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Abstract:

An investigation of the three dimensional coupled Thermo/Hydro/Mechanical behaviour of a
prototype repository in fractured granitic rock is presented. The pre-placement behaviour of
the repository is first considered, making use of a full three-dimensional simulation of the
problem. An effective continuum approach, augmented with discrete features with a high
hydraulic conductivity, is employed. The method adopted is found to be able to simulate
accurately the highly anisotropic flow regime observed at the pre-placement phase. The
major features of the full repository experiment under applied heating conditions were then
successfully simulated. The range of buffer hydration rates, the thermal response of the
repository and the associated mechanical response were successfully simulated. Approaches
to capture both the transient microstructural behaviour of the compacted bentonite (MX-80
type) and a MX-80 pellet material are incorporated. The repository behaviour was shown to
be strongly influenced by complex coupled processes, including interactions between the
system components. The adoption of a three dimensional modelling approach proved to be
essential in order to realistically simulate the behaviour of a repository incorporating
anisotropic flow behaviour. Finally potential impacts of the processes considered on

performance of the barrier system and in safety assessment are considered.
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Notation:
b

Cps
G

k

Kinit
Kint
Ki
Kfeat
Kpel
Ksat
Kswell
M

n

Po

Pc

S
SIabs

Sia

Tr

Ua

parameter in soil water retention equation in table 2
heat capacity of solid

shear modulus

cohesion parameter

initial hydraulic conductivity of the pellets
final hydraulic conductivity of the pellets
unsaturated hydraulic conductivity

hydraulic conductivity of the features
hydraulic conductivity of the pellets
saturated hydraulic conductivity

hydraulic conductivity after water absorption
slope of the critical state line

porosity

effective preconsolidation stress of a saturated soil

reference stress

parameter in soil water retention equation in table 2
parameter controlling the maximum stiffness of the soil
suction

degree-of-saturation

absorbed degree-of-saturation

the degree-of-saturation at which homogenisation of the pellets begins
time

transmissivity

temperature

displacement

pore-air pressure
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Uy pore-water pressure

X,Y,Z orthogonal directions

o parameter in soil water retention equation in table 2

o parameter representing the rate of movement of water between the macro and

micro structure

art coefficient of thermal expansion

S parameter controlling the increase of soil stiffness with suction

b parameter in soil water retention equation in table 2

B parameter representing the rate at which pellet homogenisation occurs
0 parameter in unsaturated hydraulic conductivity equation in table 2
Ores residual water content

Osat saturated water content

K elastic stiffness due to stress change

Ks elastic stiffness due to suction change

AT thermal conductivity

2(0) plastic stiffness due to stress change

Ds solid density

o stress in the direction of the subscript

T shear stress, plane defined by subscripts

v Poisson’s ratio

Wabs parameter defining the proportion of absorbed pore-water

O parameter defining the maximum proportion of absorbed pore-water

Opel parameter representing the influence of homogenisation on the hydraulic
conductivity
Keywords: Numerical modelling, Partial saturation, Radioactive waste disposal, THM, 3D,

fractured rock.
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1 Introduction

In recent years considerable progress has been reported in relation to an improved
understanding of the coupled thermo/hydro/mechanical behaviour of unsaturated soils (e.g.
Villar et al., 2005; Thomas et al., 2009). Such work has often been carried out as part of
major international programmes of research directed towards the safe disposal of High Level
Nuclear Waste (HLW). Indeed a number of papers have appeared in the recent literature
comparing results from full scale experiments, carried out in underground research
laboratories, with those from numerical simulations based on recent theoretical advances.
This paper continues that pattern, now in the context of the “Prototype Repository”
experiment carried out by Svensk Ké&rnbranslehantering AB (SKB), the Swedish Nuclear

Fuel and Waste Management Company, at the Aspd Hard Rock Laboratory.

The Prototype Repository Project was instigated to investigate aspects of the repository
system in an integrated manner (Svemar and Pusch, 2000). The project aims to replicate
SKB’s (Ké&rnbranslesakerhet or Nuclear Fuel Safety) KBS-3 deep geological repository
design in as realistic a set of conditions as possible, in respect to design, installation,
geometry, materials, construction and environment. The exception is that the effects of HLW

are simulated by use of heaters.

The hydraulic performance of a repository, prior to emplacement of the heaters, buffer
material and backfill, is of importance as this represents both the boundary conditions of the
buffer material and the ‘initial conditions’ of the post-placement system. The overall
performance of a repository structure has been shown to be affected by its hydraulic
performance (Thomas et al., 2003, 2009; Vardon et al., 2011). This hydraulic behaviour has
been well characterised via inflow measurement and hydraulic tests using drilled boreholes
(e.g. Rhén and Forsmark, 2001). This detailed dataset offers a valuable opportunity to

investigate the behaviour of the system via numerical modelling.
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The Thermo/Hydro/Mechanical (THM) behaviour of the repository is of importance for the
containment and isolation of the waste as well as the onset of other processes, such as gas
generation. The real behaviour is anisotropic and three-dimensional in nature and therefore
has been represented as such throughout this work. The hydraulic behaviour of the rock
provides the inflow of groundwater into the repository and therefore, in part, controls the

resaturation behaviour, a key aspect of the THM behaviour.

The Prototype Repository Project (PRP) is initially outlined in this paper, including the pre-
placement conditions and the experimental investigation of the rock. A three-dimensional
numerical simulation of the pre-placement conditions is then presented, which includes the
discrete fractures observed in the rock, allowing three-dimensional flow behaviour to be

simulated. The THM behaviour of the prototype repository was then investigated.

Previous attempts of work in this area have been presented by Cleall et al. (2006) and Chen
and Ledesma (2009). The former approach was able to realistically simulate pre-placement
infiltration into some deposition-holes but could not capture, in full, flows to all the holes.
Post-placement conditions were analysed with two dimensional THM and three dimensional
thermo/hydraulic simulations. Overall the temperature domain was well represented. Some
realistic hydraulic results were obtained and limited consideration of the mechanical field was
made. The key conclusions were that three dimensional modelling was essential, the
representation of the fractured nature of the rock was required and the pelletised material was
not well understood. Chen and Ledesma (2009) utilised an approach using different
hydraulic conductivities in the rock around each deposition-hole to allow for differing in-flow
rates. Simulated thermal results correlated well, but very limited hydraulic results were
presented. Whilst both sets of authors were able to simulate selected parts of the experiment

successfully they presented limited comparison of results and recognised the value of three-
6
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dimensional simulations. In neither case were fully coupled three dimensional THM analyses

undertaken.

In this paper, the previous approaches are extended to encompass large-scale three
dimensional simulations, undertaken to represent the overall behaviour of the prototype
repository. For reasons of conciseness and space limitations, only selected results are
presented here, with the data presented designed to give an overview of the results achieved.
The THM model utilised in this work, COMPASS, has previously been presented in detail
(e.g. Thomas and He, 1997, 1998) and includes representation of coupled thermal, hydraulic,
air and mechanical processes. The governing equations are cast in terms of a primary
variable for each of the equations: pore-water pressure, u;, temperature, T, pore-air pressure,
Ua, and displacement, u. The principle of conservation of mass is used for the governing
equations of moisture and air flow, conservation of energy for the flow of heat and
equilibrium for the mechanical constitutive relations. Both liquid and vapour flow are
considered in the hydraulic governing equation, with vapour flow assumed to occur via
diffusion due to temperature driven vapour concentrations in the buffer. Numerical solution
of the governing equations is achieved via the finite-element method for spatial discretisation
and the finite-difference method for temporal discretisation. A parallel Bi-Conjugate
Gradient solver is used to solve the system of equations (Vardon et al., 2011), with a

predictor-corrector algorithm used to allow for material non-linearity.

2 Prototype Repository Project

The Prototype Repository Project (PRP) is a full-scale experiment designed to investigate the
thermo-hydro-mechanical behaviour of a HLW repository. The experiment is designed to be
more realistic than previous experiments (e.g. the Temperature Buffer Test (Hokmark et al.,
2005) and the Canister Retrieval Test (Thorsager et al., 2002) at Aspé Hard Rock Laboratory

(HRL); and the Buffer/Container Experiment (Thomas et al., 2009) and the Isothermal Test
7
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(Thomas et al., 2003) at Atomic Energy of Canada’s underground laboratory) and integrate
all aspects of the multi-barrier repository system including realistic setting within a real rock
mass at realistic depth. Consequently the experiment exhibits three-dimensional behaviour.
In addition, the timescale that the project is designed for, up to 20 years, is unique and may
yield important information regarding time-dependent behaviour. Importantly the experiment
is situated in fractured rock that exhibits anisotropic flow phenomena. This rock mass has
been characterised via boreholes and hydraulic tests. The PRP is well described by both
Svemar and Pusch (2000) and Johannesson et al. (2007). It is located at the edge of the HRL
facility at 450m below sea level. A schematic of the repository itself is shown in figure 1. It
is made up of two sections, one with four deposition-holes and the second with two, spaced
6m apart and drilled vertically and numbered from 1 to 6 as shown. The deposition-holes, as
indicated in figure 2, are filled sequentially with high density Wyoming bentonite blocks
(MX-80) surrounding the canister containing heaters at placement. Between the bentonite
blocks and the canister is initially a 10mm gap and between the bentonite and the rock is a
gap (~50mm) which is filled with high density bentonite pellets. The tunnel and remaining
1000mm of the deposition-holes contain backfill, which is a crushed rock and bentonite mix
(70/30% by weight). A concrete plug was constructed between the two sections and another
isolating the project from the rest of the tunnel complex. The plugs were designed to

withstand the stresses and pressures that the system was likely to create.

The pre-placement stage of the project starts with the construction of the tunnel and finishes
when emplacement of buffer material, backfill and canisters begins. Measurements have
been taken during this time period enable the rock to be characterised, numerical models to
be calibrated and give an indication of initial conditions. Rhén and Forsmark (2001) present
the collated data. The rock surrounding the PRP has been characterised at a relatively high
resolution.  Thirty-nine boreholes were drilled, and in 33 of these detailed hydraulic

measurements were made. This has allowed the observation of both the characteristics of the
8
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rock mass and the identification of specific features, such as local highly hydraulically
conductive fractures. In addition to the use of boreholes, the surface of the tunnel and
deposition-holes has been mapped and the hydraulically active areas identified. The inflow
rates into the tunnel and deposition-holes have also been monitored, with the results shown in
figure 3(a) and 3(b) respectively. The most important feature of these measurements is that
the inflow into Deposition-Hole 1 (DH-1) is much greater than into any of the others. Stress
measurements were also taken in one borehole to gain knowledge of the existing stresses with

the values reported in section 5.2.1.

The fractures in the tunnel have been mapped using various techniques e.g. standard
mapping, laser scanning, Borehole Image Processing System (BIPS) Television (TV)-logging
(unsuccessfully) and Ground Penetrating Radar (GPR) (Patel et al., 1997). Importantly, the
hydraulically active features have been identified (Patel et al., 1997). The deposition-holes
were mapped in the same manner; DH-3 was not identified to have any hydraulically bearing
fractures, unlike for example DH-1 and DH-5. A similar number of hydraulically bearing
fractures were identified in DH-1 and DH-5, with DH-1 having a significantly larger inflow
rate. A tentative conclusion can be drawn, that the majority of the flow occurs through these
hydraulic features and that the flow generally diffusing through the rock matrix is small in
comparison, although the rates through the fractures may highly variable. A fracture
mapping of the tunnel (after Rhén and Forsmark, 2001) is shown in figure 4 where all
fractures have been mapped and hydraulically active fractures identified. Two areas of large
inflows, denoted Area 1 and Area 2, have been identified and shaded. A more complete

overview of the drilling and testing regime can be found in Rhén and Forsmark (2001).

Following the mapping, drilling and hydraulic tests the transmissivity of the rock and
hydraulic connectivity was estimated and a number of key hydraulic features hypothesised by

Rhén and Forsmark, (2001). These are detailed in Table 1 and diagrammatically included in
9
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the domain visualisation in figure 5. It has been initially hypothesised by Rhén and Forsmark
(2001) that these features have circular shapes, with the coordinates quoting the centre of the
feature. Alternative shapes have not been utilised and may affect the results, due to the
change in surface area and connectivity with other model features. However, analysis of this
aspect is beyond the scope of the work. The fact that some deterministic features have been
identified does not, by default, suggest that the remainder of the rock mass is not fractured,
but only that during the tests, significant identifiable preferential flow directions have not
been recognised in those regions. The sampling process uses a discrete number of boreholes
to identify these features and as such, some features are likely to be missed, but those of

reasonable size and proximity to the tunnels are likely to have been identified.

Area 2, highlighted on the tunnel fracture map, figure 4, shows a region with a well defined
fracture which is hydraulically active and coincides with the intersection between the tunnel
and the proposed South major fracture. However, Area 1, highlighting a large water flow
into the tunnel and another well defined fracture, via surface fracture mapping, does not
coincide with any deterministic feature proposed by Rhén and Forsmark (2001), although is
close to the South major fracture and it is possible that it may have some interaction. An
additional feature of hydraulic conductivity is proposed to allow the impact of increased

permeability in this region to be assessed, for convenience named Region 1.

In the post-emplacement phase each of the deposition-holes, contains a copper canister
inclusive of iron over-pack and heaters, compacted MX-80 bentonite buffer and pelletised
MX-80 buffer material. The configuration is shown in detail in figure 2. The tunnel is
backfilled with a mixture of crushed rock and bentonite and sealed between sections 1 and 2
and at the end by means of a concrete plug. A large quantity of data has been collected
during the post-emplacement phase of the experiment (e.g. Goudarzi and Johannesson, 2007).

Figures 6 and 7, for example, show data collected from DH-1 and DH-3. The highly
10
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anisotropic and locally varied flow, apparent in the deposition tunnel and holes during the
pre-placement stage, results in the buffer in DH-1 resaturating at a faster rate than other
deposition-holes (Johannesson et al., 2007). All deposition-holes exhibit water content
variations from a hot dry side to a cooler wet side of the buffer, before full saturation. The
thermal response is driven by the heat flux from the canisters with peak temperatures located
in DH-1 in the centre of section 1. In general, peak temperatures for drier deposition-holes
are higher than for wetter deposition-holes, as expected. Swelling pressures increase with
hydration, rising to up to ~7MPa in locations where full saturation has occurred. However
observed patterns in pressure development are complex and their reliability has been
questioned due to possible arching effects, local contact and stress cell installation (e.g. Chen
and Ledesma, 2009). Finally, in the backfill a trend of saturation has been measured, with the

fastest rates found close to DH-1.

3 Simulation approach

3.1 Domain

The information from the site data and the modelling strategy have been used to create a
geometric model of the domain for the pre-emplacement condition i.e. an empty tunnel and
deposition-holes within a rock mass, shown in figure 1, with the whole domain shown in
figure 5(a) and details of the fractures and Region 1 shown in figure 5(b) — 5(d). The domain
has been chosen to extend approximately 50m away from the repository in all directions, to
ensure the effective deployment of the boundary conditions. To check that this is achieved
the hydraulic flux has been monitored at the domain edge. In addition, a single analysis has
been undertaken with a domain 100m away from the repository in all directions with only
negligible differences in any results (less than 1%); this has not been presented in this paper.
The total domain size is therefore 100 x 100 x 160m with the 160m dimension being along
the length of the tunnel. Linear tetrahedral elements have been used, allowing for irregular

shapes and enabling areas of complex geometry and great spatial variation of results to be
11
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modelled with a fine mesh resolution, while areas which are expected to have little variation
of results and less complex geometry can have a significantly coarser mesh resolution. When
discretised the model has 484,954 tetrahedral elements and 86,414 nodes for the pre-
placement conditions and 920,983 elements with 163,240 nodes for the post-placement, this
mesh has been checked for spatial convergence.

3.2 Material parameters

Material parameters and material behaviour relationships are summarised in table 2. As
noted by Chen and Ledesma (2009), gas pressures are likely to be small as temperatures are
not anticipated to be higher than 80 °C so advective gas transport is neglected. Where gas or
pore-air pressures are required in the formulation a constant of atmospheric pressure is used.
3.2.1 The host rock

The host rock is a complex fractured material made up from, in the main, Asp6 Diorite. The
material is highly fractured with fractures and joints generally filled with chlorites, calcite
and epidote and considered tight (Patel et al., 1997). The average density is 2770 kg/m® with
the porosity reported as being 0.005+£0.002 (Dahlstrom, 1998; Patel et al., 1997). Discussion
of hydraulic material parameters for the crystalline rock in the Aspé area where the PRP is
situated is well documented (for example summarised by Rhén and Forsmark, 2001). The
parameters required for the analysis are the hydraulic conductivities of the ‘intact rock’, that
is the rock matrix including the background distribution of fractures, and the hydraulic
conductivity of the identified hydraulically conductive features and the associated porosities.
The rock is considered to be saturated throughout the pre-emplacement stage therefore no
variation with degree-of-saturation is required. The values of hydraulic conductivity for the
‘intact rock’ were found, via experimentation, to have a wide range and were spatially
variable. The range of values was found to be from 10 to 10™ m/s. It has been conjectured
that the conductivity will be anisotropic due to geological processes (Rhén and Forsmark,
2001), however statistical confidence limits do not observe significant differences at the 90

percentile confidence limit (Vardon 2009). Other works show similar findings and wide
12
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range of possible hydraulic conductivities, e.g. Rhén et al. (1997). A conductivity, at the
lower end of the mid-range of experimentally determined conductivities, of 5x10™ m/s will

be used and the more significant deterministic hydraulic features included explicitly.

The hydraulic features have been represented as areas of higher hydraulic conductivity than
the bulk rock mass. These higher hydraulic conductivities have been calculated from
transmissivities (Rhén and Forsmark, 2001), using a standard fracture thickness for modelling
purposes of 0.1m for the major fractures and 0.05m for the minor fractures. The derived
values of hydraulic conductivity for the fractures are summarised in table 1. It should be
noted that the fracture thicknesses, whilst reasonable, are arbitrary and serve only to allow
representation of the fracture. There is little evidence to indicate the size or transmissivity of
the identified region of high hydraulic inflow into the tunnel, Region 1, therefore, a region
has been included within the geometric model, with the hydraulic conductivity of the major
fractures. Unsaturated hydraulic conductivity and water retention behaviour, incuding
parameterisation, is based upon the approach of Gens et al. (1998) for granite. A heat
capacity of 750 J/kgK is adopted, based upon Patel et al. (1997), and Dahlstrom (1998)
quotes the thermal conductivity as a constant 2.5 W/mK. A linear elastic mechanical model is
utilised for the host rock due to the relatively low stresses applied from the buffer material.
For Poisson’s ratio, », and shear modulus, G, values of 0.25 and 27,600 MPa are adopted
(Delin et al., 1995; Stille and Olsson, 1996).

3.2.2 MX-80 bentonite

The buffer material is highly-compacted sodium bentonite clay, known as MX-80. Blocks of
buffer material were installed in rings, cylinders and bricks depending on location. They are
designed to give a homogenised pattern of final dry density after rehydration and swelling.
The installed average porosities were 0.4, 0.36 and 0.38 for the cylinders, rings and bricks,
respectively (Borgesson et al., 2002). The heat capacity and thermal conductivity of MX-80

were determined by Borgesson and Hernelind (1999), with the heat capacity reported as 800
13
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J/ikgK. The thermal conductivity, A7, (W/m/K) was found to vary with degree-of-saturation,

S, as:
A =03 5,02
A =1.55, 0.2<S,<0.8 (1)
A =0.8+0.5S, 0.8<S§,<1.0

An elasto-plastic model (Alonso et al., 1990) has been adopted to represent the mechanical
behaviour of the bentonite. The elastic and plastic stiffness due to stress change, x and 4(0),
were found based upon experimental evidence collated by Pusch (2001) after Bérgesson et al.
(1993) as 0.0245 and 0.238. The parameters for the relationship defining plastic stiffness for
any suction (S = u, - Uy), r and £, were found experimentally by Lloret et al., (2003) to be 0.9

and 1.0 respectively. Following Alonso et al. (1990) the reference stress, p., was defined as

atmospheric pressure. The effective preconsolidation stress of a saturated soil, p,, is

estimated based on the maximum preconsolidation pressure applied to the sample during
construction of the blocks (100MPa) and the initial suction yielding a value of approximately
45MPa. The mechanical behaviour of bentonite due to suction is based upon work
undertaken by Lloret et al. (2003). The elastic stiffness due to suction change, «s, was found
to be 0.075 with little or no plastic behaviour exhibited in the suction range considered (up to
500MPa). Therefore the suction yield surface was not considered. A shear modulus, G, of
10MPa is adopted following Cleall et al. (2006). Following experiments undertaken by
Borgesson et al. (1995) the slope of the critical state line, M, can be shown to be 0.358, with a
first estimate of the cohesion parameter, k=5.6x103, based on the approximate cohesion of
56kPa with the samples at approximately 1x10’Pa suction. Limited thermal expansion will
take place, based largely on the amount of water in the sample (Borgesson et al., 1995). As
this is likely to be significantly less that the expansion due to suction a constant based on
average water content is used of, thermal expansion, ar=1x10* K. A saturated hydraulic
conductivity, determined from experimental results by Borgesson and Hernelind (1999) and
Villar et al. (2005) has been employed. The moisture-retention behaviour is represented using

14



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

a van Genutchen relationship fitted to experimental data presented by Boérgesson and
Hernelind, (1999).

3.2.3 MX-80 pellets

Very limited experimental data exists for MX-80 pellets. Hoffmann et al. (2007) presented a
series of experiments exploring the hydro-mechanical behaviour of such pelletised materials
and these have been further investigated more recently by Alonso et al. (2011). For
mechanical model parameters Hoffman et al. (2007) presented some initial results and
recommends an increase in stiffness with application of stress. A sensitivity analysis for 1(0)
has been undertaken using experimental results from the Canister Retrieval Test (CRT)
(Thorsager et al., 2002) yielding a value of 0.6 for the homogenised pellet region. In the
absence of other data, thermal behaviour will be assumed to be similar to that of the MX-80
bentonite buffer material.

3.2.4 Backfill

The backfill material is a mixture of crushed rock from the tunnel excavation (70%) and
bentonite (30%) and is installed in compacted layers (Johannesson et al., 2007). The
bentonite is a converted sodium bentonite originating from Milos, Greece. The water content
at installation was 12% and a porosity of 0.363 was determined consistent with the dry-
density of 1.65g/cm® (Bérgesson et al., 2002). The saturated hydraulic conductivity was
found to be 1.5x10'’m/s (Johannesson et al., 1999), with the relationship for the unsaturated
variation of hydraulic conductivity shown in table 2 used for backfill with the value 6=10
found to correlate well with experimental data (Borgesson and Hernelind, 1998).
Experimental water-retention data presented by Borgesson and Hernelind (1999) have been
fitted to a van Genutchen relationship. A saturated thermal conductivity of 1.5W/m/K is
employed (Borgesson and Hernelind, 1999) with a similar form of variation with water

saturation to MX-80 assumed:
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A =03 §,<0.2

A= 0.3+%(SI -0.2) 0.2<§,<0.8 (2)

A =1.0+0.5S, 0.8<S,<1.0
Limited mechanical data is available for the backfill, e.g. Mata (2003), however this is for a
mixture of MX-80 bentonite and rock. Oedometer experiments presented were found to give
k=0.016 and 1(0)=0.102. Due to a lack of similar experimental evidence in suction
controlled conditions the values of M, r and £ will be assumed to be consistent with the MX-
80. Volume changes with respect to suction change, xs are assumed to be governed by the
clay volumetric fraction, i.e. 30%, and the coefficient of thermal expansion, ar, consistent

with the volumetric fractions of rock and clay, i.e. 30% clay and 70% rock.

4 Transient flow behaviour of bentonite

4.1 MX-80 bentonite

A number of investigations of coupled THM behaviour of in-situ tests (Thomas et al 2003,
2009) have demonstrated a requirement to incorporate the impact of microstructural
behaviour within compacted bentonite barriers. In those studies an approach of ‘choking’
moisture flow in confined conditions on increasing saturation was found to significantly
improve the results. In this study this approach is further developed to represent the effect of
transient microstructural behaviour on hydraulic flow (Vardon, 2009). A number of
processes impacting the flow behaviour of compacted bentonite can be identified and include
i) time required for free and microstructure absorbed water to reach equilibrium; ii)
availability of free water to allow microstructural swelling; iii) ageing of manufactured
bentonite resulting in a reduction in the proportion of macro-pores; iv) impact of flow-rate
and swelling on the creation, enlargement or healing of preferential pathways for flow; and v)
the confinement conditions (Tang and Cui, 2005; Dueck, 2008; Delage et al., 2006; Cui et al.,

2008). The approach presented by Thomas et al. (2003, 2009) has been applied, via
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numerical modelling, when flow-rates are relatively slow. In those studies instantaneous
equilibrium is assumed with a fixed proportion of water absorbed into the micro-pores. The
impact of faster in-flow rates where microstructural swelling takes place at a different time
scale may have not been captured using that approach. The work presented here includes a
methodology which more fully captures the process of microstructural swelling at the faster
macro flow rates.

4.2 Pelletised MX-80 bentonite

For the hydraulic conductivity of pelletised bentonite, Hoffmann et al. (2007) presented two
relationships based on fast and slow infiltration. It can be noticed that initially the inter-pellet
voids dominate and as the pellets expand the hydraulic conductivity is reduced; therefore the
rate of pellet expansion is the limiting factor. For slow infiltration the pellets are able to
expand as water flows and the conductivity will reduce; whilst for rapid infiltration the pellets
will not initially have time to expand and the conductivity will remain high until enough time
has passed to allow pellet expansion. A similar observation is made by Alonso et al. (2011).
In an attempt to capture this behaviour an initial approach is presented here to represent
transient change in conductivity as the pellet region hydrates based on the assumptions that i)
inter-pellet pores initially dominate during the saturation process, ii) an initial hydraulic
conductivity exists based upon the mean pellet size, pellet-size distribution and pellet
compaction, iii) a final hydraulic conductivity exists, based upon the final homogenised
structure, iv) only monotonic wetting paths are considered, and v) above a specified degree-
of-saturation the pellet region moves towards a homogenised state at a constant rate. In this
study an approach is utilised to represent the effect of transient behaviour on hydraulic flow

(\Vardon, 2009), with the material relationships defined in table 2.

To investigate the proposed model of the pelletised MX-80 a series of analyses of the
Cannister Retrieval Test has been undertaken (Vardon, 2009). From these tests a set of

calibrated parameters for the pelletised region have been obtained (kini=1%10"’m/s,
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kin=1x10""®m/s, f,=1x107's™, and Sx=0.3). In the absence of experimental data, the

moisture-retention curve for compacted MX-80 has been adopted.

5 Simulations

5.1 Pre-Placement Simulation

The simulation performed includes all the identified hydraulic features identified in section 2,
including the region of high hydraulic conductivity (Region 1). The hydraulic conductivities
are based upon the transmissivities quoted by Rhén and Forsmark (2001), or the central
figure when a range is quoted. The analysis was run for 2 years, at which point a pseudo
steady-state had been achieved, where the rate of change in inflow into the deposition-holes
and tunnel system is found to be less than 1%. The mesh has been checked for spatial
convergence and the time step for temporal convergence.

5.1.1 Initial and boundary conditions

The reported inflow rates, shown in figure 3(a) and 3(b), show little variation over the time
they were recorded (Rhén and Forsmark, 2001). Although the construction of the tunnel was
undertaken over time, the initial conditions for this simulation were assumed to be hydrostatic
with the mean sea level. Boundary conditions on the far field have been maintained at
hydrostatic pore-water pressure. The distance the boundary is set from the repository has
been found not to affect the results through monitoring of the boundary fluxes. On the
interior of the tunnel and deposition-holes, following the approach of Thomas et al. (2009),
the pore-water pressure has been fixed at zero to reflect the atmospheric pressure. This was
also found experimentally, e.g. Mishra et al. (2008).

5.2 Post-Placement Simulations

5.2.1 Boundary conditions and initial condition

On the outer boundaries the temperature is fixed at the initial value, the pore-water pressure is
fixed at hydrostatic pore-water pressure with the exception of the far boundary which the

tunnel intersects, where a zero moisture flux boundary condition was applied. The
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deformation domain is fixed normal to the boundary at the outer edge. At the boundary of
the canister/buffer interface, a zero moisture flux condition was applied with deformation
normal to the canister surface restrained. A heat flux was applied on the surface of the
canister based upon the total energy provided to the heater. Initially the temperature is set to
289K throughout the domain, based upon initial experimental evidence. The stress conditions

in the rock mass as recorded and resolved in coordinates orthogonal to the repository are:

o, 22.9

o, 17.8

o | _ 245 MPa -
Ty 4.5

7, 6.7

T, 23.5

where x is along the tunnel length, y is vertical and z is perpendicular to both x and y. The
initial pore-water pressure in the buffer and backfill material was based upon the water
content and degree of saturation reported from installation measurements by Borgesson et al.
(2002) and Johannesson et al. (2004) and the retention properties presented in table 2. The
compacted bentonite cylinders and rings were found to have an initial pore-water pressure of
-64.7 and -49.2MPa respectively (based upon degrees of saturation of 0.79 and 0.86
respectively), with the bricks and pellets -112 and -111MPa (degrees of saturation of 0.64

and 0.25 respectively).

6 Results

A single simulation has been undertaken for the pre-placement phase, where the proposed
model inclusive of deterministic features has been implemented. Data from the simulations is
compared with the salient experimental evidence, namely the inflow rate along the repository
tunnel, shown in figure 3(a), the inflow rates in the deposition-holes, shown in figure 3(b) and
a contour plot of the pore-water pressure along the centre-line is shown in figure 8. This
analysis can be seen, by consideration of figure 3(a), to simulate the inflow into the tunnel
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closely. Importantly there is good qualitative trends displayed, with a great difference in
inflow rate at chainages above and below 3 588m. Considering the flow into the deposition-
holes, seen in figure 3(b), this analysis is able to simulate the flows into DHs 2-6, with the
numerical results following the experimental results closely. The simulated inflow into DH-1
is approximately only 12% of the experimental value, however it is significantly higher than
that simulated for DHs 2-6 showing a trend that is in agreement with the experimental results.
Simulation of the inflow into DH-1 could be quantitatively improved by altering the
hydraulic conductivities in the model, however such a modification would require a priori
knowledge of the inflows; also this does not guarantee that this is the correct mechanism. For
example, the same result could also be achieved by increasing the size of the closest fracture;

therefore the parameters derived from experimental data have continued to be used.

Figure 8, highlights the effects of the major features. The edge of the major fracture,
indicated in the figure, can be seen between DH-1 and the end of the tunnel. The effect of
this feature can be seen by the extended contour of approximately 1MPa, extending vertically

from the repository tunnel.

Results for the initial operational phase of the post-placement analysis, i.e. up to 10 years, are
presented in figures 6, 7 and 9-12, when the thermal and hydraulic gradients are at their
greatest, due to the greatest heat output from the canisters and the initially unsaturated state of
the bentonite. In this time the peak temperature is likely to be found, as the heat output is the
greatest, and therefore the moisture regime will be greatly influenced by the heat distribution.
The post-placement results are presented at mid-height of the buffer, although they have also
been compared in other locations. The temperature results for DH-1 and DH-3 are shown in
figures 6(a) and 7(a), with the numerical results correlating well with the experimental
results. Examining the temperature contour plot shown in figure 9, the temperature fields

from the deposition-holes can be seen to ‘interact’ increasing the temperature, demonstrating
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that a three-dimensional analysis is essential. Consequently, the temperature exhibited by
DH-3 is higher than that of DH-1, as expected by its position in the PRP. The relative
humidity results for DH-1 and DH-3 are shown in figures 6(b) and 7(b). In DH-1, it is seen
that the numerical results simulate the experimental behaviour well. 1t is noted that the effect
of the fracture seen in the contour plots in figure 10 creates a large spatial gradient and the
results are therefore sensitive to the exact sensor location and subtleties of the
fracture/deposition-hole interaction. A possibly significant difference is that the inner-most
sensor location, sensor WBU10013 at 0.585m radius, does not saturate as quickly as shown
experimentally and therefore allows vapour transport to continue. It is not clear if this
location is saturated experimentally as the sensor has stopped working. Significantly for long
term simulations, the gradients of re-saturation shown in the simulations are almost identical
to that shown by all the sensors experimentally when they fail or at the final recording. In
figure 7(b) the numerical results correlate well to the experimental results, with a slight
overestimation of re-hydration, but exhibiting good qualitative trends. The final gradients
shown experimentally are also reproduced well in the simulation. Figures 6(c) and 7(c)
present the mechanical evolution in terms of net mean stress for both experimental and
numerical results. The numerical results are reasonable in stress magnitude and importantly,
differences in magnitudes correlate well with experimental results. The results also correlate
with the hydraulic behaviour, that is, where significant hydration has occurred stresses due to
swelling have occurred. The increase in stresses noted after approximately 2,000 days is due
to the increase in saturation shown by the model at this point, which is driven by a reduction

in heat output from the canisters.

Figures 9-11 present contour plots at vertical cross-sections through the centre-line of the
tunnel for the temperature, pore-water pressure and displacement. Figure 9 shows the
thermal interaction between the DHs and shows the transient thermal behaviour as well as a

power failure in DH-2. It can be seen in figure 10 that the backfill largely saturates over the
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first 2,500 days, which is in agreement with the experimental results (Goudarzi and
Johannesson, 2007). The backfill behaves as a relatively large water sink in this period. It
can also be seen that the resaturation behaviour in DH-1 is local to the fracture and that at the
top and the bottom of the buffer the qualitative trend is similar to that of DH-3, as exhibited
experimentally. In figure 11 the displacement results indicate that the swelling in the
compacted buffer will cause lateral movement towards the pellets, as expected, and also a
displacement towards the tunnel into the backfill material. This displacement, however, does
not cause the buffer material to penetrate the tunnel. Figure 12 shows a pore-water pressure
contour-plot on a horizontal cross-section through the tunnel, highlighting the impact of the

major fractures on the pore-pressure surrounding the tunnel.

7 Discussion

The model results illustrate that the early stage (e.g. 5 years) the thermo-hydro-mechanical
behaviour can be well reproduced. This gives confidence that such models can be utilised in
safety assessment. Longer term behaviour, such as extrapolation to hundreds of years is less
certain. Therefore long-term experimentation remains extremely valuable. It is noted that
the model relies on accurate and detailed geological characterisation and that the accurate
performance of the system cannot be modelled using two-dimensional or averaged material
parameters. A model such as this could be further utilised to give a proportion of behaviour,
in terms of, for example, the number of deposition-holes having a certain
saturation/temperature/stress, which may therefore give an indication of system performance
in terms of reliability.

Such an early stage (pre-saturation) model is useful as it is during this time that heat output is
highest, and also thermal conductivity is the lowest, therefore design limits based on
temperature will require such models, so as not to be overly conservative. Furthermore the
recent development of THM models to include consideration of chemical species (e.g. Cleall

et al.,, 2007; Gens, 2010) and the impact of advective processes on the geochemical
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conditions close to the canister (Thomas et al., 2012; Cleall et al., 2013; Masum et al., 2013)
and the potential for enhanced corrosion and gas production highlights the need for
confidence in the correct representation of moisture and gas movement in the short-term near
field behaviour of repository systems. It is noted that the model requires a large number of
material parameters to be determined. However, a large proportion are for the expansive
clay, which is part of the engineered barrier. This means that material variability is able to be
controlled and is likely to be low, therefore these do not pose an undue burden on the
operator of such a programme. The parameters for the rock are significantly fewer with the
permeability being one of the most variable and also influential, as it is from here that water

is supplied to the buffer/backfill material.

8 Conclusions

A model of the prototype repository system has been presented, based upon a fully three-
dimensional finite-element formulation. This allows for the inclusion of inherent anisotropy
due to the existence of fractures. In particular the local influences of known fractures are
included. The pre-placement stage has first been modelled, where large variations in inflow
rate have been captured. It has been demonstrated that the hydraulic performance is
inherently three-dimensional and should be modelled as such to gain meaningful results.

A three-dimensional Thermo/Hydro-/Mechanical (THM) investigation is then presented. The
key aspects of the THM behaviour of the repository are well captured by the modelling
strategy, namely: i) three-dimensional behaviour in the thermal, hydraulic and mechanical
fields; ii) close correlation of numerical result of the thermal field with experimental values;
iii) backfill hydration similar to that reported experimentally; iv) drying of buffer material
close to heaters and wetting adjacent to rock reproduced; v) anisotropic hydration behaviour
reproduced; and vi) swelling pressure increases with hydration, with differences in
magnitudes represented. The temperature field was noted to be intrinsically three-

dimensional, with the effects of adjacent canisters’ heat output influencing the temperature
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within other deposition-holes. The hydraulic importance of the fracture intersecting DH-1
was highlighted and the highly three-dimensional anisotropic hydration behaviour noted and
reproduced. The significance of the backfill as a substantial sink for pore-water was
demonstrated with the simulations able to largely reproduce the saturation time exhibited
experimentally with the geological supply of water was critical to the hydration rate of

various aspects of the repository.
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755  Figure 9. Contour plots of temperature (K) variation in the simulation.

756  Figure 10. Contour plots of pore-water pressure (Pa) variation in the simulation (DH-1 to
757  DH-4).

758  Figure 11. Contour plots of displacement (m) variation in the simulation (DH-1 to DH-4).

759  Figure 12. Contour plots of pore-water pressure (Pa) variation in the simulation in a
760  horizontal cross section intersecting the tunnel.
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763 Table 1. Preliminary fracture model data, including initial hydraulic conductivity estimates
764 for the fractures, items marked * after Rhén and Forsmark (2001).

rydrauc O

Feature East* North* z* Strike* Dip* Radius* Tr* Thickness® Conductivity®, yaraufi

K Conductivity,
feat K
feat
(m) (m) (mamsl?) ) ) (m) (m?fs) (m) (m/s) (mfs)
Intact rock 1.0x 10"
Major features

North Major* 1892 7289 -449 118 88 20 5-10 x 10°® 0.1 5-10 x 10”7 8 x 107

South Major* 1887 7266 -449 124 89 20 7-9x 1078 0.1 7-9 x 107 8 x 107

Region 1 8x 107

Minor features

3587/1* 1878.28 727503  -453.53 354 79 2 8.1x10° 0.05 1.62 x 107 1.6 x 107
3551/1* 191542 7271.06  -455.24 312 40 2 47 x10° 0.05 9.4x10°® 9.4 x10®
3551/2* 191750 7269.90  -455.56 271 38 2 3.3x10° 0.05 6.6 x 10 6.6 x 10
3545/1* 191955 7268.80 -453.54 164 64 2 2.8x 10" 0.05 5.6 x10° 5.6 x 10°°
3545/2* 191955 7268.80  -456.66 278 24 2 1.7 x 107 0.05 3.4x10°® 3.4x10%
3545/3* 192145 727022  -453.14 298 64 2 1.3x10°® 0.05 2.6 x 107 2.6 x 107

metres above mean sea level, "assumed, “derived

*East, North and Z are all coordinates in the Aspd coordinate system and Tr is the transmissivity.
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767 Table 2. Material parameters
Properties | Rock Fractures MX-80 buffer MX-80 pellets Backfill Concrete
Porosity, n | 0.005 0.1 8}?C°k3s’"“ders' 0.36rings, 0384 6, 0.363 0.005
ps (kg/m®) | 2770 2770 2780 2780 2780 2770
Heat
capacity of | 750 750 800 800 850 750
solid, Cps
Jr (WIMK) | 2.5 25 0.3-1.3 as equation 1 0.3-1.3 as equation 1 03-15as g
T : ] o o equation2 <
K =K ‘-
6wswell SZ(SI;S( a)abssl) er| _ (1_0)pe|)k,m|
O R e o _, K =KuST s ook
P
where @, < @5 and s, <1 a
Constants | Ke= 5.0 x 102 Ksa = Keae= 1.9 x 10 Kinit = 1.0 x 10°%° Ksar= Ksar=
sat— various sat— = init = = 15x10° 1.0x10™
a=1.0x107 Kins = 1.0 x 106 6=10
5=3 Bo=1.0x107
s Ha )" NS, = Ors *MM As MX-80
b ~/b =
Si S =|1+ {FJ As rock 1{10000{3} As MX-80 buffer buffer As rock
A9
_ _ _ 7 (-1 _ -6 a=1.00 x _
Constants | #=0.33 £=033 a=125x10"(m?) 0 =7.00x 10 10 £=033
Py =0.33 (Pa'l) Py =0.33 b=1.75 b=1.30 b=1.23 Py =0.33
_ _ Ores =
Ores = 0.0001 Ores = 0.0001 0.0001
gsat =n gsat =n Hsat =n
.. - . . Initial Initial
Initial condition, S;=1 In!tlal COﬂEItlonS (cylinders, rings, Initial condition, S,=0.25 condition, condition,
bricks), $,=0.79, 0.86,0.64 _ _
S,=0.524 S=1
G (MPa) 27600 27600 10 1 10 27600
) 0.25 0.25 - - - 0.25
K - - 0.0245 0.25 0.016 -
A0) - - 0.238 0.6 0.102 -
pe(MPa) | - - 1.0 x 10° 1.0 x 10° 1.0x10° -
p, (MPa) | - - 45 45 45 -
s - - 1.0 1.0 1.0 -
r - - 0.9 0.9 0.9 -
M - - 0.358 0.358 0.358 -
k - - 5.6 x10° 5.6 x10° 1.7x10° -
Ks - - 0.075 0.075 0.025 -
or (KY) 8.0 x 10°® 8.0x10° 1.0x10* 1.0 x 10°* 356 x10° 8.0x10°
768
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770
771
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Figure 1. Schematic of the PRP project (after Svemar and Pusch, 2000).
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Figure 3. Tunnel and deposition-hole inflow measurements. a) Experimental data for the tunnel
inflow (after Rhén and Forsmark, 2001) and the numerical results; b) Experimental data for the
inflow into the deposition-holes (after Rhén and Forsmark, 2001) and the numerical results.

Figure 3. Tunnel and deposition-hole inflow measurements. a) Experimental data for

the tunnel inflow (after Rhén and Forsmark, 2001) and the numerical results;

b)

Experimental data for the inflow into the deposition-holes (after Rhén and Forsmark,

2001) and the numerical results.
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Figure 4. Fracture map of along the tunnel, where the centreline is the roof (after Rhén and
Forsmark, 2001). Water bearing structures are identified throughout as circles and two areas
782 of large inflows are highlighted as *Area 1" and ‘Area 2°.

783  Figure 4. Fracture map of along the tunnel, where the centreline is the roof (after
784  Rhén and Forsmark, 2001). Water bearing structures are identified throughout as

785  circles and two areas of large inflows are highlighted as ‘Area 1’ and ‘Area 2.
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Figure 5. Visualisations of the model domain. a) complete domain; b) view from above the repository
tunnel ¢) detailed view of DH-5 and 6 d) DH-1 to 3.

Figure 5. Visualisations of the model domain. a) complete domain; b) view from

above the repository tunnel c) detailed view of DH-5 and 6 d) DH-1 to 3.
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Figure 6. Numerical and experimental results for temperature, relative humidity and net mean stress
measurements at mid-height in DH-1. Experimental results after Goudarzi and Johannesson (2007).
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792  Figure 6. Numerical and experimental results for temperature, relative humidity and
793  net mean stress measurements at mid-height in DH-1. Experimental results after

794  Goudarzi and Johannesson (2007).
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Figure 7. Numerical and experimental results for temperature, relative humidity and net mean stress
measurements at mid-height in DH-3. Experimental results after Goudarzi and Johannesson (2007).
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796  Figure 7. Numerical and experimental results for temperature, relative humidity and
797  net mean stress measurements at mid-height in DH-3. Experimental results after

798  Goudarzi and Johannesson (2007).
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Figure 8. Contour plot of results from pre-placement analysis
complete with discrete fractures in the model domain.
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800  Figure 8. Contour plot of results from pre-placement analysis complete with discrete

801  fractures in the model domain.
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Figure 9. Contour plots of temperature (K) variation in the simulation.
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Figure 10. Contour plots of pore-water pressure (Pa) variation in the simulation (DH-1 to DH-4).
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807  Figure 10. Contour plots of pore-water pressure (Pa) variation in the simulation (DH-
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Figure 11. Contour plots of displacement (m) variation in the simulation (DH-1 to DH-4).
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811 Figure 11. Contour plots of displacement (m) variation in the simulation (DH-1 to
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Figure 12. Contour plots of pore-water pressure (P«) variation in the simulation in a horizontal cross
section intersecting the tunnel.

Figure 12. Contour plots of pore-water pressure (Pa) variation in the simulation in a

horizontal cross section intersecting the tunnel.
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