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In the following discussion, the modelling results are
presented in the order of increased complexity of the
models in terms of stress anisotropy, jointing and depth
of cavern. Model 1.1 that is unique in that multiple
thermal-mechanical stepping is performed, is discussed
extensively to illustrate time-dependent effects. Model
1.1 and 1.3 differ only in the multiple-single stepping
solution procedure; a comparison indicates the front of
propagation and magnitude of the calculated apertures
to be somewhat larger in the single step models. Models
1.1, 1.2, 1.3 and 1.4 differ only in the stress ratio.
Models 1.3 and 2 differ only by an extra diagonal
joint. Models 1.3 and 3 differ only in the depth of the
cavern, while models 3 and 4 both have a deep cavern
but are different in both stress anisotropy and jointing.
Model § is unique in having a “blocky”, but initially
glued structure, giving rise to a more complex behaviour
which is evident in the plot of stress distribution. In
general. it may be expected that the provision of a larger
number of blocks will spread the development of joint
apertures and reduce the problems in comparison to the
extremely massive rock simulations performed here.

Removing heat instantaneously results in higher local
tensile stress concentrations close to the excavation
during the first period of cooling, than if gradual
temperature reduction was performed. This approxima-
tion may result in increased joint opening close to the
excavation, and in more local cracking in the model with
glued joints.

4.1. Temperature field

The resulting rock temperature distribution following
50yr of cooling is shown in Fig. 5 (for a deep model).
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Fig. 5. The temperature distribution calculated by UDEC and the
corresponding closed-form solution [7].

This figure compares the temperature fields as calculated
(1) by UDEC and (2) from a closed form solution given
by Carslaw and Jaeger [7]. The close agreement between
the two solutions was taken as evidence that UDEC
satisfactorily calculates the intact rock heat flow. For
both the shallow and the deep models a temperature
of about —80°C to —70°C is evident one diameter from
the cavern walls. While the shallow model surface
temperatures range between —10°C and 0°C, the deep
model surface temperatures were not affected by the
cooling at all.

4.2. Stress changes under multiple thermal-mechanical
stepping (model 1.1)

Fig. 6(left) shows ““snap shots™ of stress development
due to mechanical redistribution as time progresses to
50yr. The purpose of plotting stress vectors from four
different times is not to give detailed information, but to
show general trends such as the areas of tension and
compression, concentration of stresses, maximum prin-
cipal stresses and how these develop with time. The
largest tensile stresses, shown in Fig. 7, are apparent at
the first time period calculated; 1 yr after cooling gives a
magnitude of 6.4MPa. The maximum compression
stress is reduced from 6.7 to 5.9 MPa (11%) also during
the first year of cooling. This stress redistribution has a
dramatic influence on the joint openings. It is generally
expected that the presence of joints will help to relieve
tensile stresses, at least if numerous blocks are present so
that tensile stress relief can occur in a well distributed
manner. The fact that these sparsely jointed models
show tensile stress patterns that initially follow the two
major joint directions is probably an indication of near-
cavern bending of the tips of these major blocks, i.e. a
function of the extremely simplified joint geometry and
the large size of the blocks. As time proceeds the rock
and joints disperse the tension and low temperatures
over larger areas. The magnitudes of the tensile stresses
are reduced, most rapidly during the first 10 yr down to
3.7MPa, and more slowly later, to 2.9 MPa after 50 yr.

While the magnitudes of stresses are reduced over
time, the rock tensile stress front increases towards the
surface. In the early cooling period. the tension is
concentrated close to the cavern area and to the four
single joints, while a smooth stress distribution is
reached 50yr after cooling. Obviously, as tension
is not prevented at the surface. 100m overburden is
insufficient to prevent tensile stress development.

4.3. Joint aperture changes under multiple
thermal-mechanical stepping (model 1.1)

A corresponding analysis of joint apertures for
the isotropically stressed model 1.1 under progressive
cooling also shows interesting trends. Prior to cooling,
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Fig. 6. “Snapshots™ of principal stresses (lefl) and mechanical
apertures (right) during S0yr of mechanical redistribution in model
1.1. The maximum values of stress and aperture is plotted versus time
in Figs. 7 and 8

the joint aperture had its maximum value of about
70 pm which is a typical magnitude of aperture for joints
under moderate compressive stress. When cooling
commenced, the apertures changed rapidly to much
larger values. After Iyr the maximum aperture, close
to the cavern roof. is already 19mm. Fig. 6(right)
shows “snap shots™ of aperture as time progresses to
S0yr, where the maximum aperture recorded is 60 mm.
As expected the main joint opening takes place at an
early stage in the cooling process. Already after Syr. or
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Fig. 7. Maximum tensile stresses versus time in model 1.1
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Fig. 8. Maximum joint aperture versus time in model 1.1

10% of the cooling period, the aperture in the roof is
30mm which is 50% of the maximum aperture 45yr
later.

The fast increases in aperture are reduced after the
first 4yr, as shown in Fig.8. The aperture of
the horizontal joint slowly reduces thereafter, while the
vertical joint continues to open but at successively
reduced rate. The larger apertures are always nearly
triangularly shaped. the height/width ratio decreasing
slightly with time. Theoretically, the fairly uniform
triangular shape makes it possible to predict the size of
the aperture at depth based on observations at only two
points on the perimeter close to the cavern. The reason
for this effect is mainly the decreasing tensile stress with
distance from the cavern. while the influence from
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variation of gravitational stresses seems to be of minor
importance.

The ratio of vertical to horizontal joint apertures
changes dramatically with time. At an early stage of
cooling, these apertures are nearly equal. As the cooling
front progresses away from the cavern, a stress
redistribution takes place resulting in vertical joint
apertures about 3-4 times larger than the horizontal
apertures, close to the cavern, after 50 yr. The front of
the apertures larger than 1 mm seems to stabilise 30 yr
after cooling. This stabilisation of the aperture front
with time may be permanent, but was not investigated
further.

Model 1.2

Model 1.3
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4.4. Effect of horizontal stress in shallow models
(models 1.2-1.4)

Models 1.2, 1.3 and 1.4 were identical apart from the
horizontal stress levels, listed in Table 4. The influence
of horizontal stress on the magnitude of the vertical
joint apertures after cooling is seen to be dramatic, as
shown in Fig. 9. Changing oy /oy from 0.5 to 2.0 causes
a reduction of the maximum aperture from 102 to
about 20mm. It should be noted that the apparent
reduction in joint apertures close to the cavern is an
artefact of the calculation method. When the joint be-
comes sufficiently gapped. stress transfer ceases and

Model 1.4

Fig. 9. Thermal-mechanical response 50 yr after cooling. Maximum apertures () and maximum principal tensile (o7) and compressive (oc) stresses

are written on the graphs.




image9.jpeg
K. Monsen, N. Barton | International Journal of Rock Mechanics & Mining Sciences 38 (2001) 10351045 1043

information disappears locally until contact is re-
established. The plots indicate this condition of
gapped apertures by a black line in the appropriate
location.

Comparison between models 1.3 and 1.1 results,
with single and multiple thermal mechanical stepping,
respectively, indicate some differences due to the
influence of non-linear joint behaviour. Apertures reach
60mm at year 50 with multiple stepping, and 71 mm
with a single-step calculation. The front locations of
apertures larger than I mm are 45 and 33m, respec-
tively, below the terrain surface for the multiple- and
single-step calculations.

4.5. Effect of extra jointing in shallow models, isotropic
stress (model 2)

The effect of cooling on stresses and apertures
in model 2 is shown in Fig. 9. While models 1.3 and 2
differ only in the addition of a diagonal joint, it is
of interest to compare them directly. The maxi-
mum tensile stresses are almost equal in the two models.
The calculated aperture nearest the terrain surface
is about 3 times larger in model 1.3 than in model 2,
although they have the same distance to the
surface  (=55m). Generally, both the vertical
and horizontal apertures are smaller in model 1.3 than
in model 2. This is an expected effect from the extra
Jjoint.

4.6. Effect of depth of caverns, isotropic stress (model 3)

Fig. 9 also shows the stresses and apertures for
model 3, where the cavern was located at 500 m depth.
Fifty years of cooling results in small joint aperture
increases only, up to 81 pm, which means that the joints
are still under reasonable levels of compression stress.
No tensile stresses are developed. Joint shearing
amounts to not more than 0.6 mm. The cooling process
has caused uniform and large displacements throughout
the model.

Models 3 and 1.3 differ only in the magni-
tude of depth of cavern, and can be compared directly.
The differences are quite dramatic due to the maintained
compressive stresses in model 3. The cooling has led
to a relatively moderate reduction in the tangential
stresses in model 3 from 28 to 16 MPa, while model
1.3 experiences a dramatic change being dominated
by tensile stresses over a region of about three
excavation diameters. While the maximum aperture in
the shallow model has increased three orders of
magnitude during cooling (74 pm-71 mm). the max-
imum aperture in the deep model only shows a slight
increase (70 pm-80 um).

4.7. Effect of horizontal stress and extra jointing in deep
models (model 4)

Model 4, with cavern depth at 500m had a third,
diagonal joint, and was loaded anisotropically with
oy/oy = 2.0. Model 4 will be compared to model 3 that
also had a cavern at 500 m depth. Prior to cooling, the
maximum apertures are almost identical due to the high
stress levels and relatively small shear displacements.
The in situ horizontal stresses of model 4 are twice as
large as in model 3, which for the after excavation state,
leads to a tangential stress ratio of about 2.5 between the
two models. Fig.9 shows the dramatic differences
between the two models following cooling. While the
maximum aperture calculated in model 3 amounts to
only 89 pm. the corresponding magnitude in model 4 is
2.6mm. Note that, in a normally jointed rock mass the
increase in joint shear could be expected to cause an
increase in aperture due to dilation.

Large horizontal stresses in model 4 result in a
bridging effect during excavation, and the minimum
tangential stress levels close to the cavern side walls are
lower than the in situ stresses. This bridging effect makes
it possible for tensile stresses to develop at the left side of
the cavern, with the corresponding maximum joint
opening locally. Behaviour in the right wall of the
cavern is different due to the influence of the diagonal
joint, which prevents tensile stresses and joint opening to
take place. Because the triangular shaped rock block
over the right horizontal joint moves towards the cavern
due to shear displacement possibilities along the
diagonal joint, a higher rate of compression can be kept
in this area than to the left of the cavern.

4.8. Ubiquitous glued joint model (model 5)

Model 5 with the cavern at 100m depth, contains a
regular pattern of horizontal and vertical glued joints
with a spacing of 12.5m in the 200 x 200m> region
surrounding the cavern. The effect of cooling on stresses
and joint opening are shown in Fig. 10. Note that the
linear joint model used with the numerical gluing
technique does not indicate joint apertures, but only
changes in aperture, or opening. The cooling and joint
propagation leads to changes in both magnitudes and
orientation of principal stresses within the entire model
region. As a consequence of the continuous joint
opening from the excavation and about 30 m upwards,
the rock blocks in this region are almost unloaded and a
compressive arch is only formed close to the surface.
This stress reduction and higher-level arching has caused
the development of a localised large horizontal joint
opening. The largest joint opening is 50 mm, and has
developed one diameter above the excavation. Further
studies may indicate if local phenomena such as this are
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Fig. 10. Thermal-mechanical response of the glued joint model (no. 5)
50yr after cooling. The maximum joint opening (top), one diameter
above the excavation, is 50 mm. The maximum tensile and compressive
stresses (bottom) are 3 and 5.8 Mpa respectively.

to be expected in practice, or if it is an artefact of the
discontinuous, glued nature of the joints.

5. Conclusions

The studies performed have concentrated on the use
of simple, idealised (sparsely jointed) models, with
emphasis on the rock mass and joint behaviour, and
neglect of the fluid leakage effects in the modelled
cracks. This is of course conservative.

Several of the idealised models studied here give
evidence of the likelihood for reduced tensile stresses

with cooling as depth is increased. Models with isotropic
jointing and isotropic stresses suggest that tensile stress
development might be avoided at cavern depths of
about 150-200m. However, a model with anisotropic
jointing and anisotropic stress showed local tensile stress
development at 500m depth. Their magnitude will
depend on the ratio of horizontal to vertical in situ
stresses and on joint configuration. The maximum joint
opening here took place close to the cavern walls, was
very local, and amounted to 2.6 mm. The presence of a
larger number of joints, however, could counteract this
undesirable process of extreme joint opening, if dis-
tributed joint opening and shear displacements between
blocks were to occur as expected. The poor arching
effect associated with cooling would then be expected to
be of less significance, and a larger area close to the
cavern would be more compressed. The development of
tensile stresses would. therefore, be smaller.

With a cavern depth of 100m. tensile stresses are
calculated up to the terrain surface. The maximum
tensile stress 50 yr after cooling is not influenced much
by the initial horizontal stress level. Increasing the in situ
horizontal stresses by 100% only causes a reduction of
the maximum tensile stresses by about 8%. In compar-
ison to its influence on tensile stress, the horizontal stress
level does play an important role for the joint opening
process. When the ratio of horizontal to vertical in situ
stress aried from 0.5 to 2.0 for 100 m cavern depth,
the maximum mechanical aperture ranges from 102 to
20mm, respectively, and the propagation of joint
opening is reduced to about half the distance up from
the cavern.

Study of the effect of one extra idealized diagonal
joint in the case of the 100m deep models did not
produce convincing evidence of the expected positive
effect of increased numbers of blocks. However, the
highly idealised jointing creates enormous blocks, one of
whose dimensions (radial) is not reduced by the addition
of a diagonal joint. Deformation and joint shearing are
increased while joint aperture is slightly decreased by the
extra joint. Since the additional joint is non-parallel to
principal stresses, these increased displacements are to
be expected.

The maximum joint aperture calculated was 30%
lower in a model containing a significant number
of joints, compared to a model containing very
few joints. This result supports the theory that higher
joint density leads to a more uniform distribution of
tensile stresses and strains, and therefore, reduced
individual joint apertures. In other words, a well jointed
site is clearly likely to be advantageous for cryogenic
storage.

The detailed thermal-mechanical stepping performed
with limited time intervals of cooling and mechanical
cycling, generally showed results which are expected to
be more realistic of real performance. The maximum
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joint opening on cooling was calculated to be 15% lower
than in a comparable single-step model. The multiple-
step simulation showed how both the aperture grew and
the tip of the gapped joint propagated fastest in the
initial cooling period, the rate decreasing in later phases;
showing that different stages of cooling have to be
investigated.

The extremely small number of very large blocks used
in this idealised study has obviously exaggerated the
joint aperture increases, the depth of propagation of
gapped joints and the levels of tensile stresses that are
developed within the intact blocks. Tt is intuitively
apparent that the much greater density of jointing
generally found in nature will help to dissipate those
factors. An ideal site will, however, not only require
plenty of jointing. It is often the experience that
increased joint frequency reduces the deformation
modulus of a rock mass. This may cause a shedding of
high stresses. In principle such will be undesirable. since
the level of compressive tangential stresses following
excavation needs to be as high as possible. The stored
strain energy can then be drawn on under the cooling
process to help dissipate the volume reduction without
tensile stress development.
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1. Introduction

One of the most important problems related to
underground storage of cryogenics is to prevent leakage
of liquid and gas along joints that might be caused by
tensile stresses due to shrinkage of the rock mass around
the caverns [1]. This view is supported by conclusions
from continuum modelling of cryogenic storage in rock
that repeatedly have shown the development of very
large tensile stresses, that are identified to be the main
driving force for cracking. Cavern depths of prohibi-
tively large magnitude are needed to counteract these
tensile stresses through the development of high initial
tangential stresses following excavation.

The use of numerical methods to simulate the
mechanical behaviour of rock masses requires knowl-
edge of the scale dependent stress-displacement beha-
viour of the rock joints. In general, behaviour close to
an excavation in jointed rock will tend to be quite
different from that predicted by isotropic, continuum
models [2]. In this region, one can expect the greatest
gradients of stress and deformation, which clearly calls
for an appropriate non-linear description of joint
behaviour. Since the behaviour of individual joints was
expected to significantly affect the size of the region
of cracking, a discontinuum code was used for the
modelling. The Universal Distinct Element Code
UDEC-BB [3] was selected, which has the ability to
calculate non-linear joint opening/closing/displacement
response to stress changes. according to the Barton—
Bandis constitutive model [4-6].

*Corresponding author. Dr. K. Monsen, Hjorteveien 35, 5236
Raadal, Norway.
E-mail address: Karstein.monsen(@ fjf.uib.no (K. Monsen)

1365-1609/01/$ - see front matter ©
PI:S1365-1609(01)00066-1

2001 Published by Elsevier Science Ltd.

The present study considers greatly simplified geome-
tries; the objective was to investigate the separate effect
of different physical conditions such as jointing, stress
anisotropy and depth. Consequently the rock mass was
strongly idealised and some of the material parameters
were kept constant under different temperatures and
stress levels. Apart from one simulation, the cooling was
applied stantaneously which was believed to be
the worst case. Simplifications were made in order to
gain understanding, rather than to make absolute
predictions.

One of the most difficult questions is the behaviour of
joints with cryogenic fluid. If the storage is unlined
and frozen down to —162°C, when the rock is cooled
and the joints start to open, say more than a couple
of millimetres, a part of the gas flows into the joints
and continues cooling inside the rock wall. This will
open the joints successively, and heavily increase the
cooled area and the extent of the cooling front.
However, modelling such processes of connected cool-
ing-fluid behaviour were beyond the scope of this study.
An important goal was to investigate the effect of non-
linear joint behaviour on the magnitude of joint opening
and tensile stress development caused by the general
rock shrinkage during cooling. In this way it may be
correct to say that the numerical study has been done
from the rock point of view, rather than from the fluid
point of view.

Eight realisations have been modelled, with single
caverns of 25m diameter at 100 or 500m depth in
massive rock, with only two or three idealised.
continuous joints intersecting the caverns. In three of
the realisations, at 100m depth, the stress ratio was
varied systematically using ratios of o1 /@, =0.5, 1.0 and
2.0. Another two of the realisations were run with
an extra oblique joint crossing the excavation. In an
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attempt to simulate thermal jointing and joint opening
phenomena one model was run with close joint spacing.
but with the joints numerically glued. In this model,
jointing, or joint opening, occurred at pre-determined
stress levels, when strength was exceeded by the thermal
tensile stressing.

2. Numerical code and constitutive relations
2.1. Distinct element modelling of discontinuous media

In the UDEC-BB code the rock mass is considered
to be a discontinuum composed of individual blocks
which interact with their neighbours via stiffness and
plasticity, introduced by the intervening joints. In
practical terms, yield is allowed to occur anisotropically,
ie. along specific structures within the rock mass.
Arbitrary deformation of the blocks is permitted
through internal discretisation into finite difference
zones.

The deformability of the discontinuities or interfaces
between blocks and the frictional characteristics are
represented by spring slider systems with prescribed
force-displacement relations which allow for evaluation
of shear and normal forces between blocks. Spring slider
systems are located at contact points between blocks.
The force-displacement relation at one contact is thus
decoupled from that at another contact on the same
block. More information can be found in [3].

2.2. Joint constitutive behaviour

The deformation of a jointed rock mass primarily
is controlled by the stress regime, the block sizes and
the joint properties. Engineering properties of joints
are related to the geometry and strength properties
of the joint surface. aperture, wall strength and basic
or residual friction. The Barton-Bandis constitutive
model for rock joint behaviour enables scale dependent
coupling of shear stress, shear displacement, dila-
tion and closure. Changes in joint conductivity to
fluids are modelled for both normal and shear deforma-
tion. The joints are permitted for both elastic and plastic
deformation with stress dependent shear and normal
stiffnesses. The joint roughness coefficient (JRC) and
the joint wall compressive strength (JCS) are key
input parameters for the constitutive model. This
section presents a brief summary of the governing
equations only, further information can be found in
[4-6].

2.3. Shear—stress displacement modelling

Let g, and ¢, denote the effective normal stress and
the residual friction angle of a joint. The peak joint

===

Shear stress

2 = 4
Shear deformation

Fig. 1. Non-linear ~shear-stress-displacement logic, showing scale
effects (3]

shear strength then is formulated by

CS+¢,>. W

J
On

T =g, tan <JRC log

Typical shapes of the shear-stress-displacement beha-
viour are illustrated in Fig. 1. Different curves are
obtained for different block sizes and emphasise the
importance of appropriate scaling. For shear displace-
ment less than or more than that corresponding to peak
strength, the mobilised angle of friction is related
directly to the mobilised roughness

Pinob = JRCpob log JCS/ay) + ¢, )

The peak shear displacement, Jpeaks corresponding to

peak shear resistance is related to block dimensions (L)

dimensions by the approximate expression
L [JRCK,T"“

Opeak = 50| L, 3)

2.4. Normal closure modelling

The Bandis normal stress-closure model for rock
Joints incorporates hyperbolic loading and unloading
curves, relating effective stress and joint closure, where

AY;

On = PRy “4)

where ¥ is joint closure. The parameters ¢ and b are
experimentally determined and based on JRC and JCS,
and represent asymptotes to the hyperbolic function.
For example, @ = 1/ Ky, where Ky; is the initial stiffness,
and the maximum possible closure is given by Vyy, = a/b.
Fig. 2 illustrates the normal closure mode. The
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JCS 157 MPa, JRC 7.8

Solid rock Interiocked joint

Normal stress

Normal deformation

Fig. 2. Non-linear normal stress-displacement logic [5]

joint closure curve shows strong hysteresis on its first
load-unload cycle due to sample disturbance; the
hysteresis will be reduced on subsequent cycles.

Egs. (1)-(4) indicate that from measured values of
JCS. JRC and ¢,, that can be obtained from simple
index tests, it is possible to predict the deformation of a
joint through any imposed stress or displacement path
The model also provides information on reversed
loading in shear, with or without changes in normal
stress. and information on joint aperture and corre-
sponding hydraulic properties. Dilation which may
accompany shear. will have magnitudes that vary with
normal stress, shear displacement, rock strength, joint
roughness and block size.

2.5. Thermal-mechanical logic

UDEC simulates transient flow of heat in materials,
as conduction [7]. and the subsequent development of
thermally induced stresses. The calculation of heat flow
is described by the diffusion equation. Let the volu-
metric thermal expansion coefficient be denoted as f3, the
bulk modulus K and the Kronecker delta function d;.
Temperature changes AT then cause stress changes Ac
according to

Acij = —63KPAT. (5)

Temperature changes due to mechanical changes
are neglected. The mechanical logic is used in
the thermo-mechanical program to take “snapshots™
of the mechanical state at appropriate intervals in the
development of the transient thermal stresses. Due
to the explicit scheme the solution is reached in a
physically meaningful manner, which is very important

when non-linear constitutive laws are applied. Closed,
or contacting, joints were assumed to simulate heat
flow in the same manner as intact rock. In reality
the joints can be partly ice or gas filled, the heat flow
will then be somewhat different in the rock and in
the joints, and phase differences can exist. When the
joints are gapped. heat flow across the gap is not
modelled.

3. Modelling approaches

An overview of the deliberately simplified joint
geometries. in situ stresses and the depth of caverns
modelled is shown in Fig. 3. A number of idealisations
and simplifying assumptions regarding geometry, mate-
rial properties and conditions during solution were
introduced, partly for the purpose of increasing under-
standing of the results, and partly for computational
reasons. The initial rock temperature was +5°C, and
the cooling was modelled as a worst case condition
(except for model 1.1), since the cavern perimeter
temperature was instantaneously changed to —162°C.
Necessary access drifts and investigation boreholes were
considered to be absent. Simulations were performed
with the 25m diameter cavern excavated at 100 and
500m depths. For the decpest excavation the model is
square measuring 600 x 600 m?, while for the shallowest
excavation the model is rectangularly shaped measuring
400 x 600m”>.

3.1. Boundary conditions

Large models were designed in order to eliminate
the influence of boundary thermal effects. Hence the
boundaries representing rock could be modelled as
insulated. The free rock surface boundaries were
assigned thermal convection properties with a convec-
tion factor of 15W/mK, and the air temperature
was held constant at +5°C. The mechanical boundary
logic does not behave thermally, but interacts with
the stresses developed at the boundaries. The very
small calculation errors introduced in the boundary
regions are not considered to significantly influence the
results.

In order to establish a stable numerical model. roller
boundaries were applied at the left, lower and right
boundaries during the major part of consolidation.
When the models were close to reaching equilibrium the
roller boundaries were replaced by a boundary element
logic which could simulate mechanical far-field condi-
tions. The boundary element logic simulates an elastic
isotropic medium with two points fixed at the side and
base 1.5km outside the discrete element model.
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Fig. 3. Summary of the modelled geometries, stress conditions and the
depth of caverns. The cavern diameter is 25m. The shallow models
(cavern at 100m depth) measures 600 x 400m>. The deep models
(cavern at 500m depth) measures 600 x 600 m>.

3.2. Rock properties

Although some rock parameters are known to be
strongly temperature dependent, for simplicity. both
mechanical and thermal properties were assumed con-
stant with respect to temperature. The rock properties
are assumed isotropic and are summarised in Table 1. If
the thermal expansion coefficient is decreasing with low

Table 1
Model | ©,/0, | Depth(m) ‘ Rock block elastic and thermal parameters
Model parameter Symbol  Value
L1 i
] 1.0 Density v 2.7 % 10° kg/m?
Bulk modulus K 7.78GPa
1.2 0.5 100 Shear modulus G 5.833GPa
13 1.0 Thermal conductivity k 4.0W/(mK)
. . Specific heat capacity ¢ 850J/(kgK)
| Linear thermal expansion coeflicient = 7% 10K
1.4 2.0 | Convective heat transfer coefficient c 15.0W/m*K
2 1.0 100 ‘ Table 2
Joint input parameters
| Model parameter Symbol Value
- 1 Joint roughness coefficient JRC 8
‘ Joint wall compressive strength ics 150 MPa
Laboratory scale joint length Ey 10 'm
Initial physical aperture Ey 107“m
Joint normal stiffness limit JKN 80GPa/m
Joint shear stiffness limit IKS 20 MPa/m

temperature, then less contraction will occur, and lower
tensile stresses and smaller apertures will develop, than
modelled here.

3.3. Joint properties

Only mechanical properties are specified for the
joints, but they are assumed to transfer heat in the
same manner as intact rock when closed, i.e. when
numerical contact exists between neighbouring blocks.
UDEC-BB uses laboratory scale input parameters which
are converted to full scale parameters taking the
individual joint spacings into account. To obtain
realistic full scale parameters in the models containing
very few joints, an optional ‘full scale joint spacing’ of
2.0m was used. In other words, operating joint proper-
ties will be the same as in an idealised good quality rock
mass with average block sizes of 2x2x2m’. The
typical hard rock joint input parameters are summarised
in Table 2.

3.4. Numerically glued joint properties

One realisation (model 5) was designed to investigate
the propagation of non-continuous joints. Due to
numerical requirements a Mohr-Coulomb model had
to be used in order to numerically glue joints that should
open at pre-defined stress levels. These joints should
essentially behave as intact rocks at tensile or shear
stress levels below the strength of intact rock. The initial
tensile strength of the joints are 10 MPa, or about 10%
of the rock compressive strength, which is a realistic
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Table 3

Numerically glued joint input parameters used for model 5

Model parameter Symbol Value
Joint cohesion ¢ 100 MPa
Joint friction coefficient u 0268
Joint tensile strength a 10 MPa
Joint normal stiffness JKN 800 GPa/m
Joint shear stiffness JKS 800 GPa/m

value. If tensile or shear stress increments caused by
excavation or thermal loading or unloading cause
sufficient changes to the stress distribution, tensile
opening or shear displacement may occur across or
along the relevant glued joints. Slip may occur along a
joint that has not yet opened in tension. Joint normal
and shear stiffness was set to a level so that the
equivalent elastic modulus of the rock mass should be
within about +5% of the intact rock. The glued joint
input parameters are summarised in Table 3.

3.5. Finite difference mesh

The intact rock was modelled as fully deformable by
discretising it into constant strain finite difference
triangles. The triangular elements close to the cavern
had to be very small to correctly represent the very large
gradients of stress, strain and temperature in this region.
In the more peripheral model regions the gradients are
smaller and larger triangles are sufficient to represent
changes in stress, strain and temperature without
significant reduction of accuracy. Thus the zone size
was gradually reduced towards the excavation, as shown
in Fig. 4.

3.6. Solution procedure

Two initial stages, consolidation and excavation, were
calculated to ensure the correct mechanical state prior to
thermal loading. Firstly, in situ stresses were inserted
into the model, and the system was time stepped until
equilibrium, in order to simulate consolidation. To
achieve the excavated state. the blocks inside the
excavation were deleted. and the rock mass deformed
and adjusted until the new state of equilibrium was
reached. Thermal loading was then initiated by setting
the cavern perimeter temperature to —162°C, and the
temperature distribution in the surrounding rock was
calculated. Finally, the thermally induced stresses were
calculated, and the models were mechanically cycled
until equilibrium. This single step calculation was
applied to all models but one. Model 1.1 was cooled
for limited time intervals, followed by mechanical
cycling, so that the progression of stress redistribution
and joint opening followed a potential real process in a

Pl

Fig. 4. Finite difference mesh with increased resolution towards the
excavation. due to the larger gradients of stress, strain and temperature
in this region. This close-up measures 100 x 100m>.

Table 4
Maximum magnitudes of tensile stress, deformation, joint shearing
and joint aperture calculated after 50yr of thermal loading

Model Depth oy /o, Tensile stress  Joint shear Joint aperture

(m) (MPa) (mm) (mm)

LI* 100 10 29 ~0 60
12 100 05 23 11.9 102
13 100 1.0 2.6 ~0 71
14 100 20 23 0.2 20

) 100 1.0 2.8 18.5 68

3 500 1.0 Absent 0.6 0.08
4 500 2.0 112 3l 26
5° 100 1.0 3.0 12 50

“Multiple thermal-mechanical stepping.
" Ubiquitous glued joint model.

bit more detail. Mechanical cycling was performed at
1.2.3.4.5 and 10yr of cooling, followed by 10yr
intervals.

4. Results and discussion

Only the mechanical state after 50 yr of cooling will be
discussed here. For all models. the stresses and apertures
are plotted together with the cavern. Stress—vector plots
show compression vectors by crosses and tension by
arrows in the crosses. Joints are omitted on these plots
to increase the clarity. The mechanical state prior to
cooling, i.e. after excavation of caverns, are not shown
on any plots, but are briefly referred to for some of the
simulations. Key parameters from the final simulation
state are summarised in Table 4.




