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Abstract

The objective of this study has been to identify the global thermo-mechanical effects in
the bedrock hosting a nuclear waste repository. Numerical thermo-mechanical modeling
using distinct element models (3DEQ was performed. The number of fracture zones,
the heat intensity of the waste, the material properties of the rock mass and the boundary
conditions of the models were varied. Different models for multi-level repositories were
also analyzed and compared to the main single-level case. Further, the global influence
from the excavation of repository tunnels and deposition holes was examined by
introducing weaker rock mass material properties in the repository region of one model.

The maximum compression stress obtained for the main model is 44 MPa and occurs at
the repository level after about 100 years of deposition. Due to thermal expansion, the
rock mass displaces upward, and the maximum heave at the ground surface after 1000
years is calculated to be 16 cm. In the area close to the ground surface the horizontal
stresses reduce, causing the rock to yield in tension down to a depth of about 80 meters.
The fracture zones show opening displacements at shallow depths and closing and
shearing at the repository level. The maximum displacements are 0.3-2.5 cm for
closing, 0.0-0.8 cm for opening and 0.2-2.2 cm for shearing.

The resultant stresses and displacements depend in large part on the assumptions made
concerning the heat intensity of the waste. In the main model, an initial heat intensity of
10 W/m2 is assumed, which gives larger effects than the case with 6 W/m2. Another
important input parameter for the analysis is the Young's modulus of the rock mass. In
the main model, a value of 30 GPa is assumed. Higher values of Young's modulus give
larger thermo-mechanical effects.

All multi-level repository layouts (with the same heat intensity on each level) give rise
to higher temperatures than the single-level layout, causing the compressive stresses to
increase more at the repository level. The multi-level layouts also cause a destressed
zone extending in depth well beyond that induced by a single-level layout.

The 3DEC model with altered properties at the repository region shows very similar
results to the main model. The global effect from the excavated repository tunnels and
deposition holes is therefore not significant. However, further numerical computations
with repository tunnels and deposition holes modeled explicitly are needed to study the
local thermo-mechanical response in the repository region.
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Introduction

The Swedish nuclear fuel waste-disposal program plans to build a repository in deep
bedrock. The proposed concept for the design of such repository is called KBS-3. In the
safety assessment for the future repository, one of the tasks is to examine the expected
conditions in the rock mass surrounding the repository. This is important because the rock
mass functions as the outer barrier between the radioactive waste and the biosphere.

After the time of deposition, large amounts of heat will still be generated from the waste
canisters. With time, the heat will spread out from the repository and cause the surrounding
rock to expand. This also implies that the rock stress will redistribute both locally around
the repository and at a larger distance on a "global" scale. This article will address the
global thermo-mechanical effects from a KBS3-type repository and summarizes the work
in this project. For more details see the summary report [Hakami et al, 1998].

The global thermo-mechanical effects from storing heat-generating spent nuclear fuel in the
bedrock are difficult to predict precisely. The rock volume involved is very large and, even
with extensive investigations, the detailed properties of the rock and the discontinuities
would remain largely unknown. In addition, there is no previous experience from such
heat-generating waste disposal. Therefore, the objectives of this study have been to use the
existing knowledge of rock material and existing mathematical tools to try to identify, and
possibly quantify, the thermo-mechanical effects that can be expected. While the study is
not site-specific, an example of a realistic rock mass, the geology of Aspo, was used as a
base for the model set-up.

In the first models, the rock mass was assumed to behave as a linear elastic continuum with
isotropic and homogenous properties. In subsequent modeling, the numerical code 3DEC
[Itasca, 1994] was used. Using this code, further realism was introduced to the analysis by
simulating the mechanical influence of major fracture zones in the repository area. 3DEC
models the response of a discontinuous medium (such as a fractured rock mass) as an
assemblage of discrete blocks. The discontinuities are treated as interfaces between blocks,
and each block is divided into a mesh of finite-difference elements. The behavior of the
elements follows predefined constitutive laws.

Because the modeling requires simplifications concerning rock mass behavior, there is an
uncertainty in the selection of appropriate material models and associated parameters.
Where accurate parameters have been difficult to determine, a conservative approach has
been taken — i.e., the parameters were selected such that the thermo-mechanical effects
would not be underestimated. No effects from the groundwater are taken into account.

In the following, one of the 3DEC models is referred to as the "main" model, as this is the
model which is judged to be the most realistic in terms of rock mass properties.
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Model Geometry

The 3DEC models were built within a block of 4000 x 4000 x 2000 m in size (see Figure
2-la). This block has a fine element discretization close to the repository and a coarse mesh
in the outer regions. For the model with a single repository level (main model), the area at
the repository has an even finer discretization. The sides of the block are oriented parallel
to the principal in-situ stress directions.

• " NE-3

a)

Repository Region

b)

Figure 2-1 a) 3DEC model geometry and discretization regions. (Blocks in the
foreground are hidden to reveal the inner parts of the model.) b) Model
orientation and fracture zone geometry.

Figure 2-lb shows the location and orientation of the fracture zones considered in the
3DEC model. It can be noted that most zones are steeply dipping and oriented northeast-
southwest. The most dominating fracture zones were selected from the SKB Aspo fracture
network to be included in the model.

The repository was simulated as a grid of point heat sources. The location of heat sources
was different in the model for the single-level repository (main model) and the multi-level
cases. In total, seven different repository layouts have been compared. The thermal load
area and the initial areal heat intensity was kept the same in each repository level for all
layouts.

Thermal and Mechanical Model Properties

3.1 Thermal model

The heat-release function applied is defined by the following equation [Thunvik and
Braester, 1991].:

u (3-1)

where Q(t) denotes the time-dependent heat intensity,
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Qo denotes the heat intensity at the time of the deposition,
t is the time,
a i , &2 and 0C3 are constants

The initial heat intensity of one canister at the time of waste deposition (Qo) is assumed to
be 2400 W. With the canister spacing used (40 m x 6 m), the corresponding initial areal
intensity becomes 10.0 W/m2.

The ground surface was modeled as a fixed temperature boundary. The initial temperatures
in the bedrock were assumed to increase linearly with depth, from 7 °C at the ground
surface to about 15 °C at 500 m depth.

The thermal properties are assumed to be isotropic and constant throughout the rock block.
Thus, the fracture zones do not influence the thermal field. Influences from excavations,
filling materials, heat convection by fluid flow or fluid buoyancy were not considered. The
specific heat and expansion coefficient have been kept the same in all models. The thermal
conductivity was 3.0 W/m °C in the main model.

3.2 Mechanical model

The in-situ stress state, as measured at Aspo, is taken to be the initial stress conditions. The
major principal stress is nearly horizontal, with a bearing of N40W; the intermediate stress
is subhorizontal, and the minor stress is close to vertical. Based on the measured results,
the initial stresses were assumed to vary linearly with depth. The upper surface (ground
surface) was modeled as a free surface; all other boundary surfaces were restricted to zero
normal displacement.

A Mohr-Coulomb plasticity model was used for the intact rock blocks, and an elastic-
plastic constitutive model with Coulomb slip failure was used for the fracture zones. The
input mechanical property parameters used for the rock blocks in the main model are given
in Table 3-1. The alternative values used are given in parenthesis.

Table 3-1 Rock mass properties used in the models.
Parameter Value

Young's modulus [GPa] 30 (60)
Poisson's ratio 0.22
Cohesion [MPa] 5
Friction angle [°] 30
Tensile strength [MPa] 0 (8.7)

The cohesion is assumed to be zero and the friction angle for the fracture zones equal to
20°. Each fracture zone stiffness was assumed based on the esstimated zone width (for
further detials, see [Hakami et al. 1998]) and the parameters have been kept the same in all
analyses. The knowledge about the mechanical properties of fracture zones is poor,
however, because it is difficult to get field information on structures of this size. It can be
noted that the fracture zones are here simulated as single continuous features, transecting
the entire model.
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Results

It was found that, at the repository level, the peak temperature was reached at about 200-
400 years after deposition. Figure 4-1 shows the temperature distribution along the same
vertical line for different layouts of the repository. It can be noted that, as expected, the
multilevel repositories cause the highest temperatures at the center of the repository.
Smaller separation between the levels also gives higher maximum temperatures, due to the
influence between the levels. The layout 3_50 (three levels with 50-meter separation) thus
causes the highest temperatures among the layouts studied.

Initial

-3_50

•1_SQ

•3_100

-2_50

-3.150

-2_100 -

-2_REC

-2.150

<J

400 500 600
Depth (m)
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Figure 4-1. Temperature distribution along the vertical scanline through the center for
the different layouts, after 400 years of deposition. (1_SQ denotes the "main
model", with a square single-level repository at 500 m depth; 2_100 denotes
a two-level repository with JOO-m separation between levels, etc; 2_REC
denotes a model with two rectangular levels with 100 m separation)

The calculated stresses for each time analyzed were collected at element zone centroids
closest to the specified points along a vertical scanline. Figures 4-2 shows how the major
principal stress changes with time along this vertical line.

After 50 years of deposition, an increase in major principal stress of about 12 MPa is
calculated, at the level of the repository. Between the times 400 and 1000 years after
deposition the major stress, in this area, starts to decrease slowly and at 1000 years the
major stress lies about 10 MPa higher than the initial stress. In areas far from the
repository, the stress changes are largest at the latest time analyzed (1000 years). Also, the
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change in minor principal stress continues to increase within the time span analyzed. At
1000 years, the minor stress has increased about 4 MPa at the repository level.
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Figure 4-2. Major principal stress along the vertical scanline for the main model, 1_SQ.

In the rock mass close to the ground surface, the principal stresses decrease compared to
the initial state of stress. At 1000 years, the major principal stress has decreased to about
zero from the initial value of 5 MPa. During the thermo-mechanical process, there is also a
reorientation of principal stresses such that the minor principal stress becomes horizontal
close to the ground surface, while it is vertical at greater depth.

The thermal expansion of the rock mass surrounding the repository gives rise to a
corresponding rock mass displacement in the outward direction. The heave of the ground
surface increases with time as a larger volume of rock mass expands. The magnitude of the
heave also depends on the geometry of the repository. The two cases giving the highest
values have their upper levels closest to the ground surface, as compared to the other
layouts. The smallest heave (16.5 cm) was obtained for the single-level repository.

As already mentioned, the thermal expansion and the corresponding rock displacements
cause a destressing of the rock mass at shallow depth. In the main model, where the rock
mass is assumed to have no tensile strength, the stress decrease leads to tensile yield in this
area. Other models show a similar pattern, but with tensile yield down to different depths.

The fracture zone displacement varies both spatially, over the fracture zone area, and with
time. Figures 4-3 show an examples of calculated fracture zone normal displacements
plotted in a vertical section of the model. The largest closing displacements can be seen at
the repository level; displacements in the opening direction occur at shallower depth.
Differences in location, orientation and stiffness explain the differences in displacement
magnitudes between fracture zones. The largest displacements calculated on each fracture
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zone are compiled in Table 4-1. (These maximum values may refer to different times
analyzed and different repository layouts, but are all from models with an initial thermal
load of 10 W/m2 and E = 30 GPa.)

10_3_150.DAT, Level 1=400m, 2=550m, 3=700m. q=10.0W/m2, c=3.0W/mK, 1000 years

3DEC (Version 1.50)
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Figure 4-3 Normal displacements of fracture zones.Note that vector lengths correspond
to the magnitudes (i.e. closing at depth and opening close to ground surface).

It can be noted from Table 4-1 that all maximum displacements are in the range from zero
to five centimeters, where the closing displacements are the largest and the opening
displacements smaller. These displacement magnitudes should be related to the width of
the deforming fracture zones, which are up to 30 meters. The pattern of fracture zone
displacement is fairly consistent between different models analyzed, which should be
expected since the stiffness of the fracture zones was not changed.

Table 4-1 Maximum observed displacements of the fracture zones.
Fracture Maximum Closure
Zone [cm]

Maximum Opening Maximum Shearing
[cm] [cm]

EW-ln
EW-ls
EW-3
EW-7
NE-1
NE-2
NE-3
NE-4
NNW-4w

2.7
3.2
2.2
0.2
4.5
1.8
2.2
0.4
2.5

0.8
1.0
0.8
0.0
0.9
0.5
0.3
0.2
0.5

1.4
1.4
1.1
0.2
2.7
1.0
1.4
0.5
1.0
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Sensitivity Analysis

5.1 Geological model set-up

Modeling with increasing number of fracture zone geometries were performed to
investigate the influence of the fracture zones. A continuum model produces the largest
stress increase at the repository level. The stress increase gradually becomes smaller with
more fracture zones included. Even though the number of fracture zones in the model
influences the stress magnitudes, no major stress rotations or redistributions can be seen as
a result of fracture zones cutting through the rock mass. The explanation to this is that most
fracture zones behave elastically within the time span studied and that all model boundary
surfaces (except for ground surface) are fixed in their normal directions.

5.2 Boundary conditions

Ideally, the size of a numerical model is large enough so that the boundary conditions will
not affect the area of interest. However, in this study it was expected that a change in
boundary condition from fixed normal displacement to fixed normal stress conditions
would give slightly different results. Therefore, these two different cases were compared.
The results show that stress levels change slightly with changed boundary condition. In
general, the fixed displacement condition gives higher stress levels. Stress boundaries give
a slightly deeper area of tensile stresses. The stress boundary case also results in 20-40 %
larger opening and shear displacements at the ground surface for some of the fracture
zones. At the repository horizon, there is a slight decrease in displacements for some of the
fracture zones for this case.

5.3 Material properties

In some of the 3DEC models, the rock mass was assumed to have a tensile strength of 8.7
MPa. It was judged, however, that a material without tensile strength would better
represent the actual rock mass material, since the blocks in the 3DEC models are not
simulating intact rock blocks but, rather, rock mass volumes between fracture zones.
Analyses performed with and without tensile strength were thus compared; the main
difference was, as expected, seen in the stresses in the rock mass close to the ground
surface. Without tensile strength the stress may not go below zero.

A similar comparison was also carried out for a change in the Young's modulus of the rock
mass blocks. One of the two values used was 60 GPa, which is regarded as a high value;
the other value chosen was 30 GPa. The differences in results between these two cases are
quite large. The maximum major principal stress at the repository level is, for example, 44
MPa using the lower value and about 52 MPa with the high value. The depth to which
tensile stresses occur, for the case with E = 30 GPa, is reduced by about 50%. (A tensile
strength of 8.7 MPa was assumed.) Accordingly, a major reduction of the fracture zone
displacements are obtained with the lower modulus.
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5.4 Effects of excavation openings

In the main modeling work for this study, the repository was only simulated in terms of the
thermal load from the heat generating canisters. To investigate how much the excavation
openings could influence the thermo-mechanical effects, on a global scale, an additional
3DEC analysis was performed. In this model a tabular region of 24 height was given lower
material properties to simulate the more compliant behavior of the repository horizon due
to the excavations. A two-dimensional distinct element model was used to calculate the
most appropriate "equivalent" material properties to be used. The Young's modulus was
reduced from 30 to 28 GPa and the friction angle from 30 to 19 degrees.

The stress distribution and displacements calculated are almost identical to the main model
in areas outside the repository region. But in the elements of the repository region itself
yield occur in this case with lower material strength. A very small influence on the global
behavior can be seen in ground surface heave. After 1000 years, the case that considers
excavation openings has an insignificantly higher value than the main model.

Discussion

The thermal conductivity of the rock mass restrains the heat front from moving quickly.
Therefore, the heave of the ground surface continues to grow slightly even after 1000 years.
Calculations in this study have, however, not been extended beyond 1000 years. To fully
monitor stresses and displacements covering the peak response and the cooling phase, a
somewhat longer time period should be studied.

The assumptions about the constitutive model and the input parameters influence the
modeled rock mass behavior, particularly at the ground surface. The most important
parameter in this respect is the Young's modulus. A value of 60 GPa for Young's modulus
is in the order of the intact rock modulus. However, rock mass blocks with sizes of
hundreds of meters would have lower stiffness than intact rock, due to the fractures. It is
therefore likely that the lower value (30 GPa) used in much of this study is more
appropriate for prediction, although this is not the most conservative choice.

Based on the observations of the Aspo geology, it may also be noted that the "geological
models" considered in this study all have fracture zones with subvertical dip. In a more
general study, one could consider also having horizontal or gently dipping structures
located between the repository and the ground surface and/or having a rock mass with
depth-dependent Young's modulus.

During the long-term thermo-mechanical loading of the rock mass in its global scale, the
fracture zones undergo closure, opening and shearing displacements. From the perspective
of the mechanical stability of a repository, these movements are advantageous, since some
of the stresses are relieved. Closure of the fracture zones in the neighborhood of a
repository is also advantageous with respect to hydraulic properties. On the other hand, the
opening of fracture zones at shallow depth may enhance the groundwater movement in this
area. Shear displacements of the fracture zones may or may not play a significant role on
the groundwater movement.
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As a part of the safety assessment, criteria concerning acceptable levels of displacement
must be determined for the fracture zones. Because the actual effects on the transport
properties from fracture displacement are difficult to determine, one possible criterion
could be that limited fracture zone displacements in the opening direction are accepted if
they occur in areas where the properties of the rock mass are not critical for the assessment.

Because there is great general uncertainty in selecting input parameters for a large rock
area, the span of potential thermo-mechanical effects becomes large. The selection of
properties of the repository region should also be viewed in this context. The reductions
estimated, due to excavation openings, may well be of the same order as the natural
variation of strength parameters in the rock mass.

In the present "global scale" study, the approach was that the effect of excavation openings
could be simulated in the model with a tabular region of continuum material. Also, the heat
flux in this global study was simplified geometrically to point heat sources. Furthermore,
the temperatures and stresses reported here refer to a scanline in the model about 20 meters
away from the canisters. It should therefore be noted that detailed distribution of
temperatures, and thermo-mechanical effects near the repository, must be discussed based
on modeling on a smaller scale.

Conclusions

For a single-level repository, the temperature reaches a maximum of 70 °C during 100-400
years after deposition, considering a vertical scanline between the tunnels. Far from the
repository, the temperature still increases slightly after 1000 years of deposition. The
principal stresses increase near the repository, closing the fracture zones at that vicinity.
The maximum principal stress obtained for the main model is 44 MPa and occurs at the
repository level after about 100 years (The main model has E = 30 GPa). The reduction of
the minor principal stress at the ground surface causes the rock to yield in tension down to
a depth of 80 meters. The fracture zones also exhibit opening displacements at shallow
depths due to the normal stress decrease. Closer to the repository, the fracture-zone
displacements are closing and shearing. The magnitudes of maximum displacements for
the different fracture zones, are 0.3-2.5 cm for closing, 0.0-0.8 cm for opening and 0.2-2.2
cm for shearing, respectively.

The magnitudes of the stress changes and displacements calculated depend on the
assumptions made concerning heat intensity and heat intensity function. For example, the
major stress increases up to 50 MPa for 10 W/m2 initial heat effect and up to 42 MPa for 6
W/m2 (E= 60 GPa). Another important input parameter for the resulting thermo-
mechanical effects is the Young's modulus for the rock blocks. For example, the closure of
fracture zones around the repository decreases by 40% when the Young's modulus is
lowered to 30 GPa from 60 GPa. Also, the stress release at the ground surface is less with
the lower Young's modulus.

The predicted stress at the repository level becomes highest for a continuum, elastic
assumption and gradually decreases as more fracture zones are included in the analysis.
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The presence of major fracture zones in the rock mass could thus be important for the
stress level reached at the repository, since peak stresses are reduced. Because it is difficult
to determine the stiffness of a fracture zone, the magnitudes of predicted displacements are
uncertain.

All multi-level repository layouts analyzed give rise to higher temperatures in the
surrounding rock mass than does the single-level layout. This also causes the compressive
stresses to increase more at the repository level as compared to the single-level case. The
3DEC analyses further indicate that all of the multi-level layouts considered cause
destressed zones extending in depth well beyond that induced by a single-level layout.

A 3DEC model with altered properties at the repository region was analyzed to evaluate the
influence from the excavation openings in the repository. The results show that extent and
depth of the tensile yield near the ground surface and fracture zone displacements are very
similar for the model with equivalent properties for the repository region and the model
with uniform properties. It seems, therefore, that the thermo-mechanical effects of
excavation openings on a global scale are not significant. However, the level of detail in
the models in this study does not allow for any discussion in details on stresses and strains
close to the repository excavations.
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