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A B S T R A C T

This study presents a three-dimensional numerical analysis of multiple fracture growth leading to spalling
around nuclear waste deposition boreholes. Mechanical spalling due to stress amplification after drilling is
simulated using a finite element-based fracture growth simulator. Fractures initiate in tension based on a
damage criterion and grow by evaluating stress intensity factors at each fracture tip. Tip propagation is multi-
modal, resulting in final fracture patterns that are representative of both tensile and shear failure. Their
geometries are represented by smooth parametric surfaces, which evolve during growth using lofting. The
corresponding surface and volumetric meshes are updated at every growth step to accommodate the evolving
fracture geometries. The numerical model is validated by comparing simulated fracture patterns against those
observed in the AECL Underground Rock Laboratory Mine-By Experiment. It is subsequently calibrated to
simulate fracture initiation and growth around boreholes drilled in the Forsmark granodiorite, subjected to a
far-field anisotropic triaxial stress that corresponds to the in situ stress model from the Swedish Forsmark site.
The deposition tunnel is implicitly simulated by attaching the deposition borehole to a free domain boundary.

Several geomechanical cases are investigated, in which fracture growth is numerically evaluated as a
function of in situ stress state, tunnel orientation, borehole geometry, total number of boreholes and borehole
spacing. Numerical results show that spalling occurs in all cases, given the underground conditions at Forsmark,
with borehole geometry, spacing and stresses affecting the extent of fracture nucleation and growth patterns.

The uncertainty in underground stress conditions is evaluated through varying stress magnitudes and
orientations relative to the tunnel floor. Whereas tunnel orientation influences the relative locations where
fractures initiate with respect to the tunnel floor, fracture growth and its final extent is determined by the
relative magnitudes of the in situ stresses. Higher stress differential causes higher spalling depths, but in all
cases, failure extent is localised to the borehole vicinity, not exceeding one borehole radius. The cylindrical
borehole is modified at the top to provide an access ramp for the spent fuel canisters and fracture growth
around several deposition boreholes is simulated for borehole tops having cylindrical, conical, and wedge
shapes. The enlargement of the borehole top induces higher stress concentrations at the borehole–tunnel
junction, increasing the severity of spalling closer to the tunnel floor. Massive failure occurs when a multiple
borehole model is considered and the inter-borehole distance is small enough that adjacent ‘‘spalled’’ areas
interact. At Forsmark, through-going fractures are predicted to develop when the borehole spacing is less than
4 m. The effect of spalling on the structural integrity of the deposition boreholes is illustrated for each test
case and quantified in terms of maximum spalling depth, spalling width and total fractured surface area.
. Introduction

Rock spalling is a type of stress-induced failure that occurs around
eep excavation boundaries, in the absence of confining pressure. It
ften appears as rock splitting and flaky exfoliation in hard rocks, but
an also manifest itself through shearing in weaker rocks.1 Fairhurst

∗ Corresponding author.
E-mail address: maria.saceanu14@imperial.ac.uk (M.C. Saceanu).

and Cook2 first described spalling failure as the development of ex-
tension fractures (Mode I) under compressive loading. A number of
early field studies3,4 have concluded that the direction in which spalling
failure propagates is generally along that of the minimum compressive
stress, and the final breakout can have different shapes such as ‘‘dog
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Fig. 1. Schematic radial cross-section of the three different zones of brittle fail-
ure around a circular excavation. The spalled, damaged and disturbed zones are
stress/excavation-induced (modified from Read6). 𝑅, 𝛼 and 𝐻 denote the borehole
adius, spalling angle (or spalling width), and spalling depth, respectively.

ar’’ or ‘‘cusp’’,5 as shown in Fig. 1. Over the past few decades,
palling type failure leading to the development of V-shaped breakouts
as been observed to occur at the centimetre scale in field studies
nvolving deep underground experimental tunnels and boreholes, such
s the Mine-by experiment tunnel run by the Atomic Energy of Canada
imited (AECL) Underground Research Laboratory7 and the Äspö Pillar
tability Experiment (APSE) conducted in the Hard Rock Laboratory
HRL) in Sweden.8 Several failure mechanisms have been proposed to
xplain the development of the spalled zone. Santarelli and Brown9 and
aimson and Song10 proposed that the failure mechanisms by which
reakouts occur are different depending on the rock rheology. In hard
ocks, spalling results from tensile fractures that initiate parallel to
he borehole wall, while in weaker rocks it initiates at the borehole
oundary and develops through shearing. Shen and Barton11 emphasise
hat spalling may be the starting point of a breakout, but tensile failure
s restricted to the immediate vicinity of an underground free surface,
here extensional strain regime exists. Spalling has also been observed

o occur in drilling experiments on centimetre scale cores for different
ock types, including granites, limestones, and sandstones.12

.1. Review of existing numerical models

Numerical methods for simulating rock fracturing can be divided
nto three main categories: continuum, discontinuum, and hybrid meth-
ds. Several spalling models have been implemented using continuum
umerical methods and conventional plasticity theory.1 Hajiabdolma-
id et al.13,14 concluded that conventional constitutive laws such as
lastic perfectly-plastic or elastic brittle–plastic cannot replicate the
hape and depth of the spalled zone in strong rocks. The reason
roposed for this is that in the conventional Mohr–Coulomb and Hoek–
rown criteria, the strength components (cohesion and friction angle)
re assumed to be mobilised simultaneously. To overcome this lim-
tation, Hajiabdolmajid et al.13 proposed modified versions of the
ohr–Coulomb and Hoek–Brown criteria, in which the cohesive and

rictional strength components are functions of the accumulated plastic
train. Similarly, Diederichs15 used a cohesion-weakening frictional
trengthening model with modified Hoek–Brown parameters to develop
he Damage Initiation Spalling Limit (DISL) criterion.

Therefore, when implementing continuum approaches to model
ock spalling, a modified constitutive criterion is usually required to
apture the brittle rock response.13–16 While the cohesion weakening
riction strengthening (CWFS) criterion used in continuum approaches
enerates results in agreement with the field observations, it requires
2

t

n a priori estimation of the plastic strain limits at which the cohesion
omponent reaches its residual value and the frictional component
ecomes fully mobilised. Martin17 also highlights that the existing
umerical studies using continuum methods can only provide an ap-
roximation of the fracturing process, which is inherently discrete.
nother set of methods suitable for modelling borehole failure are

he discontinuum numerical methods. Cundall18 provided a detailed
ccount of discrete element methods (DEM) and their implementations,
longside their applicability in modeling discrete fracture initiation and
rowth.

An advantage of the discrete element method is that it does not
epend on the previously mentioned constitutive criteria to define
he fracturing process. Instead, particle contact19 is used to replicate
rittle failure. The domain is discretised, each particle contact given
local, micro–strength and when the tensile or shear strength at the

ontact is overcome, it breaks. The progressive micro–failure process
ontinues with subsequent bonds breaking, which then results in a
tress redistribution around the domain and eventual macro–failure. A
isadvantage of this method is that the given particle contact strengths,
s well as particle shapes, sizes and clustering are not geomechanically
nformed, and so the accuracy of the fracture process cannot be verified.

Numerical studies using discontinuum methods showed that micro-
cale heterogeneity20, grain interlocking21, and grain clustering22 are
mportant factors involved in tensile failure in hard, brittle rocks
uch as granites. Lan et al.20 introduced the effect of small scale
eterogeneities in a grain-based model, using the discrete element
ethod (DEM). Polygonal grains of variable sizes were bonded together

hrough contacts that accounted for the micro heterogeneity, but also
llowed simulation of intra-element fracturing. Using a heterogeneous
pproach, Lan et al.23 and Elmo and Stead24 reproduced the depth and
hape of spalling around the APSE pillar, and pillar strength, empha-
ising the importance of both grain-scale and large-scale heterogeneity
n modeling borehole spalling.

The suitability of using a combined finite/discrete element method
FDEM) in order to simulate brittle fracturing has been investigated
n several studies.25–29 This method is based on modelling fracture
nd damage processes explicitly, in order to simulate the transition
rom a continuous to a discontinuous domain, and hence replicate the
racture initiation and propagation more accurately. Vlachopoulos and
azaios25 recently simulated spalling damage using a combined finite–
iscrete element method (FDEM) in their model, and compared their
esults with the continuum DISL approach. Using the FDEM method,
hey were capable of simulating fracture initiation, coalescence, and
ropagation in two dimensions, as progressively larger stresses were
pplied to the borehole. Whereas discrete and hybrid methods have
een shown to predict the spalled zone accurately to some extent,
racture growth is restricted to occur only along pre-existing element
oundaries, where contact strength is initially assigned. In contrast,
hen fractures grow in geological media, their development influences

he stress field in the vicinity of the crack, thereby affecting the fracture
rowth trajectories and the final fracture patterns, which end up being
ifferent from the predicted path.

The present study differs from those described above, as it in-
estigates spalling in three dimensions, and applies a first-principle
eometric fracture growth approach to model spalling/failure patterns.
ractures are modelled as distinct and explicit entities, and the volu-
etric discretisation of the rock domain is updated at every growth step

o accommodate the evolving fracture geometry. Section 2 provides a
omprehensive description of the methodology used.

.2. The nuclear waste context

Deep underground disposal is widely considered one of the safer
ptions for long-term disposal of nuclear waste. This type of disposal is
ased on a ‘‘multiple barrier concept’’,30 which introduces several pro-

ective layers between the disused fuel and the environment/society.
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There are several on-going projects, at different completion stages,
which investigate the engineered (e.g. type of canister, composition of
the buffer, shape of the borehole), and the natural barriers (e.g. suit-
ability of different host rock types, such as evaporites, crystalline rocks,
argillaceous rocks, etc.), to determine their long-term behaviour and
optimal configurations for safe repository design.

The Swedish Nuclear Fuel and Waste Management Company (SKB)
has been undertaking site characterisation at Forsmark, where the
Swedish deep geological repository for spent nuclear fuel is planned to
be emplaced. The site is described extensively in SKB Technical Report
SKB TR-08-05,31 which presents the integrated understanding of the
bedrock geology, hydrogeology, rock mechanical and thermal prop-
erties, in situ stresses, and existing fracture domains and deformation
zones.

The construction of a deep nuclear waste repository will involve
excavating and drilling a range of underground structures of different
geometries and sizes, such as access tunnels, deposition tunnels and
deposition boreholes.32 One of the key issues that remains under in-
estigation at Forsmark is the stability of the underground openings,
nd more specifically, the impact of stress-induced fractures on the
eposition tunnels and boreholes, as well as their effect on the prop-
rties of the immediately-surrounding host rock. Understanding how
ver-stressed rock will behave following the creation of these voids
ill ensure an effective repository design and its long-term stability and
aintenance.

Several telescopic boreholes drilled as part of the Forsmark site
nvestigation work33,34 presented typical breakout patterns (Fig. 1),
ith widths and depths in the range of 40–180◦ and 0.2–67.5 mm re-

spectively. These boreholes were percussion drilled with a diameter of
cca. 200–250 mm in the first 100 m, and core drilled with a diameter of
cca. 77 mm in the following 1000 m. Their dimensions and excavation
methods are different from those of the future deposition boreholes,35

hich will accommodate the spent fuel, but the occurrence of spalling
atterns in the investigation boreholes indicates possible stress-induced
racture growth impact on the deposition boreholes as well.

The main goals of this study are: (1) determine the effectiveness of
he geometric fracture growth method in reproducing fracture mech-
nisms associated with mechanical spalling, and (2) model fracture
nitiation and growth following the excavation stage of underground
penings in brittle rock formations. The Forsmark candidate area is
hosen to investigate the impact of in situ stresses, deposition tunnel
rientation, borehole geometry and spacing on the predicted breakout
atterns. Since no deposition boreholes have yet been drilled at Fors-
ark, this paper also presents the first numerical predictions of fracture

rowth leading to spalling at the planned repository site.

. Methodology

The present work models stress-induced spalling fractures geomet-
ically, in an isotropic, homogeneous, and linear elastic brittle rock
omain. Fractures are represented discretely using smooth parametric
urfaces and their growth is evaluated at each fracture tip, where
hree modal stress intensity factors (SIFs) are calculated, capturing
oth tension and shear. SIFs represent the energy necessary to deform
he fracture, and they determine the extent and orientation of growth
ectors at every fracture tip.

The volumetric discretisation of the domain conforms to the evolv-
ng fracture geometry and is updated at each growth step to follow the
ew internal geometry. Fracture extension is thus not constrained by
he mesh. Multiple fractures of different sizes and evolving shapes grow
n response to the local stress state at their tips, with growth being
nfluenced by the stress distribution within the domain, accounting
or in situ stresses, fracture interaction, and variations in material
roperties due to ensuing damage.

This method has been applied in three dimensions in other studies,
ncluding fracture interaction,36 hydraulic fracturing,37,38 and THM
3

fracture growth in the context of geothermal energy.39 In particular,
the present work presents extensions to the method that describe
the nucleation of new fractures and the pervasive use of lofting to
update geometric descriptions of fractures during growth. During the
simulation, fracture geometry is always stored independently from the
mesh,40 and a new optimised mesh is created at every iteration at
minimal computational cost using a fully parallel octree-based volu-
metric algorithm. The finite element method is used to compute the
deformation in the system, taking into account the physical properties
of both the rock domain and the fracture surfaces.

2.1. Displacement, stress and strain

Initial deformation of the intact rock domain is computed in re-
sponse to the applied boundary stresses, as linear elastic deformation.41

For a homogeneous and isotropic rock matrix, the linear elastic stress–
strain equation is

𝝈 = 𝑫(𝜺 − 𝜀0) + 𝜎0 (1)

where 𝝈 and 𝜺 are the stress and strain tensors, 𝜎0 and 𝜀0 represent
the initial stress and strain, and D is the linear elastic stiffness matrix,
which accounts for the rock mechanical properties. Infinitesimal strain
theory is then used to compute the strain corresponding to a given
displacement gradient.42 In three dimensions, this can be written as

𝜺 = 1
2
[

𝛁𝒖 + (𝛁𝒖)𝑇
]

(2)

Finally, Eqs. (1) and (2) are incorporated into an equilibrium equation
that relates the forces and moment applied to the numerical domain,
to the stresses that develop inside the domain:

𝝏𝝈 + 𝑭 = 0 (3)

2.2. Friction

Fractures are represented by a set of curve edges, which contains
all the fracture tips, and two three-dimensional surfaces joined by the
fracture edges. Fractures can either be open, with a varying aperture
distribution, partially closed, or fully closed. The contact between
the two fracture surfaces is resolved using a gap-based Augmented
Lagrangian method with Uzawa algorithm adapted to fracture contact,
that captures both stick and slip regimes across the fracture surface.43

In the simulations presented in this paper, modelling of contact
between fractures walls assumes friction 𝜇 = 0.45, and utilises three
internal, and three external Uzawa iterations, a total of nine iterations
per cycle to resolve the effect of the friction and contact on the stress
state. The friction coefficient was estimated by SKB from tilt tests at
Forsmark,32 designed for fracture parameter determination according
to Barton and Bandis.44

2.3. Damage and fracture nucleation

Fracture nucleation is implemented based on a continuum damage
model.45 Damage mechanics is suitable to model spalling initiation,
since this process occurs at micro-scale, where the rock is loaded
beyond its elastic limit. After creating a borehole in a previously intact
rock, the resulting stress concentration around the borehole creates a
region of local degradation of the material, where fractures nucleate.
This will generate a more realistic model of stress-induced brittle
fracturing and a better representation of failure kinematics.24

Fractures nucleate in the regions or elements with the largest dam-
age, i.e. where the rock stiffness has been most degraded due to
the stress redistribution around the borehole. The damage model of
Mazars45 is used, as this has been shown to predict quasi-brittle be-
haviour accurately. This is different from the linear-elastic equations
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above, as a damage parameter d is introduced to scale the stiffness
atrix.

Eq. (1) now becomes:

= (1 − 𝑑)𝑫𝜺 (4)

The damage parameter is found by calculating the equivalent strain,
̃, which is the L2 norm of the positive part of the strain tensor:

̃ = ‖⟨𝜺⟩‖22 (5)

Finally, the equivalent strain 𝜺̃ is compared with a critical strain
hreshold, 𝜀̃𝑐 , which is the ratio of the rock tensile strength and the
ndamaged Young’s Modulus, to decide if and where the fractures can
ucleate:

̃ ≥ 𝜺𝑐 (6)

.3.1. Initial disk size
The initial flaw sizes are normally distributed and scaled with the

mount of damage present at the nucleation location. Fig. 2 shows
n example of nucleating 100 initial fracture disks around a circular
orehole, where (A) all of them have uniform initial radii of 50 cm, (B)
he initial sizes follow a normal distribution, with 50 cm mean radius
nd 20% of the mean radius as standard deviation and (C) the initial
izes are normally distributed as in the previous case, but also scaled
ccording to the damage distribution.

The largest disk size, corresponding to the highest damage present
n the rock, is set to 50 cm and decreases as shown in Fig. 2C, taking as
maximum value the size of the element in which damage is computed.
efore nucleation, the area surrounding the borehole walls was refined
o enforce a minimum element length of 0.5 m, which reduces as
ractures are created and their tips are refined. During nucleation,
ractures of radius consistent with the size of their corresponding
ucleating elements are created. This translates to initial fractures of
.5 m maximum radius, reducing element size to 2 × 𝜋 × 0.5∕12 = 0.26
, for 12 tips per fracture, and subsequently reducing as fractures get

nserted with a minimum radius of 0.01 m.
Thus, for a damaged element in which a fracture is being nucleated,

he maximum diameter of the fracture will be given by the maximum
ength of the element in the plane defined by the fracture normal. This
an be adjusted to be made to always be contained by the element, and
an be adjusted to be a pure material property. A fixed fracture length,
onsistent with changing element sizes, is implemented throughout
he presented simulations, as it better captures spalling fractures that
ucleate closest to the borehole wall, while also capturing smaller
ractures that nucleate away from the borehole in zones of lower
amage, that may not be directly involved in spalling or splitting of
he borehole wall (Fig. 2C).

.3.2. Number of initial disks
The number of initial seeds is the maximum number of fractures

hat can nucleate during a simulation. When the damage criterion is not
atisfied, additional fractures will not nucleate, regardless of whether
he maximum number of fractures has been reached or not. Fig. 2
hows an example of nucleating 100 initial fracture disks, with the
ifferent sizing strategies explained above. The present approach does
ot aim to numerically model growth of every individual fracture that
ccurs at the borehole wall. Instead, flaws are geometrically modelled
n locations where the damage is the highest.

The initial fracture disks are prevented from nucleating on the sur-
ace of the borehole wall, but there is no artificial restriction on growth,
s the fractures are allowed to evolve following fracture mechanics
rinciples (see Section 2.4). The nucleation process is in line with
he earliest two stages of spalling observed by Haimson12 on cm-scale

esterly granite cores, who described spalling initiation as a three-
4

tage process: (a) growth of tensile micro-cracks (Mode I), subparallel
o 𝜎1, and along 𝜎3; (b) interaction and coalescence of these micro-
racks into clusters, delineating rock slabs, and (c) intersection with
he free borehole surface and buckling of the slabs.

The nucleation method used in this paper captures the sequential
ature of the breakout development partially. There are no micro-
ractures forming at the borehole wall that coalesce and buckle in a
rogressive manner. Instead, a damage model is used to determine
he loci of fracture initiation. The final shapes and depths of failure
re suitably reproduced (Section 4), after growth and interaction of
he macro-fractures is completed. Since fracture growth is determined
y the energy at the fracture tip, each nucleated fracture disk will
xtend to accommodate the damage around it until it either intersects
free surface, or ends up in the stress shadow zone of another fracture,
hich had already accounted for the damage present in its respective
eighbourhood.

Intersections between fractures and the free borehole surface are
andled using 3D Boolean operations. When a fracture reaches the
orehole wall, the fracture is split by the borehole wall and the parts
hat reside inside the borehole are discarded. Further growth into the
orehole is handled by defining a high 𝐾𝐼𝐶 for the borehole material,
hich prohibits tip growth inside the borehole.

.3.3. Damage of the rock domain
The Young’s Modulus in the model is modified based on the concept

f strain equivalence of Lemaitre,46 who proposed that the damage
tate may be described through an elastic modulus change of the
aterial:

̃ = 𝐸 (1 − 𝑑) (7)

here 𝑑 is the damage variable from Eq. (4), and 𝐸̃ is the damaged
oung’s Modulus. In the numerical simulations, Young’s Modulus is
tored as a constraint point variable, with one value computed per in-
egration point of the element. This captures variation of the properties
ithin the volumetric element, and ensures a continuous loss of rock

trength across the element. Therefore, the variation of the material
roperties occurs at a finer level than the actual dimension of the mesh.
or visualisation purposes, throughout this paper, Young’s Modulus is
xtrapolated to the element to simplify its graphical representation.

To ensure the numerical stability of the simulations, the minimum
alue of Young’s modulus is capped at a small non-zero value (for
ost simulations herein, 10 Pa), which effectively corresponds to a

ubstantial reduction of the elasticity modulus, meaning that the rock
as completely lost its integrity. The damage variable 𝑑 is calculated
sing the Mazars45 damage model. For a general stress state, the
amage parameter is defined as a linear combination of damage under
ension and under compression:

= 𝛼𝑡𝑑𝑡 + 𝛼𝑐𝑑𝑐 (8)

here 𝛼𝑡 and 𝛼𝑐 account for tensile and compressive stress states,
espectively. These coefficients are evaluated as

𝑡 =

( 3
∑

𝑖=1

𝜀𝑡𝑖⟨𝜀𝑖⟩
𝜀̃2

)𝛽

and 𝛼𝑐 =

( 3
∑

𝑖=1

𝜀𝑐𝑖⟨𝜀𝑖⟩
𝜀̃2

)𝛽

(9)

where 𝜀𝑡𝑖 and 𝜀𝑐𝑖 are the principal strains due to positive and negative
tresses, respectively, and the exponent 𝛽 is a damping factor, here

assumed to be equal to 1. Both tensile and compressive parts of the
damage are computed from the same equivalent strain (Eq. (5)), using
the following equations:

𝑑𝑡 =

{

0, if 𝜀̃ ≤ 𝜀0
1 − (1−𝐴𝑡)𝜀0

𝜀̃ − 𝐴𝑡𝑒−𝐵𝑡(𝜀̃−𝜀0), if 𝜀̃ ≥ 𝜀0
(10)

𝑑𝑐 =

{

0, if 𝜀̃ ≤ 𝜀0
(1−𝐴𝑐 )𝜀0 −𝐵𝑐 (𝜀̃−𝜀0)

(11)

1 − 𝜀̃ − 𝐴𝑐𝑒 , if 𝜀̃ ≥ 𝜀0
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where 𝜀0 is the strain threshold and 𝐴𝑡, 𝐵𝑡, 𝐴𝑐 , and 𝐵𝑐 are material
arameters that determine the post peak shapes of the uniaxial stress–
train curves in tension and compression, respectively. 𝐴𝑡 and 𝐴𝑐 affect
he residual strength component of the curve, and 𝐵𝑡 and 𝐵𝑐 modulate
he slope of the curve in the strain-softening region.

The four material parameters applied in the present work (Ta-
le 1) are numerically computed by fitting stress–strain curves to
ata obtained by SKB through uniaxial compression47 and indirect
ensile48 tests on pegmatite samples from Forsmark. Although the
ain repository host rock at Forsmark is a granodiorite, the pegmatite

pproximation should be sufficient. This can be confirmed in future
nalysis when relevant data from experimental tests on granodiorite
ecomes available. Souissi et al.49 showed that three different rocks
a granite, a limestone, and a sandstone) may have identical Mazars
amage parameters, since the brittle stress–strain response of the three
ocks in the post-failure stage is similar.

.4. Fracture growth

Based on the knowledge of the stress and displacement fields,
ractures are set to nucleate when the damage exceeds the critical
train threshold. In order for these to grow, in addition to the stresses
nd displacements, stress intensity factors (SIFs)50 are calculated at the
racture tips for the three principal deformation modes (𝐾𝐼 , 𝐾𝐼𝐼 , and
𝐼𝐼𝐼 ).

Numerically, SIFs are calculated using the J-integral, evaluated at
ach fracture tip using the virtual integration disk method.51,52 This
ethod computes the 𝐼-integral numerically over a two-dimensional

irtual disk domain, providing the strain energy release rate, , from
hich the values of 𝐾𝐼 , 𝐾𝐼𝐼 , and 𝐾𝐼𝐼𝐼 are extracted.53 Alternatively,

if the fractures are too close to one another, SIFs can be calculated
from the displacement field, using the displacement correlation and the
quarter point technique54,55 to increase displacement accuracy around
the fractures tips.
5

g

Computed SIFs are incorporated into a 3D mixed-mode criterion56

that evaluates the projected stress intensity factor (𝐾𝑣) onto the local
coordinate system of the fracture. This criterion enables fracture growth
when 𝐾𝑣 exceeds the material toughness:

𝐾𝑣 =
𝐾𝐼
2

+ 1
2

√

𝐾2
𝐼 + 4(𝛼1𝐾𝐼𝐼 )2 + 4(𝛼2𝐾𝐼𝐼𝐼 )2 ≥ 𝐾𝐼𝐶 (12)

here 𝐾𝐼𝐶 is the critical stress intensity factor for Mode I fractures,
r material toughness, and 𝛼1 and 𝛼2 represent the material toughness
atios of mode I to mode II (1∕1.3268) and mode I to mode III respec-
ively (1∕0.6297). These values have been determined by Chang et al.57

and Aliha et al.58 for different materials. Fracture tips that have met
he failure criterion will extend by a certain length, and in a certain
irection. Extension length is calculated using a formulation of the
aris-type extension criterion proposed by Thomas et al.59:

𝑙𝑓 = 𝛥𝑙𝑣

(𝑓
𝑣

)𝛽𝑓
(13)

here 𝐺𝑓 is the fracture energy release rate, corresponding to the
argest value of 𝐺𝑛 on fracture 𝑓 ; 𝑛 is fracture tip energy release rate,
alculated at each fracture tip node; 𝑣 is the largest value of 𝑓 in the
racture domain; 𝛥𝑙𝑣 is maximum extension length per growth step from
ll fractures in the domain and 𝛥𝑙𝑓 is maximum individual fracture
xtension. The second extension length is calculated once per fracture
ip 𝑛:

𝑙𝑛 = 𝛥𝑙𝑓

(

𝑛
𝑓

)𝛽𝑛
(14)

here 𝛥𝑙𝑛 is the extension of a local tip and 𝑛 is the energy release rate
t tip 𝑛. 𝛽𝑓 and 𝛽𝑛 correspond to fracture and tip growth rate exponents
espectively. Since different 𝛽𝑓 and 𝛽𝑛 values influence how individual
ips and interacting fractures grow with respect to each other, several
ases were tested to determine which values of the growth exponents
enerate representative spalled zones geometries in both radial and
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axial directions. Throughout this paper 𝛽𝑓 = 0.25, 𝛽𝑛 = 0.75 and 𝛥𝑙𝑣
= 0.4 m.

At each fracture tip location, an angle criterion56 is applied to
determine the direction in which the crack will extend. This criterion
employs the three SIFs as follows:

𝜙 = ±

[

𝐴
𝐾𝐼𝐼

𝐾𝐼 +𝐾𝐼𝐼 +𝐾𝐼𝐼𝐼
+ 𝐵

(

𝐾𝐼𝐼
𝐾𝐼 +𝐾𝐼𝐼 +𝐾𝐼𝐼𝐼

)2
]

(15)

where 𝐴 = 140◦ and 𝐵 = −70◦. The angle criterion has been validated
by Richard et al.,60 who compared the numerical predictions with
experimental data for a number of materials and boundary conditions,
and concluded that they can be applied to predict fracture growth
accurately.

Implemented growth criteria allow the numerical model to capture
deformation on each of the tips along the fracture front, so these can
grow in different directions and magnitudes in response to the local
stresses.

2.5. Fracture geometry, NURBS, and lofting

The fracture geometry consists of an ensemble of points, curves and
surfaces, and it evolves as a function of deformation. Fractures are rep-
resented through non-uniform B-splines (NURBS) curves and surfaces.
NURBS have been increasingly used in representing fracture domains,61

because they can accurately describe a wide range of shapes: from
simple 2D lines and curves, to more complex 3D free-form surfaces
and volumes. Piegl and Tiller62 give a general overview of NURBS and
Paluszny et al.63 show the advantages of using NURBS in the context
of fracture mechanics with explicit geometric representation of fracture
shapes.

Fig. 3A shows an example of fracture growth under uniaxial tension
from an initial smooth disk, for a total of five growth steps. In this
case, the fracture surface is constructed by connecting the old (prior to
growth) and new (after growth) sets of fracture tips through triangles.
During the first growth step, the initial smooth crack boundary becomes
a set of polylines, connected at the fracture tips. This process causes
a high density mesh (Fig. 3C) to be generated around the fracture,
to conform with the evolving fracture geometry. An improved con-
struction of the geometry of the fracture surface is through lofting
(Fig. 3B), which results in a coarser mesh of high quality that provides
a smooth representation of the geometry, while maintaining fidelity to
the fracture geometry.

The lofting process is illustrated in Fig. 4. At each growth step, a
smooth NURBS curve, representing the fracture front, is constructed
through the newly computed fracture tips. A NURBS curve of degree
𝑝 is a piece-wise polynomial curve, that can be represented in the
parametric 𝑢 − 𝑣 space as:

𝑪𝑤
𝑘 (𝑢) =

𝑛
∑

𝑖=0
𝑁𝑖,𝑝(𝑢)𝑷𝑤

𝑖,𝑘 (16)

where 𝑷𝑤
𝑖,𝑘 = (𝑤𝑖,𝑘𝑥𝑖,𝑘, 𝑤𝑖,𝑘𝑦𝑖,𝑘, 𝑤𝑖,𝑘𝑧𝑖,𝑘, 𝑤𝑖,𝑘) are the weighted control

points of the curve and 𝑁𝑖,𝑝(𝑢) are the basis functions of the curve.
All the basis functions are defined over the same knot vector 𝑈 =
{𝑎,… , 𝑎
⏟⏟⏟

p+1

, 𝑢𝑝+1,… , 𝑢𝑛, 𝑏,… , 𝑏
⏟⏟⏟

p+1

}, where 𝑎 and 𝑏 are usually 0 and 1, respec-

tively. The successive NURBS curves representing the fracture front at
every growth step represent the section curves of the fracture surface.
The lofting technique consists of mathematically blending the section
curves together to form a smooth surface.64 Similar to the definition of
a NURBS curve, a NURBS surface of degree 𝑝×𝑞 in the 𝑢−𝑣 parametric
space is commonly defined as:

𝑺𝑤(𝑢, 𝑣) =
𝑛
∑

𝑖=0

𝑚
∑

𝑗=0
𝑁𝑖,𝑝(𝑢)𝑁𝑖,𝑞(𝑣)𝑷𝑤

𝑖,𝑗 (17)

where 𝑷𝑤
𝑖,𝑗 = (𝑤𝑖,𝑗𝑥𝑖,𝑗 , 𝑤𝑖,𝑗𝑦𝑖,𝑗 , 𝑤𝑖,𝑗𝑧𝑖,𝑗 , 𝑤𝑖,𝑗 ) are the control points of

the surface, and 𝑁 (𝑢) and 𝑁 (𝑣) are the basis functions of the
6

𝑖,𝑝 𝑖,𝑞
Fig. 3. Fracture geometries (A, B) and corresponding mesh densities (C, D) after five
growth steps, when the fracture surface is constructed through triangles (A) and lofting
(B). Triangular fracture surface elements are shown in blue, and tetrahedral volume
elements are shown in green. In both cases, the fracture has 20 tip segments, i.e. 21 tip
nodes. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

surface. The two sets of surface basis functions are defined over their
corresponding knot vectors.

The geometric process of lofting consists of performing curve inter-
polations across the control points of the section curves, resulting in the
control net of the surface. Control points do not necessarily always lie
on the physical location of those of the curves, but rather describe their
domain through a series of recursive operations that translate a local
reference space into a curve or surface that exists in physical space.

The newly constructed surface is called a lofted surface, as it lofts or
approximates the region between a pair of two curves, each described
by a set of control points of equal size. These cross-sectional curves be-
come isoparametric curves of the lofted surface as shown in Fig. 4. The
final surface shape will depend on the number, shape and positioning
of the section curves, and will evolve as in the natural system by adding
new surfaces to the existing surface object. Piegl and Tiller62 provide
an in-depth description of NURBS geometries and relevant operations.

In the context of modelling fracture growth in nuclear waste reposi-
tories, NURBS representations of fractures are advantageous for several
reasons: they capture details at many scales, since they are not limited
by a specific resolution; they do not require large storage memory,
which would be problematic if hundreds of fractures are generated;
they are consistent with emerging isogeometric methods. The gains
from representing complex geometries using parametric surfaces, such
as NURBS, are substantial, allowing for substantially higher quality
meshes to be generated in an efficient manner for their use in both
mechanics and flow numerical experiments.65

3. Experimental setup

The borehole and tunnel geometries used in this paper are those
currently planned for the final repository66 that will be constructed at
the Forsmark site. The in situ stresses and rock properties are also rep-
resentative of those encountered at Forsmark,31,35 with the exception
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Fig. 4. Schematic representation of the lofting process showing four growth steps in a
single fracture. The four successive fracture fronts are constructed through 16 control
points (𝑃𝑖,𝑘), which correspond to the tips nodes of fracture i at growth step k (A). The
fracture fronts are represented through NURBS curves (𝐶𝑘(𝑢)) in parametric space (B).
The control net of the fracture surface (𝑃𝑖,𝑗 ) is obtained by interpolating in the direction
of fracture growth between the fracture fronts at successive growth steps (C). Finally,
the fracture surface (𝑆(𝑢, 𝑣)) is constructed through the control net in parametric space
(D, E).

of Mode I fracture toughness, which corresponds to the Äspö diorite.8
There are currently no measurements of fracture toughness available at
Forsmark, but SKB is conducting tests to estimate it. The influence of
the new values will be analysed when the new data becomes available.
Several cases are considered:

• Borehole model (Fig. 5A): a 20 m × 20 m × 20 m block model,
containing a 1.75 m diameter circular vertical borehole, sub-
jected to a far-field anisotropic triaxial stress. Far-field stresses
𝜎𝑣, 𝜎ℎ and 𝜎𝐻 are applied on the top, left and front domain
surfaces respectively, and displacements are fixed, for numerical
convergence, on the faces and edges symmetrically opposite to the
faces and edges where the stresses are applied. Roller boundaries
(circle symbols) show the direction in which outer nodes can
move freely. The corner node where three constrained boundaries
intersect one another is constrained in all three directions (trian-
gle symbol). Inner nodes belonging to the borehole surface are
not constrained. This scenario was altered for the validation case
(Section 4), where 𝜎ℎ and 𝜎𝑣 were flipped, to simulate the spalling
in the roof and the floor of a horizontal tunnel.

• Borehole and tunnel model (Fig. 5B): Similar to the simple bore-
hole model, but the borehole is attached to a ‘‘free’’ boundary
7

simulating the effect of the deposition tunnel. The ‘‘top’’ domain
boundary is split into three surfaces and no vertical forces (𝜎𝑣 = 0
MPa) are applied on the nodes belonging to the tunnel floor. The
‘‘free’’ surface is illustrated as a 4.2 m wide red-coloured ‘‘stripe’’,
which corresponds to the width of the deposition tunnel floor. The
rest of the ‘‘top’’ boundary is subjected to vertical stress, as triaxial
stress conditions return away from the tunnel floor. This was
shown to model the effect of the deposition tunnel on the stress
distribution, without requiring to model the tunnel explicitly in
subsequent simulations, resulting in faster runtimes.67

• Multiple borehole model (Fig. 5C): The same as the borehole and
tunnel model, with additional boreholes on either side of the
central borehole, aligned along the tunnel axial direction. Several
borehole spacings are tested, on a 3-borehole model, as well as the
effect of increasing the number of boreholes in the model to five
and seven.

• Modified borehole model (Fig. 5D): The 1.75 m diameter circular
borehole is enlarged at the top, in a cone shape and a wedge
shape, respectively. Modified borehole geometry would facilitate
the emplacement of the spent nuclear fuel canister.32,68

4. Validation

In this work, mechanical spalling is simulated in three dimen-
sions using the Imperial College Geomechanics Toolkit (ICGT), a finite-
element-based discrete fracture growth simulator written in C++. The
ICGT has been extensively validated for fracture growth59,69 and frac-
ture interaction36,59 in three-dimensions, as well as for friction and
contact43 and flow and permeability.70 In this section, the present
fracture growth methodology implemented in ICGT is validated against
the URL Mine-By Experiment, for mechanical spalling.

The Atomic Energy of Canada Limited (AECL) carried out the Mine-
by tunnel experiment6 in order to characterise spalling around a circu-
lar borehole under high stresses. The experiment consisted of drilling a
3.5 m diameter circular tunnel in a relatively unfractured granitic rock.
The tunnel was excavated subparallel to the intermediate principal
stress direction 𝜎ℎ, in order to maximise the difference between the
minimum and maximum compressive stresses acting on the tunnel
boundary. Spalling became apparent in both the roof and the floor of
the tunnel (diametrically opposite) after the borehole was cleaned and
the spalled flakes removed through scaling (Fig. 6A). The maximum
depth of the spalled zone was approximately 50 cm, with variations
along the tunnel length, and the rock mass remained intact beyond this
point.

The numerical model pertaining to the validation case was set up
using the rock properties of the Lac du Bonnet granite, and far-field
stresses corresponding to the in situ conditions at the 420 Level: 𝜎𝐻 =
55 ± 5 MPa, 𝜎ℎ = 48 ± 5 MPa, and 𝜎𝑣 = 14 ± 1 MPa.72

Fig. 6B and C show the final fractured zone geometry, after the
spalling process has stabilised and fracture growth has arrested, in
radial and axial view respectively. Each macro-fracture that interacts
with the borehole wall can be regarded as a ‘‘fractured zone’’. When
compared with other numerical studies, which model the progres-
sive splitting of the borehole wall through coalescence of smaller
fractures,3,5 or through propagation of active damage planes,73 the
fractures shown in this paper represent the final stage of failure and
they inherently encompass all the intermediate stages.

Spalling extent is given by the fractured region around the borehole.
For each fracture surface, the ‘‘spalling depth’’ is the maximum distance
measured between fracture tip nodes and the borehole wall, and the
‘‘spalling width’’ is the maximum arc length of that fracture around the
borehole, as seen from an observation point at the top of the borehole.
The maximum measured depths and widths of the two fracture arrays
forming the diametrically-opposite notches (Fig. 6B) are consistent
with those observed in the field (Fig. 6A). Although a relatively small
number of fracture disks are initiated, i.e., 10, they are allowed to grow
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Fig. 5. Model geometry and boundary conditions for the different simulated cases: (A) Simple borehole model under triaxial load, (B) Borehole and tunnel model: same geometry
as (A), but modified boundary conditions at the top domain boundary, such as the deposition tunnel floor (red-coloured stripe) is a free surface. (C) Multiple borehole model:
same boundary conditions as (B), but the domain is enlarged in the direction of the tunnel floor to avoid lateral boundary effects. (D) Variations of the borehole top geometry,
used in subsequent simulations. In all cases, 𝜎ℎ and 𝜎𝐻 are the minimum and maximum horizontal stresses respectively, and 𝜎𝑣 is the vertical stress, corresponding to the weight
of the overburden at 500 m depth at Forsmark. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
freely, based on the energy in the system, eventually covering the entire
length of the borehole and accommodating the whole range of damage
that develops in the near-borehole region after the borehole drilling
stage.

Rock buckling and collapse into the borehole are not explicitly
modelled, but the loss of integrity of the borehole is accounted for
through damage. This is illustrated in Fig. 7, where the elastic mod-
ulus of the host rock is degraded (Eq. (7)) in the vicinity of the
borehole, amounting to a 60% reduction in the intact rock elastic
modulus (Fig. 7A). Once fractures nucleate, Young’s Modulus is reduced
completely in the elements neighbouring the newly spawned fracture
surfaces (Fig. 7B). Further degradation of the rock mass occurs as
fractures grow (Fig. 7C), covering the whole length of the tunnel. As
opposed to the field experiment where the two diametrically opposite
spalled zones were asymmetrical, the fractured zones in the numerical
model tend to be symmetrical, due to the prescribed homogeneity and
isotropy of the numerical domain.
8

To achieve the fracture patterns shown in Fig. 6, several parameters
were calibrated for nucleation and growth: number of initial disks = 10;
initial disk size = 30 cm, following a normal distribution and scaled
with damage, cf. Fig. 2 C; minimum fracture spacing = 1.5 × initial
disk size; maximum extension length 𝛥𝑙𝑣 = 40 cm per growth step;
𝛽𝑓 = 0.25; 𝛽𝑛 = 0.75. These parameters are used throughout the paper,
in the subsequent simulations of spalling at the Forsmark site.

5. Effect of the deposition tunnel

The deposition tunnel is expected to affect fracture nucleation and
growth patterns, through changing the stress state at the top of the
deposition boreholes, where it acts as a free surface. Saceanu et al.67

showed that the same tunnel effect can be modelled in two ways: (a)
by explicitly modelling the deposition tunnel as an individual body in
a larger domain, or (b) using modified boundary conditions on the
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Fig. 6. Spalled zone around the AECL’s 3.5 m diameter tunnel, modified from Zhao et al.71 (A), and numerical simulation results showing radial (B) and axial (C) views of the
final fracture patterns.
Fig. 7. Mesh cut planes showing Young’s Modulus distribution along AECL’s circular 3.5 m diameter Mine-by tunnel, after the tunnel is drilled (A), after fracture nucleation (B)
and after fractures have stopped growing (C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Table 1
Rock properties,31 damage parameters and in-situ stress magnitudes35 defined for the
numerical simulations of deformation, fracture and damage of the Forsmark case.

Rock property Value

Density 2.73 g/cm3

Young’s modulus 76 GPa
Poisson’s ratio 0.23
Uniaxial compressive strength 226 MPa
Tensile strength 13 MPa
𝐾𝐼𝐶 3.8a MPa/m1∕2

In situ stresses Value

𝜎𝐻 41.0 ± 6.2 MPa
𝜎ℎ 23.2 ± 4.6 MPa
𝜎𝑣 13.2 ± 0.3 MPa

Mazars damage parameters Value

𝜀0 3.2 × 10−4

𝐴𝑐 0.73
𝐵𝑐 1816
𝐴𝑡 0.73
𝐵𝑡 1816

aMode I fracture toughness value of the Äspö diorite, taken from the APSE experiment,8
as there are currently no measurements of fracture toughness at the Forsmark site.
9

top surface of the domain and creating a ‘‘free’’ boundary where the
deposition borehole is attached. This change has a minimal effect on the
simulated fracture geometries, but is computationally more efficient,
since it employs a simplified domain, with a reduced number of nodes
and elements. The resulting stress fields around the borehole were
shown to be nearly identical in the two models where either the whole
tunnel, or the tunnel floor, was simulated.67

Fig. 8 shows the damage (Eq. (8)) distribution in a full borehole
and tunnel model, following the nucleation of the initial fracture disks.
The tunnel is excavated in one step and the displacements, strains
and stresses are computed in the model containing only the tunnel.
Subsequently, the borehole is drilled in one step, and the stresses
are re-computed in the full borehole and tunnel model. Fig. 8 A–
C shows separate instances of preferred nucleation loci in the full
model containing 10, 50 and 100 initial disks respectively. The highest
damage concentrations occur at the intersection of the tunnel floor
and its sidewalls and at the intersection of the deposition borehole
wall and the wedge-shaped access ramp. These results are in line
with experimental observations where fractures nucleate preferentially
around sharp-edged boundaries.74

Numerically, first fractures to nucleate are those at the edges of the
tunnel floor (Fig. 8A), followed by spalling of the borehole top/access
ramp (Fig. 8B), and finally spalling of the lower curvature surfaces
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Fig. 8. Damage and initial fracture disks distribution in the full borehole and tunnel model. First fractures to nucleate are at the tunnel floor/sidewalls (A), followed by those at
the borehole top (B), and finally those at the tunnel roof and lower borehole walls (C). The tunnel axis is oriented perpendicular to the maximum in situ stress direction. Simulation
parameters and boundary conditions are those from Forsmark (Table 1).
such as the tunnel roof and the rest of the borehole wall (Fig. 8C).
This is also an example of the complexity of a full borehole and tunnel
model, which requires hundreds of fractures to capture the complete
state of the damage present around both cavities. In this paper, only
the fractures directly involved in the development of the borehole
breakouts/borehole spalling are further analysed. Consequently, the
10
single-step borehole excavation is considered to be representative of the
subsurface behaviour, given that observed fractures take significantly
longer time (4–8 months7) to develop the v-shaped notches in the field,
compared to 30–105 h75 required to complete a typical deposition
borehole.
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Fig. 9 shows the minimum principal stress distribution in the 20 m
× 20 m × 20 m single-borehole model, with (A) and without (C) tunnel
effect, after the borehole drilling stage. In the close vicinity of the
tunnel floor, the triaxial compressive conditions become biaxial, due
to the removal of the vertical stress. Borehole geometry and initial
fractures disks that ensue after nucleation are superimposed, showing
fractures nucleating preferentially parallel to the tunnel floor in the first
2 m below it, and changing their nucleation orientation further down
the borehole. As 𝜎3 increases further away from the tunnel floor and
riaxial conditions return, fractures align themselves perpendicular to
he minimum compressive stress direction, and hence parallel to the
orehole wall.

Fig. 9B and D show the final fracture geometries after growth
as arrested, in the two cases. In the case where the tunnel floor is
onsidered, the top fractures grow to a lesser extent in the borehole
xial direction, and there is overall less interaction with the borehole
all and between the fractures themselves. Instead, fractures tend

o propagate in the plane of the tunnel floor, appearing to increase
palling depth. However, since there is little growth along the borehole
all, the actual fractured surface area is smaller than in the case where

he tunnel floor is not considered.
Fig. 9B and D also shows fracture tip nodes at all growth steps,

oloured according to their dominant failure mode. In both cases, most
ips appear to fail under tension in the early stages of the breakout de-
elopment, but further fracture propagation is mixed mode, and mainly
etermined by either Mode II or Mode III tip failure. As expected, in the
ase where the deposition tunnel is considered, more tips fail in tension,
ince decreasing confining stress promotes tensile fracture conditions.

.1. Effect of tunnel orientation

Several cases were investigated, in which the tunnel floor was
rientated axially parallel to the direction of the maximum horizontal
ar-field stress, and then rotated in 15 degree increments, until it
ecame perpendicular. Fig. 10B illustrates simulated fracture patterns
n three different cases, in which the deposition tunnel makes an angle
f 0◦, 30◦ and 45◦ respectively with 𝜎𝐻 . The computed displacement

and stress field around the borehole change in direction, at fixed stress
magnitudes. Results show that tunnel orientation influences the loci
where the fractures involved in borehole spalling nucleate, relative to
the tunnel floor, but does not influence the depth of the final fractured
areas significantly.

The spalling depth, spalling width, and total fracture surface area
in each case are listed in Table 2. These remain consistent at different
tunnel orientations, because the tunnel floor edges are sufficiently far
away from the borehole wall to prevent unstable fracture growth and
interaction with tunnel floor/sidewalls. Given the in situ conditions
at Forsmark, spalling is not predicted to occur in the tunnel axial
direction, unless the tunnel is drilled perpendicular to the maximum
horizontal stress (Fig. 10A). Section 8 shows further examples, deliber-
ately probing this worst-case tunnel orientation scenario, to understand
the behaviour for cases where fracture growth and interaction between
neighbouring boreholes is modelled.

6. Effect of in situ stress state

Three in situ stress scenarios are investigated. In the base case,
the three principal far-field stresses are assigned their mean expected
values at 500 m depth at Forsmark (Table 1). In the two other cases, the
stress magnitudes are chosen such that, within their given uncertainty
range, stress anisotropy is minimised and maximised, respectively.
Previous studies have shown that fracture growth is promoted by
higher stress differentials at the borehole wall.76,77 Thus, the other two
limiting stress scenarios correspond to (1) 𝜎𝐻 − 𝜎ℎ = 𝑚𝑎𝑥., 𝜎𝐻 − 𝜎𝑣 =
11

𝑚𝑎𝑥. and (2) 𝜎𝐻 − 𝜎ℎ = 𝑚𝑖𝑛., 𝜎𝐻 − 𝜎𝑣 = 𝑚𝑖𝑛. m
Fig. 11A shows the maximum principal stress at the borehole wall,
𝜎1, corresponding to the base case and the two limiting in situ stress
conditions at Forsmark. Assuming there are no fluids in the borehole,
the tangential stress varies in a sinusoidal fashion as a function of an-
gular distance, matching the analytical solution for a circular hole in a
rock mass with prescribed far-field principal stresses.42 In all cases, the
tangential stress exceeds (0.4 ± 0.05) × UCS, or the ‘‘spalling strength’’
the rock mass.15 Fig. 11 B and C show how several far-field stress
scenarios within the limiting cases affect the borehole tangential stress
magnitude. For constant far-field maximum stress 𝜎𝐻 , variations of
the far-field intermediate stress 𝜎ℎ cause borehole Hoop stress changes
within ±5% of its base case value at 90◦ and 270◦, where spalling is
expected to occur. Conversely, varying the far-field maximum stress 𝜎𝐻
causes large 𝜎1 changes at the borehole wall, covering the entire range
between the two limiting stress scenarios. This shows that variations
of the intermediate in situ stress alone are less important in affecting
the maximum borehole stress at Forsmark than variations of the maxi-
mum in situ stress. Since all cases fall within the minimum (red line) and
maximum (blue line) stress differential scenarios, subsequent fracturing
behaviour was analysed in these limiting cases.

Fig. 10A shows the simulated fracture patterns for the three differ-
ent stress magnitude scenarios (Fig. 11 A), at perpendicular orientation
of the deposition tunnel relative to the direction of the maximum
compressive stress. Fractures nucleate and grow diametrically opposite
around the circular borehole in the direction of the least compressive
horizontal stress, as observed in numerous occasions in the field.72,78,79

Fracture growth is influenced by the relative magnitudes of the stresses
applied, with more damage and growth occurring under conditions of
higher horizontal stress differential. Fracture growth is quantified in
terms of the maximum spalled zone depth, spalled zone angle (width),
and total fracture surface area (Table 2).

The maximum depths of the fractured zones are comparable with
predictions from Martin et al.’s80 empirical equation, which relates
the ratio of maximum spalling depth and borehole radius to the ratio
of maximum tangential stress at the excavation wall and the uniaxial
compressive strength of the rock. Given the in situ stresses and borehole
geometry at Forsmark, Martin et al.’s80 empirical relationship predicts
spalling depths ranging from a few centimetres in the case of lowest
stress differential, up to around 15 cm in the case of highest stress
differential. The simulated numerical results in this paper are in better
agreement with Martin’s empirical relationship in the case where the
deposition tunnel is not considered (Table 2), and also in the case
where the tunnel is considered, for those the fractured zones residing
in the lower half of the borehole (Fig. 9). However, fracture nucleation
and growth at the top of the borehole is affected by the deposition
tunnel, causing a larger apparent maximum spalling depth than the
one predicted by Martin17 for the Forsmark site specifically. Another
reason for the additional fracture growth might be that Martin17 looks
exclusively at tensile fractures, whereas in this study, spalling fractures
initiate in tension, but macro-failure is multi-modal, and generally
dominated by shear in the later growth stages.

Since the depths and widths of breakouts in vertical boreholes
depend on the relative magnitudes of the major and minor horizontal in
itu stresses,1 fracture patterns and final breakout metrics are shown in
ig. 10 only for the base-case and limiting stress scenarios, assuming
hat any other stress state that falls between the limiting cases will also
ause fracturing severity to fall in the expected range.

. Effect of the borehole geometry

This section investigates the effect of borehole geometry on the
redicted spalling around a typical deposition borehole. The cylindrical
orehole is modified at the junction with the tunnel floor to provide
n access ramp for the spent fuel canisters. This is a potentially prac-
ical modification that could provide additional space to operate the
achines that will lower the spent fuel canisters into the borehole,
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Fig. 9. Effect of the deposition tunnel on fracture growth. Minimum principal stress distribution and initial fracture disks orientations in the 20 m × 20 m × 20 m borehole model,
with a free top surface acting as the deposition tunnel floor (A) and corresponding final fracture surfaces (B); 20 m × 20 m × 20 m simple borehole model, where the tunnel effect
was not considered (C) and corresponding final fracture patterns (D). Fracture tip nodes are represented as spheres, and coloured according to their dominant failure mechanism.
Maximum spalling depth, width and surface area are listed for each macro-fracture that interacts with the borehole wall (E). Z is the distance from the tunnel floor/top domain
boundary to the barycentre of the respective fracture. Simulation parameters and boundary conditions are those from Forsmark. (Table 1). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
effectively reducing the requirement of a ‘tall’ deposition tunnel.68

Three cases were investigated, where the borehole top is cylindrical,
conical, and wedge-shaped (Fig. 5D).

Numerical results show that spalling occurs in all cases, and the
modified geometries affect fracture nucleation and growth patterns
(Fig. 12). Fractures nucleate uniformly on either side of the circular
borehole (Fig. 12A), but concentrate at the borehole top in the other
12
two simulated cases (Fig. 12B, C). The enlargement of the borehole
top induces higher stress concentrations at the borehole–tunnel junc-
tion, increasing the depth of failure in the top metre of the borehole.
Fracture growth is quantified in terms of maximum spalling depths
and total fractured surface areas, showing increasing severity from
circular, to cone to wedge (Table 2). Although the maximum absolute
spalling depth is the largest in the wedge-shaped borehole case, this
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d

Fig. 10. Effect of in situ stress magnitude (A) and tunnel orientation (B) on simulated
fracture patterns, showing final fracture geometries after growth has arrested. Tunnel
floor is shown in red. Fracture growth in each case is quantified in Table 1. Simulation
parameters and boundary conditions are those from Forsmark (Table 1).

only occurs when the tunnel floor is orientated perpendicular to the
maximum compressive stress direction. The fractured areas responsible
for increased spalling depth on the ramp side are, as shown in Fig. 12C,
involved in the spalling of the ramp itself. However, if the tunnel is
orientated parallel to the direction of the maximum compressive stress,
the stress conditions required for ramp spalling would not be fulfilled
and fractures would nucleate 90◦ away from the ramp, and grow as in
the case of a simple circular borehole. For this reason, the symmetrical
cone top is not recommended, as it would increase failure severity in
all stress and/or tunnel orientation scenarios.

8. Effect of nearby boreholes

In all cases presented previously, fracturing processes were localised
in the near-borehole region, and the maximum depth of the fractured
13
Table 2
Effect of different repository configurations on the maximum fractured depth, width and
surface area. Simulation parameters and boundary conditions are those from Forsmark
(Table 1).

Case Maximum
spalling
depth [m]

Spalling
width [◦]

Total fractured
surface area
[m2]

Deposition tunnel

w/ tunnel 0.44 63/52 2.0
w/o tunnel 0.19 58/51 13.2

Tunnel orientation

0◦ 0.44 63/52 2.0
15◦ 0.48 23/65 2.34
30◦ 0.42 90/50 2.60
45◦ 0.48 27/27 2.11
90◦ 0.45 52/32 2.28

In situ stress

Base case 0.44 63/52 2.0
max 𝜎 ani. 0.53 58/51 1.63
min 𝜎 ani. 0.36 62/55 2.24

Borehole configuration

Circular 0.44 63/52 2.0
Cone 0.47 60/62 2.23
Wedge 0.49 90/47 2.46

Borehole spacing (3 boreholes)

3 m Overlap 135/155 120.5
4 m 0.51 68/96 68.7
5 m 0.46 60/63 52.5
6 m 0.44 63/58 35.3
6 m, ramp 0.49 90/47 26.4

Number of boreholes (6 m spacing)

3 0.44 60/120 35.3
5 0.48 63/109 67.9
7 0.45 62/117 92.3

zones, although variable from case to case, did not exceed one borehole
radius. In this section, additional boreholes are added, as shown in
Fig. 5C, at an equal inter-borehole distance, on either side of the
central circular borehole. The inter-borehole distance is then gradually
decreased, to examine the changes in the displacement and stress fields,
and their effects on fracture growth.

8.1. Effect of borehole spacing

The inter-borehole spacing is an important parameter affecting
repository design, since it determines the minimum length of the
deposition tunnel necessary to accommodate the required number of
deposition boreholes. Ideally, this distance would be small enough that
as many deposition boreholes as possible would fit along the same
deposition tunnel, but large enough to preserve the structural integrity
of the repository. The current site-descriptive model from Forsmark
recommends a distance of either 6 m (in rock domain RFM029) or
6.8 m (in RFM045) between adjacent boreholes, in the case where
thermal effects are also considered.31 In this study, the inter-borehole
istance, s, is measured between borehole centres, hence the effective

pillar width is given by 𝑠 − 2𝑅, where 𝑅 is the borehole radius.
Fig. 13 shows the normalised maximum principal stress at the bore-

hole wall that arises when two boreholes are subjected to transverse,
longitudinal and biaxial tension respectively. For validation purposes,
the maximum circumferential stress was plotted against the closed-form
solutions derived for these cases by Ling,81 showing a good match.

Fig. 14 shows the elastic modulus distribution in the meshed rock
domain, alongside corresponding fracture patterns in a three-borehole
model. The boreholes are evenly spaced, at 𝑠 = 2.5 (A), 3.0 (B), 3.5 (C)
and 4.0 (D) metres apart, resulting in the formation of two over-stressed
pillars of equal widths, 𝑃 = 0.75 (A), 1.25 (B), 1.75 (C) and 2.25
𝑤
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Fig. 11. Effect of in situ stress magnitudes at Forsmark on maximum principal stress at the borehole wall (tangential stress), prior to fracture nucleation (A). Effect of varying 𝜎ℎ,
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D), respectively. For a borehole spacing of 2.5 m, the two pillars are
ompletely damaged, as shown by the reduction in Young’s Modulus.
s the inter-borehole distance increases, the damage and corresponding
eduction in Young’s modulus decreases and becomes more localised to
he walls of the boreholes. In the case of a 4.0 m spacing (Fig. 14D), the
entre of each pillar shows a 15% reduction of the original, undamaged
oung’s modulus, and areas of high damage are localised in the vicinity
f the borehole wall, where the fractured regions reside. In this case,
he three boreholes are not interconnected by a fractured zone and the
egion between them is largely undamaged.

In all cases, Young’s Modulus remains unchanged from about one
etre away from the peripheral boreholes, implying that beyond this
oint the host rock is undisturbed. Table 2 presents the quantified
nteraction of the three boreholes spaced at 3, 4, 5, and 6 m, noting
he maximum observed failure depth, width, and the total fractured
urface area in each case.

.2. Effect of total number of boreholes

Fig. 15 shows maximum, intermediate and minimum principal stress
istributions around a three- (A) and a five-borehole (B) array, spaced
m and 6 m apart, respectively. The three/five aligned boreholes

re created simultaneously, and their locations are varied in order to
nvestigate the effect of borehole spacing, as well as the impact of total
umber of boreholes within an array, on borehole and pillar stress. The
pplied horizontal stresses are in all cases are 𝜎𝐻 = 41 MPa and 𝜎ℎ
23.2 MPa, the vertical stress is 𝜎𝑣 = 13.2 MPa. Fig. 15C shows the
aximum principal stress magnitude variation along the two pillars,

n four different pillar widths scenarios. Comparison of the resulting
tress magnitudes in the two pillars shows a 31% pillar stress increase
hen the inter-borehole distance decreases from 4.0 m to 2.5 m. While
orehole spacing is shown to influence stress concentrations in the
illars (C), the number of boreholes in the model (D) does not influence
14

tress distribution.
Fig. 15D shows the maximum principal stress magnitude lateral
ariation in a three-, five- and seven-borehole model, respectively. In
ll three simulation models, the borehole spacing is six metres, and
he domain was adjusted such as the distance between the outermost
oreholes and the domain boundaries remains constant, in order to
void boundary effects. The purpose of this exercise was to investi-
ate whether increasing the number of neighbouring boreholes has
n effect on stress state and fracture patterns around the innermost
entral borehole(s). It is apparent that regardless of the number of
imulated boreholes, provided that the inter-borehole distance remains
nchanged and sufficiently large, and the numerical domain is adjusted
ccordingly, there is no major change in the stress state around the
entral and outer boreholes.

This determines all boreholes to be equally damaged and hence
racture growth amounts to similar fractured area per borehole as well
Table 2). This result agrees qualitatively with those obtained by Horii
nd Nemat-Nasser82 and Wang et al.83 for larger numbers of collinear
ircular openings under uniaxial tension. Their numerical studies also
howed that interaction between central and non-central boreholes can
e neglected as long as the borehole spacing is large enough to prevent
nteractions.

This is a useful result, supporting the validity of three-borehole
imulation cases extrapolated to the repository scale. The alternative
f simulating cm-scale, concurrent fracturing processes around dozens
f deposition boreholes per deposition tunnel would not be computa-
ionally efficient yet. For example, in the single borehole case, there
re initially 31,911 nodes, which, after the nucleation of ten fractures,
ncrease to 75,704 nodes. For three boreholes, the number of nodes
ncreases from 69,068 in the intact rock domain to 173,942 after the
ucleation of thirty fractures, and finally, for five boreholes it in-
reases from 106,920 to 282,170 after the nucleation of fifty fractures.
he number of nodes keeps increasing as the fractures continue to
row, adding detailed discretisation to regions of the mesh that were
reviously coarser.
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Fig. 12. Effect of borehole geometry on simulated fracture patterns, showing final
orehole breakout extent for a circular (A), cone-shaped (B) and wedge-shaped (C)
orehole. Fracture growth is quantified in Table 1. Simulation parameters and boundary
onditions are those from Forsmark (Table 1).

. Conclusions

Geometric fracture growth simulations, based on the finite element
ethod, are used to investigate stress-induced fracturing processes

eading to spalling around deposition boreholes under different under-
round conditions. Several scenarios are considered, in which the in

situ stresses, borehole geometries and spacing are varied to assess the
impact on final fracture patterns and damage extent.

In the case of a single circular borehole excavated in a homogeneous
and isotropic rock domain, results indicate that spalling failure initiates
in areas of high damage close to the borehole wall and continues to
develop in the direction of the least compressive stress 𝜎3, in agreement

ith experimental observations from laboratory and field studies.
When the deposition tunnel floor was incorporated as a free surface,

ractures at the intersection between the borehole and the tunnel
ucleated preferentially parallel to the tunnel floor, and perpendicular
o the borehole wall. This results in larger apparent spalled zones
idths, but lower fractured surface area. Fractures in that case grow
ore horizontally, in the direction of the tunnel floor, instead of

ertically, along the borehole itself. They also show less interaction
ith the borehole wall in the borehole axial direction. The tunnel is

hen rotated at different angles to the maximum horizontal stress, in
15
Fig. 13. Tangential stress at the borehole wall, normalised to the applied load, under
longitudinal (A), transverse (B) and biaxial (C) tensile loading. Simulation parameters
are those from Forsmark (Table 1). Effect of borehole spacing on the maximum principal
stress at the borehole wall, in a two-borehole model, under uniaxial and biaxial loading
(D). The maximum tangential stress occurs at 𝜃 = 0◦ for uniaxial transverse and biaxial
tension, and at 𝜃 = ±90◦ for longitudinal loading, in agreement with Ling’s81 analytical
solution.

order to assess the impact of stress orientation on fracture growth.
Since the relative stress magnitudes were kept constant regardless of the
tunnel orientation, the extent of the fractured zone remained consistent
in all orientation cases, for a circular borehole.

Another scenario that was examined was the influence of varying
in situ stress magnitudes. Results showed that damage exceeds the
threshold required for nucleation in the near-borehole region, for the
expected subsurface conditions at Forsmark. In the case of higher far-
field stress differential, the fractures involved in spalling extended
deeper into the host rock domain, while lower stress anisotropy caused
the fracturing process to stabilise more locally.

Finally, the effect of neighbouring boreholes and inter-borehole
distance was investigated. Numerical results determined that the max-
imum stress concentration around flanked boreholes does not change
significantly, regardless of the total number of boreholes in the model,
provided that the domain boundaries and number of initial disks are
adjusted accordingly, and the inter-borehole distance remains constant.
The three-, five- and seven-borehole models were fundamentally identi-
cal in terms of fracturing behaviour around flanked (inner) borehole(s),
and flanking (outer) boreholes. On the other hand, inter-borehole
spacing plays an important role in pillar stability. Under the given
conditions at Forsmark, circular boreholes need to be spaced at least
4 m apart to maintain pillar integrity under mechanical loading. In the
case where access ramps are drilled, the spacing should be increased to
at least 6 m, so that stability of the top of the borehole is ensured.

The present approach to model spalling failure and general frac-
turing around boreholes provides useful and quick information for
designing a safe repository for nuclear waste storage. The modelled
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Fig. 14. Mesh cut planes showing Young’s Modulus for inter-borehole distances of 2.5 (A), 3.0 (B), 3.5 (C) and 4.0 (D) m, and corresponding fracture geometries. For closer
spaced boreholes, the decrease in Young’s Modulus due to increased damage is substantial, and correlates to the increase in the fractured area. Simulation parameters and boundary
conditions are those from Forsmark (Table 1).
t

fracture patterns are consistent with previous studies and field ob-
servations, and the computational cost to generate them is low. The
extent of the fractured areas around boreholes depends on a number
of repository design parameters, some of which can be adjusted to
minimise spalling severity and eventually reduce the risk for leaking
radionuclides in this highly fractured zone.
16
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Fig. 15. Principal stresses magnitudes and orientations around circular boreholes spaced 4 m (A) and 6 m (B) apart, in a 3- and 5-borehole model respectively. 𝜎1 magnitude
at the centre of the two pillars 𝑃1 and 𝑃2 is plotted for the different borehole spacing cases (C). 𝜎1 magnitude is also plotted over a line 𝑋1𝑋2 traversing the 5-borehole model
laterally, at a depth 4.5 m down the borehole (D). Overimposed 3- and 7-borehole models show similar variations of 𝜎1. Simulation parameters and boundary conditions are those

from Forsmark (Table 1).
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