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Abstract: The safety of high-level radioactive waste disposal has been studied across the world
considering mined geologic repositories. Here, we introduce large-diameter, deep borehole disposal
as one of the potential solutions for small volumes of long-lived intermediate-level waste (ILW). The
short- and long-term stability of deep disposal boreholes is critical for environmental safety and
public health. In this paper, we first use a recently revisited extensional strain criterion for fracture
initiation and apply analytical solutions of a two-dimensional stress model to predict the fracturing
region around a 2 km deep and 0.7 m diameter disposal borehole. Analytical solutions of fracture
initiation are compared with results from the numerical simulator FRACOD, while the latter model
also predicts dynamic effects such as fracture propagation. Both analytical and numerical methods
predicted similar fracture initiation characteristics around the minor horizontal compressive stress
springline, consistent with literature data. Numerical results showed deeper fracturing zones than
those predicted by analytical solutions, mainly because the analytical predictions provide static
snapshots under specific given conditions, while the numerical model calculates additional dynamic
effects of fracture propagation. Including stress dynamics is shown to further weaken the rock around
the borehole. At the bottom plane of the borehole, three-dimensional numerical simulations showed
the development of fracturing zones around the major horizontal compressive stress springline.
Borehole stability analyses are essential to plan the safe operation of drilling operations while also
giving insights as to what borehole depths are more prone to fracturing and hence potentially less
suitable as a waste disposal zone.

Keywords: deep borehole disposal; radioactive waste; borehole stability; fracture initiation; analytical
solution; numerical simulation; FRACOD

1. Introduction

Radioactive materials are used in power generation, to produce radiopharmaceuticals
used in medical diagnostics and treatments, and in industrial applications and scientific
research. The waste from these applications is also radioactive, varying from low-level
(LLW) through intermediate-level (ILW) to high-level (HLW) [1]. Securing the safety
of radioactive waste disposal is critical for public health. There has been considerable
research on geological disposal of intermediate-level and high-level radioactive waste in
conventional mined geologic repositories [2], including large-scale demonstration tests in
numerous underground research laboratories (URLs) [3,4].

The main technology for long-term disposal of high-level radioactive waste considers
underground tunnels or caverns [2,5]. The first operational geological disposal facility for
spent nuclear fuel from commercial power plants will be the ONKALO disposal facility
in crystalline rock in Finland [6]. An alternative concept that is receiving considerable
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attention for disposal of small volumes of long-lived ILW, separated plutonium wastes and
some very high specific activity fission-product wastes, and HLW, considers deep boreholes
drilled from ground surface [7-9]. The concept of deep borehole disposal (DBD) has
been studied in several countries. For instance, in Sweden, DBD has received considerable
attention since the late 1980s [10-13]. DBD has also been examined in the US as an option for
disposal of high-level waste and high-activity Cs and Sr sources in small capsules [14-16],
in the United Kingdom [17,18], Germany [19], South Korea [20-22], and Russia [23].

Radioactive waste disposal studies typically cover various aspects, such as geological
conditions of the sites, durability of the engineered barriers including waste containers,
post-closure safety assessments, and, in the case of borehole disposal, geomechanical
stability of the boreholes. Beswick et al. [24] investigated the engineering challenges related
to DBD. Recently, Mallants et al. [9] summarized the state of the science and technology
of borehole disposal. Unlike conventional geologic disposal facilities, there has not been
any full-scale field demonstration of the DBD concept to date. The need for field tests was
advocated by Freeze et al. [25], where the waste emplacement testing could be undertaken
in a phased manner, initially using a shallow borehole with surrogate canisters to test
surface handling, emplacement, and safety protocols before moving to a full-scale field-
testing in a deeper borehole. An important technological challenge in crystalline rock is
the drilling of a large-diameter, deep borehole as part of the full-scale field test. Several
bottom-hole diameters and depths have been considered, from 0.91 m diameter and 3 km
deep [26], to 0.43 m diameter and 5 km depth [27], and ~0.7 m diameter and depths between
1 km and 3 km [28].

Drilling large-diameter boreholes at larger depths has its own challenges, particularly
in brittle material such as crystalline and sedimentary rock [24,26]. For instance, borehole
instabilities often occur during and after drilling as a result of crack initiation and prop-
agation [29,30]. Borehole breakouts may form at the borehole wall in the direction of the
minimum principal horizontal stress, whereas tensile fractures may form in the direction
of the maximum principal horizontal stress. Especially in hard rocks such as granite, ex-
plicit fracturing occurs with the size of the borehole breakout region, or the depth of the
excavation damaged zone, increasing with increasing in situ stresses and borehole size [31].
Therefore, understanding borehole stability, its occurrence, and size of failure regions is
critically important for deep, large-diameter boreholes for the disposal of radioactive waste.
In addition to complicating the drilling operation, borehole failures may also impact the
suitable depth available for waste emplacement and may create local temporal fracture
networks that require specialized sealing materials to restrict radionuclide migration along
the fractured borehole wall [32].

Borehole stability has been the subject of many studies [31,33-38]. Bradley [33] inves-
tigated various borehole failures with analytical solutions for stress distribution around
the borehole involving a tensile stress criterion and a compressive stress criterion; their
study addressed inward plastic deformation of rock causing hole size reduction, borehole
breakouts causing hole enlargement, and tensile fracturing causing loss of drilling fluid.
Haimson [34] reviewed different borehole breakout failure mechanisms observed from
laboratory research. Most breakouts have a dog-ear shape, but quartz-rich sandstones
develop tabular slot-shaped breakouts that maintain a constant and very narrow width
over an extensive length, resulting in a fracture-like appearance.

Regarding the size of the failure region, the interest is commonly in its depth and
the span angle, or angular span, on the borehole surface. Theoretically, the span angle
of the failure region on the borehole surface from a two-dimensional solution does not
depend on the hole size (radius) since the stresses for the failure are evaluated on the
surface and the hole size does not appear in the evaluation. However, Lin et al. [31]
found experimentally that the angular span increases with increasing hole size for a given
horizontal stress ratio. There may be two reasons for this discrepancy: (1) experiments use
samples of finite size while the theoretical prediction applies to an infinite domain, and
(2) the theoretical prediction is a static response for a given loading while the experiments
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experience progressive deformation from the start of loading to the final loading. Based on
a simple expression, the depth of the failure region is more difficult to predict analytically
than the span angle.

Most borehole stability studies employ two-dimensional models due to their simplic-
ity for investigating the breakout or failure around the borehole surface. Liu et al. [39]
proposed a coupled numerical approach to simultaneously investigate effects of drilling
mud pressure, overburden pressure, horizontal in situ stresses, temperature changes, and
pore pressure on the stress field around the bottom of borehole. The drilling mud pres-
sure has a significant influence: increasing the mud pressure would make breaking the
rock at the borehole bottom more difficult. Tensile stresses exist beneath the bottom of
the borehole due to a pore pressure gradient. Ito et al. [36] numerically investigated the
three-dimensional stress field and associated breakout around the borehole, including the
bottom of the borehole. They found that on cross-sectional planes around the bottom of
the borehole, failure along the maximum horizontal compression springline is larger than
that along the minimum horizontal compression springline. By using a very comprehen-
sive constitutive model, Shalev et al. [38] predicted numerically that borehole breakouts
around the bottom of the borehole have their greatest extent along the maximum horizontal
compression springline.

Deep boreholes drilled to 1000-2000 m depth into crystalline rocks in Australia have
been reported to have experienced borehole instabilities [29]. This is believed to be caused
by high pressure (i.e., high horizontal stresses) from tectonic movement. Large diameter
boreholes such as the one considered here (bottom hole diameter of approximately 0.7 m)
are particularly susceptible for borehole breakouts due to scale effects [40].

In anticipation of potential future needs for drilling such deep boreholes for radioac-
tive waste disposal in Australia and elsewhere, we first employed the extensional strain
criterion for fracture initiation from Barton and Shen [41] together with the two-dimensional
analytical solution of stresses around a vertical borehole to predict the fracturing region
under in situ stresses. The fracturing region from the Mohr-Coulomb shearing criterion is
also investigated to compare with that from the extensional strain criterion. Next, 2D and
3D numerical codes were employed to (1) verify the results obtained with the 2D-analytical
solution, and (2) to simulate 3D fracture dynamics including initiation and propagation
around the bottom of a borehole that were not possible with the analytical solutions. In this
study, crystalline rock has been considered as it is more susceptible to borehole breakouts
compared to sedimentary rock because the crystalline rock often exhibits high strength and
undergoes brittle failure, whereas the sedimentary rock is often soft and the failure could
be in the form of large deformations [38].

2. Two-Dimensional Analytical Stress Solutions for Prediction of Fracturing Zones

For predictions of the stress state along most part of deep vertical boreholes without
asymmetrical defects, effects of top and bottom of the borehole are very small and stresses
and deformation on all the cross-sectional planes are independent from the position of
the planes; therefore, 2D plane-strain solutions are valid [42]. Around the bottom of the
borehole, however, the stresses and deformation on a cross-sectional plane depend on the
position of the plane and 3D solutions should be sought [42]. In this first step, the 2D
analytical solution of stresses and an extensional strain criterion for fracture initiation are
used to predict the regions along a 2 km deep and 0.7 m bottom-hole diameter borehole in
which fractures are most likely to be initiated.

2.1. Stresses around a Borehole under Biaxial Compressions and Internal Pressure

Let O-x-y be a 2D Cartesian coordinate system and O-+-6 a cylindrical coordinate
system associated with the O-x-y system in the horizontal cross-sectional plane of the
borehole (Figure 1). The angular 0 is positive measured anticlockwise from the x-axis. We
consider the stress states around a circular hole, centred at the origin of the coordinate
systems and with radius R, in an infinite 2D domain under far field biaxial compression
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P; in the x-direction and P; in the y-direction. The borehole surface is under internal
pressure Py. These stresses all affect fracture behaviour around the circular borehole. We
first consider the distribution of the stresses around the hole.
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Figure 1. Schematic of the borehole with internal (Py) and external (Pq, P,) stress distributions.

The in-plane stress components ¢, 7gg, and o9 in a homogeneous isotropic elastic
body are obtained from the well-known Kirsch solution [42]:

Pi+P)  (Pi+P—2P)R* (P—P, R? R
Uﬂ:_(lz )+(1 : )TZ_(lz ) 1_4724_374 cos20 (1)
(PL+Py) (PL+P,—2P)R*> (P—P,) R*
a6 5 5 2 5 +3r4 cos 26 2
1 RZ _R*\ .
0o = —5(P1 = P) <1 t25 - 374) sin 20 ©)

The classical convention of elasticity for stresses, i.e., positive for tensile stress and
negative for compressive stress, is assumed. The shear stress and asymmetric parts of
normal stresses are due to the difference between the far field compressions at the two
directions. For porous media, the stresses in the above expressions are the effective stresses
and the effective far field compressions, while the internal pressures are the difference
between the total values and the pore pressure.

On the internal surface r = R of the circular borehole, the radial stresses on all the
radial lines are identical and equal to —Pj. On the circle r = V/3R, the radial stresses on all
the radial lines are also identical and equal to:

P+ P+ Py
Orr = 0y 3R = _( : 3 ) 4

On the internal surface of the borehole, the circumferential stress varies with 6 accord-

ing to
0g9 = —(Py + P, — Py) +2(Py — P») cos 20 @)
If P; + Py — 3P, > 0, the circumferential stress is positive (tensile) within the region

around 6 = 0. This may result in tensile radial fractures.
The distributions of the analytic radial and circumferential stresses given in
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Equations (1) and (2) along various radial lines for a demonstration model case of a
deep borehole are considered. The borehole has a radius of R = 0.35 m and a depth of
2000 m. The effective major and minor far-field horizontal compressive stresses and the
effective vertical stress (the total stress minus pore pressure) at 2000 m depth are assumed
to be P; =109.5 MPa, P, = 57.68 MPa and P3 = 31.82 MPa, respectively. The total major
and minor horizontal compressive stresses are calculated from an assumed relationship
with the total vertical stress 0, due to the gravity at a given depth, i.e., cyyax = 2.50%
and 0y,,;,, = 1.50,. Values for oy, and oy, with given value for o, are within the
range estimated from the Blanche 1 borehole in South Australia [29]. The pore pressure
is assumed to be 10 and 20 MPa at 1000 m and 2000 m depths, respectively. The effective
pressure on the borehole surface (i.e., mud pressure minus pore pressure) at 2000 m depth
is Py = 6.0 MPa. The distributions of the radial stresses on radial lines 6 =0°, 22.5°, 45°,
67.5° and 90° are shown in Figure 2a. On the radial line with 8 = 90°, i.e., the minor
horizontal stress springline, the compressive radial stress increases rapidly to its maximum
value of 59.9 MP at r =~ 2.44R = 0.855 m (Figure 2a), which is only slightly higher than
the far-field compression (57.68 MPa). As noted above, the compressive radial stresses
on all the radial lines are equal to 57.7 MPa at r = v/3 x 0.35 ~ 0.6 m. Within the region
R <r<+/3R, the compressive radial stress increases with the polar angle 6 and when
> /3R, the compressive radial stress decreases with the polar angle 6.

Figure 2b shows the distributions of the circumferential or hoop stress on the five
radial lines around the circular hole. Near the circular borehole surface, the compressive
circumferential stress on the line § = 90° is much higher than that on the line § = 0° and de-
creases rapidly in radial direction away from the borehole surface. On the borehole surface,
the compressive circumferential stress is much higher than the compressive radial stress.
The compressive circumferential stresses on the radial lines around the major horizontal
stress springline (§ = 0°) first increase to a maximum value and then decrease with the
radial distance (curves for § = 0° and 6 = 22.5°). The position of the maximum value
moves towards the borehole surface with the increase of the polar angle 6. Then within
some region around the minor horizontal stress springline, the compressive circumferential
stress decreases with the radial distance. Rapid change of the radial and circumferential
stresses is observed within r < 3R.

2.2. Extensional Strain Criterion for Fracture Initiation

Fractures in materials occur because the relative displacement between adjacent points
is too large and is larger than the strength of the material. Strains are related directly to the
relative displacements and can be used to detect fracturing failure [41,43,44]. Extensional
strain does not only exist in the direction of the tensile stress, it can also exist in the direction
of the compressive stress due to the effect of Poisson’s ratio, if the compressive stresses in
the orthogonal direction/s are large enough. If the extensional strain (measuring relative
extensional displacement) in any direction is greater than the critical value, a tensile fracture
perpendicular to this direction would form [43].

To derive the formulation of the extensional strain criterion, the stress convention in
geomechanics, i.e., positive for compressive stresses, is used here. From linear elasticity
theory for 2D plane stress problems, the in-plane normal strain in the direction of minor
compressive principal stress, 03, is given by:

[o3 — vor] [voy — 03]

€3 = E = - E 7 (6)

where 07 (>03) is the major compressive principal stress (MPa); v and E are Poisson’s ratio
and Young’s modulus of the material (MPa), respectively. The normal strain e3 > 0 indicates
compression and &3 < 0 indicates extension. Therefore, if vo; > 73, the strain becomes
extensional even in regions where all stresses are compressive.
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Figure 2. Distribution of the (a) radial and (b) circumferential stresses along five radial lines, § = 0°,
22.5°,45°,67.5° and 90° at 2000 m depth.

Furthermore, if the extensional strain value —¢3 is greater than the critical value, €,
then a fracture normal to the minor (compressive) principal stress direction is initiated. The
critical ¢; is derived from the uniaxial tensile strength oy (UTS) [30,41]:

[voy — 03]

E >e¢e =0/E, orvoy — o3 > 0y ?)

This is the extensional strain criterion for fracture initiation with plane stress conditions
and can be satisfied in regions where the difference between the principal stresses is
large [30,43]. With the critical value of the extensional strain derived from the uniaxial
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tensile strength as in Equation (7), the extensional strain criterion and tensile stress criterion
for fracture initiation are equivalent in uniaxial tensile cases.

The extensional strain criterion in Equation (7) can explain the reason why rock
spalling begins at the tunnel wall when the compressive stress at the wall reaches about
0.4 times the uniaxial compressive strength (UCS) of the rock [30]. This is a phenomenon
that tunnelling engineers have noticed for a long time [45-48].

In plane strain cases, the normal stress perpendicular to the cross-sectional plane, oy,
also contributes to the strain e3. This case includes generalised plane strain conditions
where the normal strain perpendicular to the cross-sectional plane is uniform, but not zero.
In such case, the extensional strain criterion would be:

[v(o1 +0p) — 03]
E

—&3 = >¢ =01/Eoroe =v(oq+0p) —03 > 0y (8)

The term ¢, may be referred-to as fracture initiation checking stress. With the same
values of o and 03, tensile fractures will be initiated more likely in plane strain cases than
in plane stress cases, or regions with tensile fractures would be larger in plane strain cases
than that in plane stress cases. In the above Equations (6)—(8), the principal stresses 1 and
03 can be obtained from the stresses given in Equations (1)-(3).

2.3. Shear Stress Criterion for Fracture Initiation

Equation (3) gives the shear stresses in cylindrical coordinate planes, normal to the
cylindrical coordinate radial and circumferential directions, with maximum values on
the line with # =45°. On this line, the maximum value is at r = \/3 R and is equal to
2(Py — P;)/3. Note that this is on the circle on which the radial stresses on all radial lines
are the same.

Considering the tangential (shear) stresses on all possible planes at all points, the
maximum value may be different from the above one on the coordinate planes. When the
tangential (shear) stress on a plane is large enough to mobilise a shear failure criterion, such
as the Mohr-Coulomb criterion, shear fractures could be initiated on the plane. Generally,
at a given point, the maximum shear stress is on the plane perpendicular to the bisection
direction between the principal stress directions.

2.4. Fracturing Regions around Boreholes

With the analytical solutions for stresses in radial and circumferential directions
given in Equations (1)—(3), the stresses in the Cartesian coordinate directions and in-plane
principal stresses can be derived. Next, with the extensional strain criterion (7) or (8) and
shear criterion (9), the regions with incipient tensile and shear fractures can be obtained,
respectively. In this section, we investigate such regions for various cases. Values of the
mechanical parameters for fracture initiation are given in Table 1. These are based on the
previous measurement and modelling data from Klee et al. [29]. The strengths are for
a large rock mass with scale effects considered [40]. Brady and Brown [49] provided an
equation to estimate the UCS values at different scales:

UCSmass = (dsmall/ dmass)o'18 X UCSsmall (9)

where dg,, and UCSg,,411 are the dimension and strength of a small sample, and dmass and
UCSnass are the dimension and strength of mass sample. The UCS value of 112 MPa for a
large rock mass corresponds to a UCS of 180 MPa of rock sample of 50-60 mm diameter.
Two more rock masses of UCS of 74 MPa and 150 MPa (corresponding to UCS of 120 MPa
and 240 MPa) are also considered. The uniaxial tensile strengths are assumed to be 1/10 of
the UCS [50]. The value of cohesion is calculated from the uniaxial compressive strength
and the internal friction angle according to the relation derived from the Mohr-Coulomb
criterion. The stress state considered is that mentioned above for a depth of 2000 m.
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Table 1. Values of mass rock physical and mechanical parameters.
Densit Young's Poisson’s UTS: o, UCS: o, Friction Angle:
y Modulus: E Ratio: v ot e gee
2650 kg /m? 70.8 GPa 0.24 11.2 MPa 112 MPa 35°

For a 2000 m deep borehole, the fracture initiation regions are shown in Figure 3. The
distributions of corresponding stresses are shown in Figure 2. From the above analysis for
stresses near the circular hole, the compressive circumferential stress on the line 6 = 90° is
much higher than the compressive radial stress. On the line 8 = 0°, the difference between
the two stresses is smaller. Thus, with the extensional strain criterion for tensile fracture
initiation, the fractures parallel to the circular surface would be initiated around 6 = 90°
more easily than around 6 =0°.

0.5 N L S I B NN B NN NN S B S S — —— —
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0.45 = = = V-HFRB -
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- e . —
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Figure 3. Regions (FR) in which fractures would be initiated for rocks with UCS = 112 MPa at 2000 m
depth predicted with analytical solutions, together with boundary between vertical fracture and
horizontal fracture regions (V-H FRB). f is half the breakout span angle.

Tensile fractures would be initiated according to the extensional strain criterion (7)
(plane stress FR) in the region enclosed by the grey dash-dotted curve and the red borehole
surface (Figure 3). In the region enclosed by the orange long-dash curve and the red
borehole surface, fractures will be initiated according to the criterion (8) (plane strain FR)
with the effect of the vertical gravity stress 0, = 31.82 MPa. The green dotted curve and
the borehole surface enclose the region in which shear fractures would be initiated if the
Mohr-Coulomb criterion is employed (shear stress FR). The region for shear fractures is
smaller than that for tensile fractures.

With generalised plane strain conditions, vertical gravity stress is always a principal
stress. When the pressure on the borehole surface is smaller than the far field compressive
stresses and the vertical gravity stress, within some region around the borehole, one of the
in-plane principal stresses is smaller than the vertical principal stress and will be the minor
compressive principal stress. Fractures initiated in this region would have vertical planes.
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If both far field horizontal compressive stresses are greater than the vertical stress, then
the vertical stress will be the minor compressive principal stress in the area outside the
vertical fracture region. If tensile fractures are initiated in the outer area, then they will be
horizontal. The blue short-dash curve in Figure 3 is the boundary of the vertical fracture
and horizontal fracture regions (V-H FRB) for the cases considered. The above 2D stress
analysis is not able to identify such horizontal tensile fractures. Since these fractures are
horizontal and borehole breakouts are caused by vertical or subvertical fractures [34], the
horizontal tensile fractures do not form borehole breakouts directly. However, they could
reduce rock strength.

Perras and Diederichs [48] numerically simulated various cases to obtain approximate
formulae for prediction of the depths of the damage zones in brittle rocks. According
to their results for granite, the stresses and rock strength used for the case shown in
Figure 3 would predict the depth of the highly damaged zone (fractured) to be around
1.2 times the radius of the borehole. The boundary of the fracturing region on the y-axis
from the plane stress criterion (7) in Figure 3 is at = 0.42 m. This gives the depth of
the fracturing region as #/R = 1.2. This agrees well with the Perras and Diederichs [48]
prediction. Lin et al. [37] predicted the theoretical span angle 23 of the failure region on
the borehole surface according to the condition that the circumferential stress expressed in
Equation (2) at the point on the borehole surface reaches the rock mass compressive strength.
With this condition, the theoretical prediction of the span angle of the failure region for
above case is about 120°, which is close to that from the Mohr-Coulomb criterion shown in
Figure 3. It is noted that this theoretical prediction is independent of the borehole size.

Although the extensional strain criteria predict deeper fracturing regions along the
minor compressive principal stress springline than the Mohr-Coulomb shear criterion
(Figure 3), the regions with vertical fractures for breakouts are bounded by the V-H FRB
curve. As a result, the depth of breakout regions on the minor compressive principal stress
springline from the extensional strain criteria is similar to that with Mohr-Coulomb shear
criterion (Figure 3). The extensional strain criteria predict wider breakout regions with
a larger span angle towards the major compressive principal stress springline than the
Mohr-Coulomb shear criterion.

Figure 4 shows the effect of the rock mass UTS on the fracture regions for the stress
state at 2000 m depth of the borehole, as shown in Figure 2, without effect of vertical gravity
(plane stress criterion (7)). In addition to 11.2 MPa UTS, the weaker rock with 7.4 MPa
UTS and the stronger rock with 15.0 MPa UTS were also used. For strong rocks of 15 MPa
UTS, no fractures would be generated around the borehole at the direction of the major
far field compressive stress. The boundaries of the regions for the three strengths on the
y-axis are close to one another. It is noted that for weaker rocks with 7.4 MPa UTS, the
stress state at far field, including the vertical gravity stress, satisfies the initiation criterion
(8) for horizontal fractures. This means that in situ horizontal fractures could be initiated in
the whole plane at 2000 m depth even without the borehole being drilled.

It should be noted that the above analysis only indicates that fractures could be
initiated in these regions under the given instant static load, and what their orientation
would be if they were initiated. This represents a snapshot for the given load. The load in
real scenarios is dynamic and increases gradually, and the failure develops progressively.
When the deformation state at a given point in the studied domain reaches the criterion
in the loading process, a fracture is initiated at that point. After the initiation, the fracture
could propagate, which would change the deformation conditions. When the load reaches
the given static load, more fractures could be initiated and the stress conditions become
different from those under the instant static load. Therefore, fractures may not be initiated
at some points in the region or may be initiated at some points outside the region. The
shape of the regions predicted with the above analytical solution may be different from the
shape of the breakouts observed in the field and experiments.

The tensile fractures sub-parallel to the borehole surface initiated around the minor
horizontal compression springline would extend and form thin rock layers. The thin layers
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are under high “in-plane” compression, and buckle and break out in flakes. Such a breakout
is one type of breakout observed in rocks with a low porosity such as granite [34,51].
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Figure 4. Regions in which tensile fractures would be initiated according to the extensional strain
criterion (7) at 2000 m depth for three UTS of rock mass: 15.0 MPa, 11.2 MPa and 7.4 MPa.

3. Is It Possible to Have In Situ Horizontal Fractures?

If, in three-dimensional problems, the in situ minimum principal stress is much smaller
than the other two in situ principal stresses, and further the tensile strength of the rock is
not high and Poisson’s ratio of the rock is large such that v(oq + o) > 03 + 0y, then the
extensional strain criterion for fracture initiation is satisfied, and fractures can be initiated
in theory, even under the in situ stress state alone without any external disturbance. Such
fractures could be called in situ fractures. Rock exfoliation joints [52] close to ground
surface are similar to such fractures.

Near the ground surface, the vertical stress is small, compared to the horizontal in
situ principal stresses, and is the minimum compressive principal stress. Horizontal in
situ fractures can occur in the region according to the extensional strain criteria. As depth
increases, the vertical stress increases and one of the horizontal in situ principal stresses
becomes the minimum principal stress. If in situ fractures occur at depth, they will be
primarily vertical. Orientations of possible in situ fractures are illustrated in Figure 5; above
the line where the vertical stress o is equal to the minimum horizontal principal stress
Omin, the in situ fractures will be horizontal, and below the line the in situ fractures will
be vertical.

There are also situations at some depths in which both the major and minor hori-
zontal in situ principal stresses are higher than the vertical stress. In theory, horizontal
in situ fractures can then be initiated. For instance, in the above simulated borehole
of 2000 m depth with effective stresses 07 = P; = 109.5MPa, 0o = P, = 57.68 MPa,
03 = 0y = 31.82 MPa, if the rock tensile strength is 7.4 MPa and the Poisson’s ratio is 0.24,
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then 0 = v(0q1 + 03) — 03 = 8.30 MPa > ¢; = 7.4 MPa. Under those conditions, horizontal
in situ fractures are possible.

The above is a theoretical analysis and only fracture initiation is considered. The
initiation may only create micro fractures. The vertical compressive stress could prevent
the fractures from propagating. Is it possible to have in situ horizontal fractures in the
field? It is well known that “parallel” horizontal discs are observed from many vertical
borehole drilling cores [29,54]. It is believed that such discs are formed by tensile stress
induced within the core during drilling. Is it possible for the fractures to exist before
drilling? Flottmann et al. [54] found that horizontal, clay-filled tensile microfractures exist
in thin sections of disced core from wells at depths around 2580 m at the Cooper Basin,
central Australia. Occurrence of clay in the microfractures indicates that the microfractures
are pre-existing, not due to drilling. Similar horizontal fractures were found at depths
around 2750 m at the Williston Basin, USA [55] and at depth 2200 m at the Alberta Basin,
Canada [56]. Different mechanisms for their formation were postulated. It was believed
that the fractures in the Cooper Basin were formed due to high horizontal contact stresses
at rock grains since the fractures cut through the grains. The fractures at the Williston
Basin were due to high pore pressure from the expulsion of hydrocarbon from the encasing
shale section, while those at the Alberta Basin were due to exhumation or basin rebound
reducing the overburden stress.

stress

vertical stress o,

\ __ — minimum horizontal
\ principal stress gjmin
\ =
\ horizontal in situ fracture

depth

Figure 5. Illustration for orientations of possible horizontal and vertical in situ fractures. Adapted
from [53].

4. Two-Dimensional Numerical Prediction of Fracturing

A comprehensive set of 2D numerical simulation models with the FRACOD [57,58]
and Irazu [59] codes were presented by Shen et al. [40] for a similarly large-diameter, deep
borehole. Shen et al. [40] first verified the codes and the model with field data from the
Blanche 1 borehole in South Australia [29] and subsequently studied effects of various
factors, including the rock strength, thermal stresses, pre-existing fractures and faults, as
well as possible effects on the flow conductivity from the fractures. Results showed that
where complex pre-existing fracture networks existed, the new fractures initiated in the
borehole wall would propagate and coalesce with the pre-existing ones. The combined new
and pre-existing fractures would form wider and deeper breakouts compared to conditions
without pre-existing fracture networks. In this section, we present one of their simulation
cases for verification with the analytical solution shown above. The FRACOD code is based
on displacement discontinuity method for linear elastic problems. It has the advantage
over some other numerical methods for fracture problems in that it discretises a fracture
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as a unity, not its two surfaces, thus leading to fewer number of equations to be solved.
The basic unknowns, displacement discontinuity components, at the fracture tips can be
used to calculate the stress intensity factors directly and check the propagation criterion,
avoiding the need to calculate the stresses at fracture tips. It also explicitly traces the
fracture propagation trajectory. There is no need for remeshing after a step of propagation.
For details of FRACOD, the readers are referred to [57,58].

Irazu is developed by Geomecanica [59] and it uses an integrated finite element/discrete
element-discrete fracture network approach. It is capable of simulating complex failure
processes of rock masses. We included calculations with Irazu as it tends to deliver more
realistic fracture patterns that are used to verify the FRACOD-derived patterns.

The case simulated with the 2D codes has a rock mass UCS of 150 MPa (sample UCS
of 240 MPa), a rock mass UTS of 15 MPa and Poisson’s ratio of 0.31 with the stress state at
2000 m depth. The value of rock mass UCS used here is different from that used in previous
studies [40,60] to explore borehole breakouts across a broader parameter range. The density,
Young’s modulus, and internal friction angle of rock mass are given in Table 1. After
initiation, the fractures propagate with rock open fracture toughness K;. =1.80 MPa m'/2
and shearing fracture toughness Ky, = 4.09 MPa m'/?. The joint properties of the fractures
are as follows: normal stiffness K, = 50,000 GPa/m, shear stiffness K; = 1255 GPa/m,
friction angle ¢ = 25.5°, dilation angle ¢; = 0.5°, and zero cohesion. The borehole surface is
subjected to a mud pressure of 6 MPa.

Figure 6 shows the fractures around the borehole obtained from FRACOD with the
extensional strain criterion (Figure 6a) and tensile stress criterion (Figure 6b) for fracture
initiation. The fractures propagate after initiation and join on the borehole surface to form
breakouts around the minimum compression springline, agreeing with results from the
literature [34]. The extensional strain criterion predicts deeper and wider fractured regions
than the tensile stress criterion. For the example shown, both the depth and width of the
fractured regions from the extensional strain criterion are about double of those from the
stress criterion. The simulated fractures with Irazu are shown in Figure 7. The extensional
strain criterion in FRACOD predicts fracturing regions closer to those from Irazu than the
tensile stress criterion. The fracturing regions from Irazu are deeper (around 40%) than
those from FRACOD. The shape of the regions is similar to those by Shalev et al. [38] with
mud pressure on the borehole surface.

Due to the different methods used in the different numerical codes, the nature of
the fractures is different. FRACOD employs the continuum displacement discontinuity
method while Irazu uses the finite-discrete element method. The model implemented in
FRACOD is a circular hole in an infinite domain, while in the Irazu code, the model has a
finite domain of dimensions 6 x 6 m containing a circular hole.
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Figure 6. Borehole fractures at 2000 m depth simulated with FRACOD and initiated with (a) exten-
sional strain criterion and (b) stress criterion. Adapted from [40,60].
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Figure 7. Fractures around the borehole at 2000 m depth simulated with Irazu. The model domain is
6 m by 6 m (stress criterion only).

Figure 8 illustrates the regions in which incipient fractures can be initiated according
to the analytical solutions for stresses and the extensional strain criterion (Figure 8a) and
Mohr-Coulomb shear criterion (Figure 8b) for fracture initiation. The effect of vertical
stress is not considered. The curves represent three rock mass UCSs: 150.0 MPa, 112.0 MPa
and 74.0 MPa (corresponding to rock UCSs: 240.0 MPa, 180 MPa and 120 MPa). From
Figure 8 and the brown double dot-dashed curves for UCS: 150.0 MPa in Figure 8, the
analytical prediction gives wider and shallower fracturing regions. This is because in the
FRACOD simulations, fractures are initiated gradually and they propagate after initiation.
Including these dynamic processes changes the stress state around the borehole, resulting
in fracturing that progresses deeper in the y-axis and the stress concentration around the
x-axis is relaxed somehow. The effect of the Poisson’s ratio on the fracture initiation is
shown in Figure 4 (for 0.24) and 8a (for 0.31).
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Figure 8. Regions around the borehole in which fractures can be initiated according to (a) extensional
strain criterion and (b) Mohr-Coulomb criterion, for three rock mass UCS: 150 MPa, 112 MPa and
74 MPa.
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5. Thermal Effect on Fracturing Regions around Boreholes
5.1. Qualitative Analytical Evaluation

The borehole wall and the rock surrounding the borehole wall will experience dif-
ferent heat stresses throughout their lifetime. During drilling, mud is normally used to
supply pressure on the borehole surface to reduce breakouts. This would cool the borehole
surface from the in-situ temperature, potentially leading to fracture formation [40]. During
the disposal of heat-generating spent fuel, high-level waste, and some intermediate-level
waste, the temperature of the borehole surface and surrounding rock may increase signifi-
cantly [61]. Depending on the magnitude of the heat load, the temperature increase could
affect the stability of the borehole.

Because of the time-dependency of the temperature change, no closed form expression
for the temperature change has been found in the literature. We have therefore under-
taken a qualitative evaluation based on known analytical expressions. Results indicate
that increasing temperature would enhance failure (fracture initiation) while decreasing
temperature would reduce failure close to the borehole surface. Further details of the
analysis are available in the Appendix A.

5.2. Numerical Simulation

The effect of temperature change on borehole stability is simulated using FRACOD
with the extensional strain criterion for fracture initiation. To further explore breakouts with
parameter values not previously shown in [40,60] and other work related to this project,
the UCS and UTS of the rock mass are chosen to be 150 MPa and 15 MPa, respectively. The
effective far field compressive horizontal stresses are 109.5 MPa and 42.5 MPa, which are
derived from total horizontal stresses oypy = 2.5 0y and 0y, = 1.25 0y, with the total
vertical stress o, evaluated at 2000 m depth and 20 MPa pore pressure. An effective internal
pressure of 6 MPa is applied on the borehole surface. The values of other mechanical
parameters are the same as those given above in Table 1 and Section 4. Thermal parameters
for rock mass used are specific heat (714 ] /kg °C), thermal conductivity (3.0 W/m °C) and
linear thermal expansion coefficient (7.4 x 107¢/°C). Two temperature increases on the
borehole surface due to the heat load from disposed radioactive waste were chosen: 6.5 °C
(representing intermediate level waste) and 65 °C (representing high-level waste) [61].

From the results shown in Figure 9, both fracture initiation and propagation can be
observed. At 6.5 °C temperature increase (Figure 9c), there is no noticeable change to the
fracturing region compared to the reference case without temperature loading (Figure 9a).
At 65 °C temperature increase (Figure 9d), some additional fractures were initiated around
the minor principal stress springline. Overall, the effect is considered not significant within
the range of temperature increases considered here. Decreasing temperature by 27 °C, on
the other hand, leads to more fractures being initiated along the diagonal lines between the
two principal stress directions (Figure 9b).
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Figure 9. FRACOD simulation of fracture initiation and propagation at 2000 m depth in a large-
diameter borehole: (a) mechanical loading only, (b) temperature on borehole surface decreasing
by 27 °C for 10 days, (c) temperature on borehole surface increasing by 6.5 °C for 10 years and
(d) temperature on borehole surface increasing by 65 °C for 10 years. Adapted from [40,60].

6. Three-Dimensional Numerical Prediction of Fracturing with FRACOD3P

The 2D results shown above are valid on the horizontal cross-sectional planes of the
vertical borehole some distance away from the bottom of the borehole. Around the bottom
of the borehole, the 2D plane strain conditions are not valid, so the above results cannot be
applied, and 3D models are needed to investigate borehole stability. Besides the stability
around the bottom of the borehole, the 3D models can be used to crosscheck with the 2D
solutions for positions some distance away from the bottom. At such positions, the 3D
model can also predict horizontal fractures, while the 2D model cannot. In this section,
we present the 3D results obtained by simulation with FRACOD3P. FRACOD?P is the 3D
version of FRACOD, using the same/similar procedures for stress analysis with triangular
elements [62,63].

In this study, only a 10 m long section of the borehole at the bottom end was simulated.
The borehole was treated as a cylindrical cavity without traction on the top end and uniform
pressure was applied to other parts of the borehole surface. At the middle part of the cavity,
or some distance away from the borehole bottom, the generalized plane strain conditions for
the 2D solution are satisfied and the above analytical solution and the 2D simulations can
be used to predict fractures around the borehole. The simulation results with FRACOD®P
for this part of borehole can be compared with the analytical and 2D numerical solutions.
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For the 3D simulations, the top and bottom of the borehole cavity were discretized with
5 segments in radial direction and 16 segments in circumferential direction. The cylindrical
surface was discretized into 80 segments vertically.

In the numerical simulations of fracture initiation, new fractures are initiated at pre-
specified grid points. The deformation response is instantaneous in that there is no lag of
final deformation and action of the loading. The fracture initiation criterion can be satisfied
at many grid points for a given load, and thus, fractures could be initiated at these points
simultaneously. In real scenarios, mechanical loading increases continuously, and fractures
are initiated at some points where the criterion is satisfied first. When the loading reaches
the threshold value, the newly initiated fractures have changed their stress state, so at some
points where the fracture initiation criterion was satisfied before, the criterion is not satisfied
any more. Thus, in the numerical simulations, for a specified value of loading, fractures are
initiated at grid points where the ratio of fracture initiation checking value (stress or strain)
to the corresponding critical value is maximum. FRACOD?P allows eight fractures to be
initiated at each step since there may be eight grid points, in three-dimensional symmetrical
problems, at which the ratio reaches the same maximum value. Each new fracture has
an octagon shape with equal sides. After the initiation, propagation of the fractures is
considered. After a propagation step, new fractures can be initiated.

In the following, we present the results for 2000 m depth and with the values of
mechanical parameters given in Table 1 and stresses used for Figure 4. Since the large
Poisson’s ratio used above in the 2D simulations leads to in situ horizontal fractures in
3D, a lower value of 0.24 is used. The open fracture toughness Kj. = 1.35 MPa m /2, shear
fracture toughness Kjj. = 3.07 MPa m 12 and tearing fracture toughness Ky, = 100 MPa m'/2
for possible fracture propagation. The joint properties of the fractures have the following
values: normal stiffness K;;, = 10000 GPa/m, shear stiffness K; = 1000 GPa/m, friction
angle ¢ = 25.5°, dilation angle ¢; = 0.0° and cohesion is zero. The x-axis is along the major
horizontal far-field stress direction and the y-axis is along the minor horizontal far-field
stress direction.

Figure 10 shows the fractures initiated around the middle part of the borehole after a
few steps. The newly initiated fractures do not propagate. Most of the fractures are vertical
or sub-vertical, except two along the y-axis direction—the minor compression springline.
These vertical fractures could contribute to borehole breakouts.

Figure 10. Fractures (octagon shape) initiated half-way the height of the borehole section as simulated
with FRACOD®P.
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Figure 11 shows the fractures viewed from the vertical z-axis. The numbers in the
parentheses are the in-plane coordinates of the grid points at which the fractures are
initiated. The positions of the fractures are also shown in Figure 12 (blue dots) together
with the 2D analytical prediction of fracture regions for the case with the effect of vertical
stress (plane strain FR). Figure 12 also shows the boundary between the vertical and
horizontal fracture regions (V-H FRB), on which the vertical stress is equal to the minor
horizontal principal stress. Inside the V-H FRB, fractures would be vertical and outside
the V-H FRB fractures would be horizontal. The horizontal fractures located on the y-axis
are in the horizontal fracture regions and the vertical fractures at (0.3, 0.3) and (0.4, 0.1)
are in the vertical fracture regions as predicted by the analytical solution. Note that the
orientations of the vertical fractures at point (0.1, 0.4) and (0.2, 0.4) are not the same as
predicted analytically.

Figure 13 illustrates the displacements (Figure 13a) and fractures (Figure 13b) initiated
around the bottom of the borehole, where fractures were initiated more in the major hori-
zontal far field compressive stress direction than in the minor stress direction. Ito et al. [36]
and Shalev et al. [38] also predicted that borehole breakouts at the bottom of the borehole
extend more in the direction of the maximum stress direction. Ito et al. [36] used a finite
element method to investigate the three-dimensional stress field and breakout around the
borehole, including the bottom of the borehole. It was found that on cross-sectional planes
around the bottom of the borehole along the borehole, the position of the maximum equiv-
alent stress for the von Mises yield criterion is on the maximum horizontal compression
springline, while on cross-sectional planes at a distance away from the bottom, it is on the
minimum horizontal compression springline. The maximum equivalent stress around the
bottom of borehole is larger than the maximum equivalent stress at a distance away from
the bottom. Shalev et al. [38] believed that the reason for the large extension of the failure
region on the maximum horizontal compression springline at bottom of borehole is the
upward displacement on the bottom which creates the maximum shear strain on the plane
of largest displacement.

It should be noted that the above analyses are static in that stress, deformation, and
fracture initiation are the results from a borehole that was instantly formed in the rock
medium. When a borehole is drilled in intact rock, the rock first experiences the stress
and deformation field disturbances in the area around the bottom of the borehole. As the
drilling of the borehole progresses, that part is no longer the bottom of the borehole. The
stress and deformation disturbances in the area around this part of the borehole should
be further developed on the basis of the stress and deformation field when that part was
the bottom of the borehole. If the rock is damaged at the time when it was the bottom
of borehole, then the 2D analysis for the further development should be based on the
damaged rock. Ito et al. [36] mentioned this necessity but argued that the damaged region
is small compared to the borehole size, so the effect can be ignored. From Figure 13b one
can see that at the bottom of the borehole, the initiated fractures clearly extend beyond the
size of the borehole. After the drill bit has passed this position for some distance, the stress
state around this part of the borehole has changed to a “2D condition” and indeed further
fracturing could result in an expansion of the initial fracture network. Such condition may
provide pathways for the migration of radionuclides to the accessible environment, either
dissolved in the fracture porewater or via a gas phase due to the formation of corrosion
gases such as hydrogen [64].

Wherever such pathways occur along the disposal zone, detailed assessments need
to be undertaken to verify if such fractures are critical to long-term safety or not. An
example of such assessment is provided by Finsterle et al. [65]. They demonstrated that
even with a poorly sealed borehole (with a permeability of fine sand), the radiological
impact for the mobile radionuclide %1 is essentially identical, and negligible, to a scenario
that considers a low-permeability backfill. The reason that the calculated radionuclide
impact via a drinking water well was insensitive to the hydraulic properties of the backfill
material is to be found in the very small contribution of radionuclides that migrate via
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the borehole compared to most of the radionuclides that migrate via the large volume
of the host rock surrounding the disposal borehole. Note that for both the sealing and

poor-sealing scenarios, a drilling damaged zone with a permeability 100 times higher than
the surrounding host rock was included.
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Figure 11. Fractures initiated around the middle part of borehole, viewed along the vertical direction
from FRACOD?P.
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Figure 12. Analytical prediction of fracture region (plane strain FR) and the positions of fractures
initiated in FRACOD®P simulation (blue dots) around the middle part of borehole, together with the
boundary between vertical and horizontal fracture regions (V-H FRB).
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(b)
Figure 13. (a) Displacements and (b) fractures initiated around the bottom of borehole at 2000 m depth.

7. Summary and Conclusions

Deep borehole repositories are a potentially attractive solution for the disposal of
small volumes of appropriately conditioned long-lived intermediate-level waste. The
stability of the borehole is critical for waste emplacement while estimations of the borehole
fracture network are required for post-closure safety assessments. In this paper, we first
presented 2D analytical and numerical predictions of fracturing regions along the borehole
of a demonstration model, under biaxial far field horizontal compression as well as vertical
compression. The 2D numerical simulations were performed with codes FRACOD and
Irazu. The analytical prediction and FRACOD employ the extensional strain criterion and
Mohr-Coulomb shear criterion for fracture initiation. More fractures were aligned around
the minor horizontal compression springline than around the major horizontal compression
springline. Thermal effects on the fracturing regions were also investigated, both for cooling
due to drilling fluid and heating from disposed radioactive waste. Numerical calculations
showed negligible effects at low temperature loading (+6.5 °C) and small but insignificant
effects at higher temperature loading (+65 °C). Cooling by 27 °C resulted in additional
fractures being initiated along the diagonal lines between the two principal stress directions.

The 3D code FRACOD?P simulated the fractures around the bottom of the borehole.
At positions some distance away from the bottom of the borehole, the 3D simulation
predicted similar results as the 2D analyses. Around the bottom of the borehole, there are
more fractures around the major horizontal compression springline than those around the
minor horizontal compression springline, and the fractures are sub-horizontal.
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A theoretical analysis using the extensional strain criterion for fracture initiation
showed that it is possible for in situ horizontal fractures to be initiated under the far field
stresses only, without any other actions. It is worth investigating whether such in situ
horizontal fractures exist in the field.

Our previous work [40] showed that the hydraulic conductivity of the borehole wall
can be increased by several orders of magnitude, especially when new fractures coalesce
with pre-existing fractures. The effect of such higher permeability rock zones on radionu-
clide transport is the subject of future studies that will consider a vertical disposal borehole.
We note again that previous assessments based on horizontal disposal boreholes indicated
that boreholes with a higher permeability than the surrounding host rock, due to poor seal-
ing and a continuous drilling damaged zone, did not produce an unacceptable radiological
impact via a groundwater well [65].
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Appendix A

To investigate the thermal effects on fracture initiation, we define the thermal stresses
as oy, oo and o3t in the three principal stress directions, respectively. The compressive
thermal stress due to temperature increase is defined to be positive, consistent with the
definition for stresses from mechanical loading to calculate fracture initiation. The analytical
expressions for thermal stresses due to temperature change T are given in [66]

«E 1 (7
o= 1T—072 /R T(p,0,t)pdp = o7
aE 1 [T oE
=T — =-— Al
BT= 1072 | T(p, 0, t)pdp + 17— T(r,6,t) = —our + 001 (A1)

«xE
o, 7= mT(T’, 0, t) = 0oT

Here « is the linear thermal expansion coefficient of the rock mass. With uniform
thermal conditions on the borehole surface, such as those considered here, the temperature
change will be axisymmetric and T will depend on the radial distance » only. Because of the
time-dependency of the temperature change, no closed form expression for the temperature
change has been found from the literature. Therefore, the thermal stresses have not been
expressed explicitly in terms of position variables and time, and their effect on fracture
initiation has not been evaluated point-wisely. However, some qualitative evaluation was
obtained and is presented in the following.

For initiation of tensile fractures with extensional strain criterion, the fracture initiation
checking stress is

e =v(0q + 0o + 017 + 0o1) — (03 + 037)

=v(01 4+ 02) — 03 — [o37 — V(01T + 0271)] (A2
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In the case where the vertical stress is the minimum principal stress, the thermal
principal stresses related to temperature change T have the following properties

03T = 0,7 = 00T (A3)

01T + 021 = 0T + 09T = 00T (Ad)

The fracture initiation checking stress becomes
e = V(01 +02) =03 — (1 = v)oor (A5)

Increase of temperature would give positive oyt and the fracture initiation checking
stress 0 would be smaller than that without thermal effects:

0e = v(01 +02) — 03 — (1 —v)oor < v(o1 +02) — 03 (A6)

Thus, an increase in temperature would reduce the possibility for horizontal extensile
fracture initiation under compressive stress state. In contrast, a cooling process (cpr < 0)
would enhance initiation of horizontal extensile fractures.

Around the borehole surface, the radial stress is the minimum principal stress and thus

03T = 0,7 = OpT, (A7)

O17 + 021 = 0,7 + Og7 = — 0Oy + 2007 (A8)

These lead to the fracture initiation checking stress
e = v(oy + 02) — 03 + [2voor — (1 +v)oy7] (A9)

According to the sign convention, temperature increase will lead to opr > 0, 05,7 > 0,
and positive circumferential thermal stresses. Thus oyt > 03,1. The term in brackets of the
fracture initiation checking stress is

2vogT — (1 + V)O’hT > 2oy — (1 + I/)U’hT = —(1 —V)our (A10)

and could be positive or negative. The fracture initiation checking stress with the thermal
effect could be larger or smaller than that without the thermal effect. Therefore, the thermal
effect on the initiation of vertical extensile fractures at a general position is not obvious.

As temperature decreases, ogr < 0, 037 < 0, and the circumferential thermal stress
should be negative and thus oy < 0y7. In this case, the term in brackets of the fracture
initiation checking stress is

21/0'0T — (1 + V)U’hT < 21/0'hT — (1 + U)U'hT = —(1 — V)(ThT (All)

Since 05,7 < 0, it is not clear whether the fracture initiation checking stress with the
thermal effect is larger or smaller than that without the thermal effect, and therefore, the
effect of decreasing temperature on initiation of vertical extensile fractures at a general
position is not obvious too.

However, on the borehole surface, o, = 0. For points close to the borehole surface,
oyt will be small and the term in the brackets of the fracture initiation checking stress in (A9)
is positive when temperature increases and negative when temperature decreases. Thus,
increasing temperature (heating) will enhance initiation of vertical extensile fractures and
decreasing temperature (cooling) will reduce possibility for initiation of vertical extensile
fractures close to the borehole surface.

The result of less extensile fractures by decreasing temperature (cooling) does not
agree with common concepts based on the tensile stress criterion that contraction from
cooling would help create more tensile fractures. As extensile fractures can be created
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under triaxial compressions, the triaxial tensions can also prevent extensile fractures being
initiated due to the Poisson’s ratio effect.

It is noted that this discussion is about the fracture/failure initiation region for a given
heat loading and is not related to fracture propagation after the initiation. Furthermore,
these results are valid only close to the borehole surface and they may not be true at some
distance away from the borehole surface. The thermal effect on failure regions with the
fracture propagation could be different from that on initiation regions.

With the Mohr-Coulomb shear criterion

2ccos @ 1+singo‘7

Ul_l—sirup 1—sing 3 (Al2)

around the borehole, the circumferential stress is the in-plane major principal compressive
stress 07 and radial stress is the in-plane minor principal stress 03. The circumferential
and radial thermal stresses are oy — 0,7 and oy, respectively. So, including the thermal
stresses, the rock mass will fail when

2c cos 1+ sin
o1 + oo — oy > §0+ i

T 1l-sing 1- sin(p((f3 +onr) (AL3)

It is also not obvious whether (A12) or (A13) is first satisfied. As above with the
extensional strain criterion, at the borehole surface, 0,7 = 0, and close to the borehole
surface, |oy,7| is small, and (A13) is approximated as

2ccosp  1+sing
> Al4
Ul+(70T_1—sin(p+1—singo03 (Al)
It can be seen from this again that increasing temperature (cpr > 0) would enhance
failure while decreasing temperature (cpr < 0) would reduce failure close to the bore-
hole surface.
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