0.1 m wide vein in the lower part of the hole.

Table 2-4 summarises the occurrence of the rock types. It is shown as the estimated area of rock type
exposure and in percentage of total mapped area. About 50% of the contacts are tight and sharp.
These are the ones between Aspd diorite and pegmatite, Aspd diorite and the fine-grained granite (in
its “pure” state) and Aspod diorite and greenstone xenoliths (without any admixture of Aspé diorite
or pegmatite). The boundaries between Aspd diorite and the impure greenstone xenolites, the Aspd
diorite and the hybrid variety of fine-grained granite as well as the boundaries between the latter and
the “pure” variety are on the other hand diffuse.

The distribution of fractures on the deposition hole wall and bottom is shown in Figure 2-3. The fracture
orientations are presented in Schmidt net and joint rosette diagrams in Figure 2-4, which shows two
major fracture sets. One of them is rather steeply dipping and has a mean orientation of approximately
120°/75° (strike/dip right). The other is gently dipping with a mean orientation of 195°/20°.

Most of the fractures (57%) in the deposition hole were found to be natural, most probably formerly
healed and tight fractures, that now are more or less re-opened due to the drilling of the hole.
Twenty-nine percent were healed and tight fractures and 14% were truly open natural fractures.

Six types of fracture filling material (oxidation included) have been observed (Table 2-5). The most
common material is chlorite that is found in 72% of the 92 recorded fractures. Epidote and calcite
are noted in 13% and 12% respectively of the observations. Fine-grained granite and quartz is found
in 5% and 2% respectively of the fractures. Reddish oxidation of the rock is found along some of the
fractures proper or occasionally as separate thin reddish streaks, recorded as fractures. Twenty-eight
percent of the fractures show some oxidation. Some Fe-precipitate, often as a gel, has been found
along a few (8%) of the fractures of which about half are water bearing.

All mapped fractures have a rough surface, mostly planar (80% of all fractures) but also undulating
(19%) and arched (1%), see Table 2-6. Since many fractures are tight and healed it is often dif-
ficult to determine the surface roughness. For these cases, the surface structure term “undefined”
was introduced by /Hardenby and Lundin 2003/. When all fractures that are tight and healed are
considered having surface roughness “undefined” and those that are open are “rough” as originally
indicated in the database, then the distribution will be as “alternative 2 in Table 2-6.

The size of the canister deposition hole will limit the fracture trace lengths. In Table 2-7 the fracture
lengths have been grouped into intervals of 1 m. The table shows that 45% of the fractures are
shorter than 1 m while 38% are found within the interval 1-2 m. Therefore most of the fractures
(about 85%) in the deposition hole are shorter than 2 m. Only 2% of the fractures exceed 4.0 m in
length. The table also shows what the distribution of fracture lengths would be if a cut off of 1 m

is used instead of 0.5 m. When making a comparison with the fracture length distribution obtained
from mapping of the walls, roof and floor of the assembly hall it has to be remembered that fracture
length cut off was about 1 m when that mapping took place.
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Table 2-4. Rock type distribution in deposition hole DA3147G01.

Rock type Area (m?) % of mapped area
(hole wall and bottom 48 m?)
Aspd diorite 40.8 85
Greenstone 3.36 7
Fine grained granite 2.4 5
Pegmatite 1.44 3
Total 48 100
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Figure 2-4. Fracture orientations (partly compass readings and partly graphical interpretation) from
DA3147G01 presented in Schmidt net and joint rosette diagrams.

Table 2-5. Distribution of fracture fillings in deposition hole DA3147G01.

Filling No of observations % of all observations
(total 92 fractures)
Chlorite 66 72
Oxidation rim/streak 26 28
Epidote 12 13
Calcite 11 12
Fine-grained granite 5 5
Quartz 2 2
Fe-precipitate/gel 7 8
No filling or not observed 6 7

Table 2-6. Distribution of fracture surface categories in deposition hole DA3147G01.

Surface category No of fractures

% of all fractures No of fractures

% of all fractures

(alternative 1) (total 92) (alternative 2) (total 92)

Planar and rough 74 80 49 54
Planar and undefined 25 27
Undulating and rough 17 19 14 15
Undulating and undefined 3 3
Arched and rough 1 1 1 1
Totally 92 100 92 100
TR-10-38
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Table 2-7. Distribution of fracture lengths in deposition hole DA3147G01.

Length interval Detailed mapping of canister deposition hole

in meters Cut off of 0.5 m Cut off of 1 m

No of fractures % of all the 92 % of all the 51
fractures fractures

<1 41 (-) 45 -

1-2 35 (35) 38 68

2-3 9 9) 10 18

34 5 (5) 5 10

4-5 1 (1) 1 2

5-6 1 (1) 1 2

Total 92 (51) 100 100

2.2 Hydrogeology (IPR-04-52)

Several observations of water occurrence were made during the geological mapping. Additionally, as
a part of the Lasgit project some hydrogeological tests have been performed in the large deposition
hole DA3147G01. These include pressure build up and pressure drop tests and gas leakage tests.

2.21 Water observations in the TBM assembly hall

Leakage of water was recorded at a number of locations of which some were patches on the rock
surface and some were fractures. In the Aspo tunnel system as a whole the water-bearing fractures
commonly are steeply dipping, striking NW or SE.

Where the quantity of the water leakage, originating from micro-cracks in the rock mass or from distinct
fractures in the walls and roof of the assembly hall, was measured it was normally < 0.3 litres/minute.
However, three fractures discharged as much as 2—4 litres/minute. Observations of water leakage are
lacking from the pit-floor due to constant inflow from the side-walls of the pit.

The measured inflow of water in the two pilot holes KA3147G01 and KA3153G01 was about 1.15
and 0.1 litres/minute respectively during the pressure build up test with water pressures about 9 and
13 bars.

The TBM assembly hall is no wetter than the rest of the Aspd tunnel system. However, the walls and
roof both discharge some water though this is from discrete locations which are unevenly distributed.

2.2.2 Water observations in the large deposition hole DA3147G01

The water-bearing fractures in the deposition hole are, besides a few sub-horizontal-gently dipping
ones, rather steeply dipping towards SW whereas those in the walls and roof of the assembly hall are
steeply dipping towards the SW or NE. Occurrences of water are summarised in Table 2-8.

The leakage of water in the deposition hole was of minor seepage or occasional drops. It was,
however, not measured. Leakage between concrete and rock at the top of the hole and a drill hole
ending close to the bottom of the deposition hole gave each about 0.5 litres of water per minute.

2.2.3 Hydrogeological tests in the deposition hole

The inflow of water into the Lasgit hole was measured using the setup shown in Figure 2-5. Water
originating from the surrounding tunnel floor (termed “external water’) was prevented from entering
the deposition hole and was measured separately. Ingress of water to the Lasgit hole, entering
through the fractures and the rock mass of the hole wall and bottom (“internal water”), was measured
by using a level indicator to study the rise of the water level over time.

During the period the measurements took place, the inflow of “external water” varied between 10-20
litres/day or 0.007-0.013 litres/minute, as shown in Figure 2-6.
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Table 2-8. Occurrences of water in deposition hole DA3147G01.

Origin of water ~ Number of Character of water leakage  Flow (I/min) Remarks
observations

Rock 1 (1) Damp, minor seepage or “0” The whole hole wall is damp to wet.
occasional drops
Rock 2 (3) Wet — flow 0.1-0.5 Quantity estimated from leakage

between concrete and rock. The
whole bottom is very wet due to
leakage above

Fracture 11 (1) Damp, minor seepage or “0” Quantity has not been estimated or
occasional drops measured

Fracture 1 (2) Wet, seepage, minor “0” Quantity has not been estimated or
flow or drops measured

Fracture 1 (3) Wet — Flow “0” Quantity has not been estimated or

measured. Most leakage from lower
part of fracture

Drill hole 1 (3) Wet — Flow 0.5

Figure 2-5. Deposition hole DA3147G01 with the circular drain and small plastic container (greyish).
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Figure 2-6. Inflow of measured external water, total inflow and inflow rate (litres/hour) per measuring
interval in deposition hole DA3147G01.

The inflow of “internal water” was about 240 litres/day or 0.17 litres/minute if the theoretical
evaporation was not considered and 266 litres/day or 0.2 litres/minute if it was, as summarised in
Table 2-9.

To get an estimate of the evaporation in the TBM assembly hall an in situ test was performed in March
2004. It showed that the evaporation from a 1 metre square free water surface was 0.67 litres/day.

This means that the evaporation from the free, circular water surface down in the deposition hole is

1.6 litres/day (possible evaporation from the hole wall not included). This corresponds to 0.7% of

the “internal” inflow which is much less than the accuracy of the method used to measure the inflow
(£ 2.5-3%). Thus, the evaporation from the free water surface down in the hole may be neglected.

At the time when the measurements of “internal water” inflow took place the theoretical evaporation
from the hole wall could have been as much as about 24 litres/day. This is under the condition that
the entire hole wall acts as a free water surface which is not the case since large parts of the wall
were dry-damp. As such the evaporation from the hole wall is of minor importance for this study and
the measured inflow of “internal water” can be regarded as the real inflow.

Table 2-9. Inflow of internal water into deposition hole DA3147G01 in December 2003 (water level
refers to recorded level relative to a reference level at the upper part of the hole at the end date
of an interval).

Interval No of Water Change in Quantity of Inflow rate

Start End hours level (m) water level (m) water (litres) . /40y (litres /hr)  (litres/min)

Day Time Day Time

12 13:50 8.203
12 13:50 15 16:07 74.3 7.915 0.315 757.7 244.8 10.2 0.17
1516:07 17 10:30 42.4 7.745 0.170 408.9 231.5 9.6 0.16
Total 116.7 0.485 1,166.6
Mean 239.9 10.0 0.17
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2.2.4 Pressure build up and pressure drop tests

Pressure build up tests have been made not only in the anchor holes but also in pilot holes drilled
in the planned centres of all the large deposition holes on the 420 m level prior to the drilling of the
deposition hole. These tests show a water pressure varying between 3—20 bars in the anchor holes
and 027 bars in the pilot holes.

The pressure drop tests or pulse tests performed in the anchor holes gave varying results too. While
none of the curves reach a well defined asymptote, the pressure decays are sufficiently well defined
to provide an estimate of the hydraulic properties. The calculated hydraulic conductivities and trans-
missivities varied between 1x1072-7x107' m.s™' and 9x107'2-3x10~ m2.s™! respectively. Figure 2-7
shows an example of a pressure drop test.

2.2.5 Gas leakage test

A gas leakage test was performed in six of the ten anchor holes in order to investigate whether there
were any connections between the anchor holes and the water filled Lasgit hole. Anchor holes were
incrementally pressurised. Gas leakage was seen as bubbles on the water surface in the Lasgit hole,
as shown in Figure 2-8, and in the neighbouring anchor holes. With the help of a video camera the
gas leakage was located on the wall of the Lasgit hole and registered on drawings; one example is
shown in Figure 2-9. Results from these tests clearly demonstrate that a number of fractures intersect
both the neighbouring anchor holes and the Lasgit deposition hole. Table 2-10 summarises the
observations during the gas leakage tests.

It can also be seen that pressurising rock anchors on one side of the deposition hole often resulted

in gas leakage on the opposite side of the hole. This shows that the fracture network is complex and
that gas does not always flow to the nearest fracture in the deposition hole, but follows a path of
least resistance. The varying results of the respective pressure tests are likely to be due to variations
in fracture geometry and transmissivity as well as the geospatial distribution of boreholes along the
various features. Leakage between packer and hole walls is, however, another possibility and cannot
be ruled out.
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Figure 2-7. Pressure drop test in HA3147G01 (individual readings and trend line).
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Figure 2-8. Gas bubbles on the water surface in the Lasgit hole.

Table 2-10. Notes from the gas leakage test in the Lasgit hole DA3147G01 and some of the
anchor holes.

Pressurized Start Max pressure End End Notes

Anchor Hole April 2004 April 2004  pressure G01-G10 refer to the anchor holes.

No Day/time Time Pressure Day/time (bars)

(d/h:min) (h:min)  (bars) (d/h:min)

HA3147G01 21/13:37 13:41 20 21/15:26 16.5 GO01: some bubbles observed above the
packer, G10: bubbles, G02 and G09: a
few bubbles.

HA3147G02 20/13:22 13:32 20 20/15:24 16 GO02: lots of bubbles observed above

the packer, G03: lots of bubbles, GO1
and G10: bubbles and G05: a few

bubbles
HA3147G04 20/10:26 10:35 20 20/11:45 16 GO04: bubbles observed above the
packer and G05: bubbles
HA3147G06 —/10:39 10:55 20 —/11:21 20 G06: some bubbles above the packer
HA3147G08 21/10:59 11:11 20 21/12:11 19.5 G08: a few bubbles above the packer
HA3147G10 21/08:48 09:00 20 21/09:40 19 G10: a few bubbles above the packer,

G01 and G09: a few bubbles

2.2.6 EDZ in the deposition hole (IPR-07-14)

An Excavation Disturbed/Damaged Zone (EDZ) is formed around circular openings (boreholes,
tunnels etc) when they are constructed. During construction, supporting rock material is removed.
However, the stress in the system is not reduced, so the rock around the perimeter of a tunnel has to
support the load that was previously carried by the removed mass from within the tunnel. This leads
to stress concentrations round the circumference of the tunnel wall.

The geological mapping of the deposition hole did not describe any of the “classic” features
observed around tunnels with significant EDZ’s. However, the damage can often be microscopic and
not obvious to the naked eye, so the lack of spalling material is not symptomatic of an absent EDZ
and further tests were performed in order to establish (or not) the existence of an EDZ.
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Figure 2-9. Gas leakage locations in DA3147G01 when anchor hole HA3147G01 was pressurized. Legend:

L Bubbles on the surface; Il. Some bubbles on the surface; III-V. Bubbles from one spot; VI. Bubbles;
VII. Some bubbles, one spot, VIII. Bubbles, one spot, top of slot; IX. Bubbles from three spots in a row.
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Bundesanstalt fiir Geowissenschaften und Rohstoffe (BGR) developed a surface packer system
designed to test for the presence of an EDZ at the Aspd site. This type of packer is fixed directly on
the gallery wall and is therefore able to characterize the surface area most damaged during excava-
tion of the deposition hole. This surface packer system was used at a number of locations in the HRL
at Aspo including galleries (excavated by drill and blast), the TBM and deposition holes; including
DA3147G01 (the Lasgit deposition hole).

A photograph of the surface packer system is shown in Figure 2-10 and as a schematic in Figure 2-11.
The packer comprises a circular metal unit sealed to the rock surface using bentonite which is held

in place by fixing bolts attached within the rock. Water or gas is introduced and pressure decay is
monitored. For the measurements within the Lasgit deposition hole only local water was used as an
injection fluid.

Tests were planned at two positions with water-bearing fractures in the deposition hole and on one
position without visible fractures. The tests on the fractured positions failed. Instead of swelling, the
bentonite was washed out of the furrow during the hydration stage by the inflowing water from the
fracture. A similar response was noted during the initial hydration stage of the main Lasgit experi-
ment (Section 4). The asperities on the wall of the deposition hole on these positions turned out to be
too rough.

On the position without visible fractures a test sequence of two pulses (160 kPa and 220 kPa) was
conducted. An axially symmetric model was used for the test analysis. Figure 2-12 shows a com-
parison of the measured pressure evolution in the surface packer (grey line) and calculated pressure
evolutions for several permeability values. The calculated pressure evolution for a permeability of
the rock of 107" m? agrees well with the measured data. However, one limitation of this method is
the potential for water leakage through the bentonite packer assembly rather than within the diorite
rock mass. Assuming this effect is negligible, /Nowak et al. 2007/ conclude there is no evidence of
an EDZ in the Lasgit deposition hole and as such quote a permeability value for the “intact” granite
of 107 m?,

Figure 2-10. The surface packer system of BGR shown in situ ready for the start of a test.
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Figure 2-11. The surface packer and mini packer system shown as a schematic.
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Figure 2-12. Result from surface packer test in deposition hole DA3147G01 (Lasgit).
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3 Experimental geometry and data reduction

The Lasgit experiment has been commissioned in deposition hole No. DA3147G01 — the first
emplacement borehole to be drilled at the Aspd URL. The deposition hole has a length of 8.5 m

and a diameter of around 1.75 m. A full scale KBS-3 canister has been modified for the Lasgit
experiment with twelve circular filters of varying dimensions located on its surface to provide point
sources for gas injection, mimicking potential canister defects. These filters can also be used to inject
water during the hydration stage.

The deposition hole, buffer and canister are equipped with instrumentation to measure the total
stress, porewater pressure and relative humidity in 32, 26 and 7 positions respectively. Additional
instrumentation continually monitors variations in temperature, relative displacement of the lid and
the restraining forces on the rock anchors. The emplacement hole has been capped by a conical
concrete plug retained by a reinforced steel lid capable of withstanding over 5,000 tonnes of force.
Figure 3-1 shows a photograph of the test site following the installation stage.

The state-of-the-art experimental monitoring and control systems for Lasgit are housed in the “Gas
Laboratory” which is a self-contained unit designed and assembled by BGS within a modified
shipping container. A customised graphical interface based on National Instruments LabVIEW™
software enables remote control and monitoring to be undertaken by project staff from any Internet
connected PC around the world.

3.1  Gas laboratory

The Gas Laboratory is housed in a fully insulated pre-fabricated shipping container. This facility
houses all experimental circuits (hydration, hydraulic and gas injection) as well as data acquisition
and telemetry systems.

The shipping container housing the Gas Laboratory has been partitioned into two sections. The first
comprises the office area and contains the workstation plus general office furniture, telemetry system
and main electrical consumer unit. The second area contains all of the experimental apparatus, test
circuits and data acquisition systems. Figure 3-2 shows a full 360° panorama inside the gas laboratory.

Figure 3-1. A panoramic view of the Large-scale gas injection test (Lasgit) 420 m below ground at the
Aspé Hard Rock Laboratory in Sweden.
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Figure 3-2. A panoramic view of the Lasgit gas laboratory.

Temperature in both the office and laboratory sections is controlled by two independent air
conditioning systems. The temperature set point in the Laboratory section was set at 14°C, similar
to the ambient conditions within the Lasgit deposition hole; the air-conditioning achieved a mean
temperature of 15.8°C. To prevent overloading of the air-conditioning system the temperature in the
office compartment was reduced at day 750 and although temperature oscillated on an annual basis
the mean temperature reduced to 15.0°C. To maintain a flow-through of air and help to minimise
condensation, the air is continuously replaced and its humidity controlled to prevent damage to test
systems. Temperature sensors located in both compartments of the Gas Laboratory are continuously
monitored by the data acquisition software and by the Alpha Alarm system, the latter providing 24hr
support in the event of a system failure.

3.2 Apparatus and instrumentation
The following sections describe the key components of the Lasgit system.

3.2.1 The lid and retaining setup

The pressure that would be exerted by the backfill as the tunnel gallery was closed is generated using
a heavy 2,600 mm diameter SS2172 carbon steel lid; this also prevents an uncontrolled expansion

of the bentonite. At the top of the buffer a waterproof and sealed rubber mat is placed, upon which a
conical shaped concrete plug was poured using K 40 quality concrete /Béck 2003/ to close the depo-
sition hole, the top of which was level with the TBM assemble floor. On top of this plug, the steel lid
was anchored to the rock by 10 anchor cables. The lid and rock anchors can be seen in Figure 3-1.

The retaining system (i.e. concrete plug, steel lid and anchoring cables) is designed for a maximum
operating pressure of 20 MPa. The rationale in using a conically shaped concrete plug is to (a)
ensure that the plug can move upwards when subject to high axial pressures and (b) can be readily
dismantled at the end of testing.

The anchor system comprises cables of type VSL 19-15, which are secured using a low-pH cementi-
tious injection grout within ten holes of 162 mm diameter, 11 m length, and angled at 21.8° from the
deposition hole. Each cable is grouted for 8 m length of the cable to ensure the anchors can accom-
modate the forces which will be generated during testing. The retaining system is also design to allow
small vertical deformations of the concrete plug and steel lid when subject to high axial forces.

The anchor cables holding the lid were pre-tensioned to 1,300 kN using two hydraulic jacks in
parallel. Three of the anchors include Glotzel load cells of type kN 5,000 A160 M/DKV6, with a
maximum load 5,500 kN. These are used to log load on the rock anchors, and thus the load exerted
by the buffer, during the operation of the test.
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3.2.2 The canister and filter array

The canister used in Lasgit is a standard KBS-3 design, with additional filters. This design consists
of'a 50 mm thick outer copper skin, which acts as a corrosion barrier in the oxygen-poor ground-
water of the crystalline rock selected for disposal, and a nodular iron insert to provide strength and
rigidity (see Figure 3-4a). Each canister weighs up to 27 tonnes (including the fuel rod assemblies),
is 4.835 metres long and has a diameter of 1.05 metre.

Figure 3-3 shows a sketch cross-section through the deposition hole, giving dimensions of the indi-
vidual elements of the KBS-3V concept. The space around the canister is filled with pre-compacted
bentonite blocks, which, once hydrated, acts as a low permeability diffusional barrier. The unique
physicochemical properties of the bentonite depend on its colloidal behaviour and enormous specific
surface. These include high sorption capacity, very high plasticity and excellent fracture self-sealing
characteristics, severely limiting the migration of any radionuclides released from a canister after
closure of the repository. The bentonite used is MX-80 /Johannesson 2003/ with a water content of
22% (for the ring-shaped blocks) and 26% (for the cylindrical blocks).

The space between the bentonite rings and wall-rock was in-filled using bentonite pellets, manu-
factured by Saut-Conreursin in France. Each pellet is pressed from bentonite and has dimensions of
16.3 x 16.3 x 8.3 mm, a water content of about 17% and an expected density of a single pellet of
about 2,050 kg'm™. The expected bulk density of the fillings is approximately 1,230 kg-m™.

Table 3-1 shows the dimensions and starting physical properties of the pre-compacted bentonite
rings. As shown, a high degree of saturation (between 95.1% and 99.7%) was achieved, with bulk
densities ranging between 2,018 kg'm= and 2,061 kg-m=. Table 3-2 shows the expected density and
swelling pressure after saturation at different sections of the deposition hole. This predicts a swelling
pressure of between 3,970 kPa and 4,368 kPa within the Lasgit depositional hole, with greater pres-
sure achieved above and below the canister.
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Figure 3-3. Cross-section sketch through the Lasgit deposition hole. Surrounding the copper canister
is a 290 mm thick annulus of pre-compacted bentonite. This leaves a 10 mm gap on the inside between

the bentonite and canister and a 50 mm gap between the bentonite and the wallrock, which is filled with
bentonite pellets.
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Table 3-1. Properties and dimensions of the bentonite buffer.

Block No In Bulk Dry Dens Diam. Diam. Diam.
Date at deposition Moisture | density | Degree of | Void | density | atsat | Weight | Height D1 D2 D3
Block No. Comp. hole content | (kg/m3) | Saturation | ratio | (kg/m3) | (kg/m3) (kg) {mm) {mm) (mm) {mm)
LASC1 16/09/2003 Extra block 0.265 | 2018.1 0993 | 0.743 | 15949 | 2021.2 | 2140.0 507.4| 16233 | 1639.3 0
LASC2 17/09/2003 C1 0.264 | 2015.2 0986 | 0.743 | 15948 | 2021.2 | 2112.0 501.4| 1623.5| 1639.35 0
LASC3 17/09/2003 C2 0262 2020 4 0989 | 0.736 1601 2 20252 | 21160 501.0| 1623 45 1639 4 0
LASC4 18/09/2003 C3 0.261 2017 4 0984 | 0.738 1599.9 20244 | 2096.0 4969 | 1623.75 | 1639.45 0
LASCS 18/09/2003 C4 0.268 | 2017.9 D997 | 0.746 | 16920 2019.3 | 2116.0 501.6 | 1623.7 | 1639.45 0
LASCH 19/09/2003 C5 0260 | 20209 0986 | 0.733| 16040| 20270 | 21140 5006| 1623.45| 1639.3 0
LASR1 23/09/2003 Extra block 0.225 2065.5 0.951 | 0.656 1678.6 20748 | 1268.0 516.7 | 162525 | 1639.65 1070
LASR2 25/09/2003 R1 0.230 | 2050.2 0958 | 0668 | 1666.6 | 2067.1 | 1248.0 509.4| 16256 | 1639.65| 1069.6
LASR3 25/09/2003 R2 0.226 | 2054.1 0953 | 0659 | 16752 20726 | 1236.0 504.3| 16248 | 1639.7 1070
LASR4 25/09/2003 R3 0227 2059 6 0962 | 0656 1678 6 2074 8 1234 0 001 9| 1624 75| 163965 | 10697
LASRS 26/09/2003 R4 0.232 | 2057.0 0970 | 0.665| 1669.8| 2069.2 | 1234.0 502.5] 1624.95| 1639.4 | 1069.5
LASRG 26/09/2003 RS 0.228 | 2059.7 0964 | 0657 | 16776 20742 | 1236.0 5026 16249 | 16396 | 1069.6
LASR7 29/09/2003 R6 0233 | 2058.4 0974] 0665 | 1669.3| 20689 | 1236.0 502.6 1625 | 1639.5| 1069.2
LASRS 29/09/2003 R7 0.228 20508 0953 | 0.664 1670.3 2069 5 1224 .0 499 8 1625 1639.6 | 1069.5
LASR9 29/09/2003 Extra block 0.224 | 20606 0.956 | 0.651 1683.4 | 2077.9| 1246.0 506.1 | 1624.75| 16396 1069
LASR10 30/09/2003 R8 0228 | 2054.1 0.957 | 0.661 16734 | 20714 | 12280 5003 | 162485 | 1639.7 1069
LASR11 30/09/2003 R9 0.227 | 2061.4 0964 | 0.655| 16799 20756 | 1238.0 502.7 | 162525 | 1639.45| 1069.3
LASR12 30/09/2003 R10 0.227 2061 .1 0964 | 0.655 1679.5 20753 1236.0 502.3 1625 1639.5 | 1069.2
Average 0263 | 20183 21157 | 501.4| 16235| 16394 0.0
LASC

Atig“ge 0228 | 2056.9 1238.7| 504.3| 16250 1639.6| 1069.5




Table 3-2. Expected density and swelling pressure after saturation at different sections of the
deposition hole.

Section Density at Void ratio  Dry density Expected swelling
saturation (kg-m-3) (kgrm~?) pressure (kPa)

C — above and below canister 1,972 0.831 1,518 4,368

R — at canister 1,964 0.846 1,506 3,970

A series of filters were added to the canister surface in order to simulate a point defect perforation of
the canister. A filter was also added to the bottom of the canister to look at the impact of the energy
stored within a large volume of gas and its impact on the mechanisms of gas entry and movement.
The design of the filter assemblies (Figure 3-4b) had to accommodate a number of engineering and
experimental considerations. To help maintain structural integrity and strength of the canister, the
diameter of the filter assemblies were minimised, in order to retain as much of the original canister
material as possible (Figure 3-4c). The rigidity of the canister was enhanced by securing each filter
assembly with 8 Monel cap-screws, tensioned uniformly to apply an even load.

G.

Figure 3-4. The canister as used in the Lasgit test. The canister comprises a standard KBS-3 canister,
made up of a copper canister and cast iron insert (a). Twelve filters (b) are placed at three levels along the
length of the canister in recesses (c). The complete Lasgit canister is shown in (d) with the filters in place
and the associated pipework coming through the canister lid.
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To minimise leakage of test fluids around each filter assembly into the main body of the canister, a
dual O-ring sealing mechanism was developed. All pressure connections were made using standard
1/8” BSP stainless steel male connectors. An advantage of using this type of fitting was that it ensured
engaged thread lengths are constant for each pressure connection, allowing each fitting to be tightened
to a similar torque, reducing the chance of leakage and accidental shearing of the copper threads.

Each filter array has been designed with dual ports to facilitate the removal of test permeants and
“sweeping” of the sintered filter. The size of the filter discs installed in each housing have been varied
to examine the effect of gas pressure gradient on the gas entry pressure (Table 3-3). The filter housings
were also profiled with respect to the major axis of the cylinder to help reduce the potential for voids or
“bridging”, caused by the flat face of the housing protruding from the curved surface of the canister.

The maximum fluid pressure generated within each filter assembly is continuously monitored and
controlled by reciprocating ISCO syringe pumps (Section 3.2.3). Alarm functions embedded in

each pump controller provide a facility for controlling the maximum fluid pressure generated by the
pump system. Force gauges, mounted on a number of the rock anchors holding the lid in position,
continually monitor the pressure applied to the lid by the bentonite so that pumping can be stopped if
the force exceeds a pre-determined value.

To minimise corrosion and galvanic responses between the porous filter and the main body of the
filter assembly (manufactured from C103 copper), a number of alternative sinter materials were
examined. After consultation with SKB, it was decided to use sintered bronze as the filter material.
This copper-alloy is mechanically robust, can be readily machined, and because of its copper content,
should exhibit low corrosion and galvanic responses when in communication with the canister infra-
structure and test permeants. To prevent intrusion of bentonite during the testing, a relatively small
mean pore size distribution for the sintered bronze discs was selected (i.e. 4 to 8 microns). This range
in pore size equates to an air entry pressure of between 0.02 and 0.04 MPa, assuming circular pores
and an interfacial tension coefficient between the gas and porewater of 7.275 x 102Nm! at 20°C.
This air-entry value is well below the excepted gas entry pressure for saturated buffer bentonite.

Given the relatively low cost of manufacture it was decided to place 13 filter assemblies at specific
locations on the canister surface. In order to provide adequate contingency and provide additional
points of porewater pressure measurement, a decision was made to place four filter assemblies at 90°
intervals around the circumference of the canister at each selected elevation (Figure 3-5). To improve
the spatial coverage of porewater pressure measurements, the upper and lower filter arrays were
rotated 45° with respect to the mid-plane array. This results in a triangular mesh of porewater pressure
measurements. An additional filter assembly was also placed in the base of the canister (Figure 3-6) in
communication through a gas-actuated valve with the internal void space of the canister.

Table 3-3. Dimensions of hydration mats and canister filters.

Device name Location Units Description Dimensions (mm)
Height Width Radius

AXGOFR901 Rock wall kPa Pressure in filter mat 1 350 5,500

AXGOFR902 Rock wall kPa Pressure in filter mat 2 750 5,500

AXGOFB903 Bentonite kPa Pressure in filter mat 3 - - 400
AXGOFB904 Bentonite kPa Pressure in filter mat 4 - - 400
PXGOFL901 Cannister kPa Pressure in injection filter - - 50
PXGOFL902 Cannister kPa Pressure in injection filter - - 5
PXGOFL903 Cannister kPa Pressure in injection filter - - 50
PXGOFL904 Cannister kPa Pressure in injection filter - - 25
PXGOFM905 Cannister kPa Pressure in injection filter - - 50
PXGOFM906 Cannister kPa Pressure in injection filter - - 50
PXGOFM907 Cannister kPa Pressure in injection filter - - 50
PXGOFM908 Cannister kPa Pressure in injection filter - - 50
PXGOFU909 Cannister kPa Pressure in injection filter - - 50
PXGOFU910 Cannister kPa Pressure in injection filter - - 25
PXGOFU911 Cannister kPa Pressure in injection filter - - 50
PXGOFU912 Cannister kPa Pressure in injection filter - — 5
PXGOFC901 Cannister kPa Pressure in injection filter - - -

34 TR-10-38



Top

825mm
+ L
Upper filter array = & & .
o
0 1508mm
=
4v]
u 4
T Mid-plane J - !
= filter array 4 @® ¥
2
L
=
© 1508mm
Ak .o ¥
4 L Lower filter array
Filter
assembly
Base

Figure 3-5. Schematic side view of canister and visible filters (shown in green). The second graphic is a
2D representation showing the relative positions of the 12 radial injection filters.
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Figure 3-6. Schematic showing the filter assembly located in the base of the canister.

3.2.3 Reciprocating syringe pumps

Volumetric flow rates are controlled or monitored using a pair of ISCO-500, Series D, syringe
pumps operated from a single digital control unit. The position of each pump piston is determined
by an optically encoded disc graduated in segments equivalent to a change in volume of 31.71 ml.
Movement of the pump piston is controlled by a micro-processor which continuously monitors and
adjusts the rate of rotation of the encoded disc using a DC-motor connected to the piston assembly
via a geared worm drive. This allows each pump to operate in either constant pressure or constant
flow modes. A programme written in LabVIEW™ elicits data from the pump at pre-set time inter-
vals. Testing is performed in an air-conditioned laboratory. Table 3-4 gives a list of the parameters
logged from both ISCO pump controllers.
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Table 3-4. List of logged parameters from the ISCO 500 Series D syringe pumps.

Device

Location

Units

Description

PXGOPP901

PXGOPP902
PXGOPP903
PXGOPP904
PXG0QP901
PXG0QP902
PXG0QP903
PXG0QP904
PXGOVP901

PXGOVP902
PXGOVP903
PXGOVP904
PXG0OVD901

PXG0OVD902

Gas Laboratory
Gas Laboratory
Gas Laboratory
Gas Laboratory
Gas Laboratory
Gas Laboratory
Gas Laboratory
Gas Laboratory
Gas Laboratory
Gas Laboratory
Gas Laboratory
Gas Laboratory
Gas Laboratory
Gas Laboratory

kPa
kPa
kPa
kPa
variable
variable
variable
variable
ml

ml

ml

ml

litres
litres

Pressure in pump A1
Pressure in Pump A2
Pressure in pump B1
Pressure in pump B2
Flowrate of pump A1
Flowrate of pump A2
Flowrate of pump B1
Flowrate of pump B2
Volume in pump A1
Volume in pump A2
Volume in pump B1
Volume in pump B2

Total cumulative volume pumped by pumps A1 and A2
Total cumulative volume pumped by pumps B1 and B2

3.2.4 Pressure transducers

Individual pressure transducers connected to each canister filter and hydration mat provide a

continuous measure of up-hole pressure for each system component (Table 3-5). Each transducer
is rated to 25 MPa and is accurate to 0.25% full scale. Output signals from the pressure transducers
(4-20 mA) are logged by the data acquisition system. Prior to the commencement of testing each

transducer was calibrated on site to a known pressure standard (Section 3.4).

3.2.5 Total stress sensors

Total stress in the Lasgit deposition hole is monitored at 32 separate locations (Table 3-6). Of these
devices, 20 Geokon sensors are mounted on the rock wall (Figure 3-7), 9 Geokon sensors are located
within the buffer material itself and 3 Sensotec sensors are positioned at specific locations on the can-

Table 3-5. List of pressure transducers attached to the canister filters and large hydration mats
showing sensor name, location, unit of measurement and a description of the monitored parameter.

Device Location Units Description

AXGOFR901 Rock wall kPa Pressure in filter mat 1
AXGOFR902 Rock wall kPa Pressure in filter mat 2
AXGOFB903 Bentonite kPa Pressure in filter mat 3
AXGOFB904 Bentonite kPa Pressure in filter mat 4
PXGOFL901 Cannister kPa Pressure in injection filter
PXGOFL902 Cannister kPa Pressure in injection filter
PXGOFL903 Cannister kPa Pressure in injection filter
PXGOFL904 Cannister kPa Pressure in injection filter
PXGOFM905 Cannister kPa Pressure in injection filter
PXGOFM906 Cannister kPa Pressure in injection filter
PXGOFM907 Cannister kPa Pressure in injection filter
PXGOFM908 Cannister kPa Pressure in injection filter
PXGOFU909 Cannister kPa Pressure in injection filter
PXGOFU910 Cannister kPa Pressure in injection filter
PXGOFU911 Cannister kPa Pressure in injection filter
PXGOFU912 Cannister kPa Pressure in injection filter
PXGOFC901 Cannister kPa Pressure in injection filter
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Table 3-6. List of total stress sensors showing name, location, unit of measurement and a
description of the monitored parameter.

Device/name Location Units Description

PXGOPC901 Cannister kPa Pressure on outside of cannister
PXGOPC902 Cannister kPa Pressure on outside of cannister
PXGOPC903 Cannister kPa Pressure on outside of cannister
PXG0OPB901 Bentonite kPa Pressure in bentonite

PXG0OPB902 Bentonite kPa Pressure in bentonite

PXGOPR903 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR904 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR905 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR906 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR907 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR908 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR909 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR910 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR911 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR912 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR913 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR914 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR915 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR916 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR917 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR918 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR919 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR920 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR921 Rockwall kPa Pressure at bentonite/rock interface
PXGOPR922 Rockwall kPa Pressure at bentonite/rock interface
PXG0OPB923 Bentonite kPa Pressure in bentonite

PXGOPB924 Bentonite kPa Pressure in bentonite

PXG0OPB925 Bentonite kPa Pressure in bentonite

PXG0OPB926 Bentonite kPa Pressure in bentonite

PXG0OPB927 Bentonite kPa Pressure in bentonite

PXG0OPB928 Bentonite kPa Pressure in bentonite

PXG0OPB929 Bentonite kPa Pressure in bentonite

Figure 3-7. The photograph on the left-hand side shows a view looking into the Lasgit deposition hole
showing tube work containing the electrical connections from total stress and porewater pressure sensors
mounted on rock face. The photographs on the upper and lower right-hand show a total stress and a
porewater pressure sensor respectively.
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ister surface. Each Geokon sensor incorporates an integrated thermocouple which is used to correct
the output signal from each device for fluctuations in background temperature. Factory calibrations
are used to process the Geokon data into a stress value. An additional offset is then applied to the data
to compensate for “drift” during the installation process. Each device outputs a resistance measure-
ment which is collected by a custom built multilogger and then relayed to the data acquisition and
control system (DAC) within the laboratory. The three stress sensors located on the canister output a
current directly into the data acquisition system. These devices were calibrated prior to installation.

3.2.6 Porewater pressure sensors

The Lasgit experiment also uses Geokon porewater pressure sensors to monitor water pressure inside
the buffer material and at the bentonite/diorite interface (Figure 3-7). A total of 26 sensors are used
in the Lasgit hole, of which 20 are located on the rock face at the bentonite/diorite interface and 6
are positioned inside the buffer mass (Table 3-7). As with the total stress instruments described in
Section 3.2.5, each device uses an integrated thermocouple to correct the output signal for thermal
fluctuations in background temperature. This data is logged through the multilogger, which in turn
passes on the raw outputs to the Lasgit DAC system for scaling into calibrated figures.

3.2.7 Psychrometers

To monitor the state of suction within the bentonite seven Wescor psychometric microvolt meters
have been installed at various locations within the buffer mass (Table 3-8). These devices give an
output between 10 and 300 microvolts and are factory calibrated with an effective operating range
of 95 to 100% relative humidity. The outputs from these devices are rec