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SUMMARY

Displacements and stress-field changes associated with earthquakes, volcanoes, landslides
and human activity are often simulated using numerical models in an attempt to understand
the underlying processes and their governing physics. The application of elastic dislocation
theory to these problems, however, may be biased because of numerical instabilities in the
calculations. Here, we present a new method that is free of artefact singularities and numerical
instabilities in analytical solutions for triangular dislocations (TDs) in both full-space and
half-space. We apply the method to both the displacement and the stress fields. The entire
3-D Euclidean space R? is divided into two complementary subspaces, in the sense that in
each one, a particular analytical formulation fulfils the requirements for the ideal, artefact-free
solution for a TD. The primary advantage of the presented method is that the development
of our solutions involves neither numerical approximations nor series expansion methods. As
a result, the final outputs are independent of the scale of the input parameters, including the
size and position of the dislocation as well as its corresponding slip vector components. Our
solutions are therefore well suited for application at various scales in geoscience, physics and
engineering. We validate the solutions through comparison to other well-known analytical
methods and provide the MATLAB codes.
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1 INTRODUCTION

Crustal deformations associated with earthquakes, volcanoes, landslides and human activities can be observed at a high level of detail using
modern geodetic techniques, including synthetic aperture radar interferometry (InSAR) and GPS (Segall 1997; Biirgmann ef al. 2000). These
deformation data are often analysed using modelling techniques that are typically very computationally intense. The primary objective of
such modelling is to understand the underlying processes through indirect imaging of the so-called sources, such as seismogenic faults,
magma chambers and other reservoirs. The position and geometry of these sources, as well as the slip or the forces acting on them, are
typically regarded as the source parameters. The source parameters, in other words, the outputs of the implemented modelling, are relevant
to earthquake aftershock studies, the assessment of volcanic eruption precursors, tsunami modelling and many other applications (Feigl ez al.
2002).

The majority of methods that are applied for crustal deformation modelling are based on the theory of elasticity in general and the
concept of dislocations in particular (Segall 2010). Elastic dislocation theory concerns the state of deformations in a strained solid body that
is subject to the action of a dislocation embedded inside it (Love 1944). The Volterra model (Volterra 1907) describes a dislocation as a
surface of displacement discontinuity with a uniform distribution of the slip throughout. The edges of the Volterra dislocation, also known
as dislocation lines, are intrinsic singularities because of their corresponding displacements, which are essentially indeterminate (Steketee
1958). Consequently, the displacements, strains and stresses are singular on the dislocation lines, and numerical calculations are instable in
the vicinity of these singularities.

Apart from these singular dislocation lines and their differential neighbourhoods, the analytical solutions of the general Volterra
dislocations are continuous and well-behaved functions elsewhere, including the dislocation surface itself (Segall 2010). In geophysics,
Volterra’s dislocation theory is therefore used extensively, following the Green’s function method of Steketee (1958), which describes a
general point-source dislocation in an isotropic elastic half-space.

Integration of the fundamental point-source dislocations gives rise to analytical solutions for finite dislocations such as rectangular
dislocations (RDs; Okada 1992) or triangular dislocations (TDs; Jeyakumaran et al. 1992; Meade 2007). Since the derivation of these
solutions, they have been used directly as simple analytical models and also as the basis for more sophisticated numerical models, such as
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distributed slip models (Wald & Heaton 1994) and the boundary element method (BEM; Cayol & Cornet 1997). The possibility of simulating
any arbitrarily curved surface in terms of a continuous triangular mesh is a clear advantage of the implementation of the TD approach over
the RD approach and has led to the consideration of complex dislocation geometries (Maerten et al. 2005; Meade 2007).

However, the existence of the artefact singularities and numerical instabilities that affect the calculation of the displacements and stresses
associated with a TD has posed an obstacle to the geometrical flexibility and applicability of TDs. The more TDs are present in a model,
the higher is the probability of obtaining erroneous results at various calculation points. Therefore, an artefact-free solution for TDs is of
great relevance. In contrast to the intrinsic singularities, there is no theoretical basis to explain the artefact singularities, which are produced
only through imperfections in numerical calculation. The analytical solutions for TDs are derived either through direct analytical integration
over the surface of the triangle (Crouch & Starfield 1983) or by superposing basic dislocations with known analytical solutions, as has
been considered for segment dislocation in a full-space (Hirth & Lothe 1982), angular dislocation in a full-space (Yoffe 1960) and angular
dislocation in a half-space (Comninou & Dundurs 1975). A general problem that is encountered in either case, however, is related to the
artefact singularities and numerical instabilities that lie along the sides of a TD in a full-space and also below and above the vertices of a TD
in a half-space. Despite a few previous attempts, in which either the artefact singularities have been addressed only in part (Thomas 1993) or
a combination of analytical and numerical quadrature rules along with a Taylor series expansion has been proposed to approximately correct
for the effects of the artefact singularities (Gimbutas ef al. 2012), the problem of artefact singularities for TDs has not yet been analytically
addressed. Cai et al. (2006) have summarized some methods that attempt to address the intrinsic singularities and have also developed a
novel, elegant formulation for the stress field of a segment dislocation in a full-space. Although this solution is free of intrinsic and artefact
singularities, it lacks the displacement equations and is not applicable to a half-space (Cai et al. 20006).

In this paper, we present a fully analytical, artefact-free solution for the displacement and the strain and stress fields associated with a
TD in a full-space and half-space. This paper is organized as follows:

First, we generalise the solution, following (Yoffe 1960), to a generic TD in a full-space and elaborate on the necessary coordinate
systems and transformations. Secondly, we address the problem of artefact singularities and numerical instabilities along with presenting the
analytical solution for a TD in a full-space (Yoffe 1960). We then use the full-space artefact-free solution to develop an analytical artefact-free
solution for a TD in a half-space. Finally, we evaluate our solution through comparison to other analytical solutions for finite dislocations,
followed by a discussion section.

2 A TRIANGULAR DISLOCATION IN A FULL-SPACE

The full-space solution is a relatively simple model that not only can be directly used in several geophysical applications but also is the basis
for the more realistic half-space model (Comninou & Dundurs 1975). Additionally, as the basis for numerical approaches such as the BEM,
the full-space solution can be used to simulate realistic topography in related models (Cayol & Cornet 1997). Here, we develop a generic
solution for a triangular dislocation (TD) in a full-space as a superposition of three angular dislocations, following Yoffe (1960), and elaborate
on the necessary coordinate systems and the coordinate transformations between them. The implemented coordinate transformation scheme,
which is the most fundamental concept underlying the development of the solution, is detailed in Appendix A. We also develop a so-called
‘alternative solution’ that is equivalent to the first solution but possesses singularities along completely different directions. Using a geometric
technique, we present an artefact-free solution that is a combination of these two equivalent solutions. Improvements on the Burgers function
equation are used in the displacement calculations associated with a TD. These new improvements allow for faster calculations and eliminate
the numerical instabilities in the calculation of the Burgers function in the Yoffe (1960) solution.

2.1 The general solution for a TD in a full-space

2.1.1 The structure of the solution

An angular dislocation is composed of two semi-infinite straight dislocation lines that meet at the point of origin (Fig. 1a). The analytical
solution of an angular dislocation in a full-space was first developed by Yoffe (1960), employing Burgers’ method (Burgers 1939). The
equations of the displacement and stress field of an angular dislocation, which we have corrected for a few misprints, are provided in
Appendix B accompanying this paper. These equations are valid in the angular dislocation coordinate system (ADCS), which is a right-
handed Cartesian coordinate system with the x-axis normal to the page (Fig. 1a). Here, the coordinates of the Burgers vector of the angular
dislocation represented by (b, b,, b.) are composed of the opening and slip components along the y and z directions, respectively. The Burgers
vector, also known as the slip vector, essentially represents the relative motion of the two sides of a dislocation.

Yofte (1960) also derived the first analytical solution for a particular case of an equilateral TD in a full-space by superposing the
displacement and stress fields of the three angular dislocations that form the exterior angles of the TD (Fig. 1b). All three angular dislocations
share the same slip vector, which is the slip vector of the TD. Here, we generalize the solution, following Yofte (1960), to a generic TD in a
full-space and elaborate on the details of our work.

We specify the components of the slip vector of the TD, that is the strike slip, the dip slip and the opening, with respect to the triangular
dislocation coordinate system (TDCS). The TDCS is a right-handed Cartesian coordinate system with the second vertex of the TD as its origin
(Fig. 1b). The y-, z- and x-axes of the TDCS align with the strike, dip and normal to the TD directions. We consider the same conventions for
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Figure 1. (a) Angular dislocation in a full-space following Yoffe (1960); the xp-axis is perpendicular to the plane and forms a right-handed coordinate system.
The angle « is measured clockwise. (b) Yoffe (1960) configuration for a triangular dislocation (TD) in a full-space. It consists of the three angular dislocations
that form the external angles of the triangle P; P, P3. The third axis of each angular dislocation coordinate system (ADCS) lies along one side of the TD, and
the first axis of each of these right-handed coordinate systems is perpendicular to the plane. The x, y and z axes of the triangular dislocation coordinate system
(TDCS) are normal to the plane, parallel to the strike direction and parallel to the dip vector, respectively. The vertex P, of the TD is the origin of the TDCS.

the strike, dip and normal directions that are defined for an RD (Okada 1985) to facilitate comparison with the RD case. For the vertices of the
TD, however, as well as the calculation points, the coordinates are given in an Earth-fixed coordinate system (EFCS) with the X- and Y-axes
pointing towards the east and north, respectively, and the Z-axis pointing upwards. The diagram presented in Fig. 2 summarizes all necessary
coordinate transformations used in this paper. Here, we first transform the coordinates of the calculation points and the TD vertices from the
EFCS into the TDCS. The next step is to transform the coordinates of the calculation points and the components of the TD slip vector from
the TDCS into each ADCS separately. Then, it is possible to calculate the displacement and stress fields of each angular dislocation in its
own ADCS, which, in the next step, are all transformed back into the TDCS. As the final step, after superposing the contributions of all three
angular dislocations, we transform the displacement and stress field of the TD into the EFCS.

2.1.2 The implementation procedure

We adopt {ey, éy, €} as the basis for the EFCS, {¢,, €, €,} as the basis for the TDCS, and, finally, {é,,, é,,, €., }, {és,, €,,, &, } and {&,,, €,,, &.,}
as the bases for the three ADCSs. To apply the transformations illustrated in Fig. 2, we first determine the necessary transformation matrices
(Appendix A). We also adopt the right-hand rule, that is when the curl of the fingers of the right hand represents the vertex ordering,
then the normal vector of the TD points along the thumb. Therefore, if 7p,, Fp, and 7p, are the position vectors of the TD vertices in
the EFCS, then the normal vector can be defined as é, = (|, x 713)/|l712 X F13]|, which is the normalized cross product of the vectors
Fio =Fp, —Fp, and Fj3 = Fp, — Fp,, that is the vectors along the PP, and P, P; sides, respectively. The unit strike vector is then defined
as e, = (&7 x &,)/1é;z x é,|. Finally, é; = &, x & represents the unit dip vector. As a result, the transformation matrix for the direct
transformation from the TDCS into the EFCS will be

X, X, Xy
Arp=| Y ¥ Y| (1)
Z, Z. Za

The three columns of A7 are the coordinates of the vectors é,, €, and ¢, in the EFCS. Recall that the origin of the TDCS is the second vertex
of the TD, which is P»; thus, the translation matrix for the direct position vector transformation in eq. (A4) isrp, = (Xp, Yp, Z pz)T, which is
precisely the coordinates of P, in the EFCS. For the inverse transformation in this case, we use eqs (A5) and (A9) for the free vectors and the
position vectors, respectively. For the transformation of the strain and stress tensors, eq. (A10) is used.

To use the equations associated with each angular dislocation, we must transform the coordinates of the calculation points and the TD
slip vector from the TDCS to each ADCS. Because the TDCS and the ADCS share the same x-axis, it is obvious that é,, = ¢,. Moreover, from
the configuration of the TD in Fig. 1(b), it is clear that ¢, is aligned with the P3P, side and thus that &., = 73, /|75 ||, where 731 = Fp, — Fp,.

C10T ‘6 dUN[ UO UIISUIH MAq[Y SYIRdS)JRyOSUISSIAL SIP Yoyo1qrg 1e /310 s[ewmolpioyxo-1(3//:dny woiy papeojumoq


http://gji.oxfordjournals.org/

1122 M. Nikkhoo and T.R. Walter

i ™\
Calculation
points

ADCS-3 Field

[ Displacement & Stress | Aars

Calculation Displacement & Stress
EFCS [ TD vertices e [ Field
h
Arg ,Tp, Arg ,Tp, Arg
h
. . Calculation Displacement & Stress
TDCS [ Slip vector ] [TD vertlces] [ points ] [ Field ]
Apre Agr1.Tp, T
Apr2 Apr2,Tp,
Aars Agrs . Tp,
______ Y o e Y LY,
! ! , , ‘
ADCS-1 'l siip vector : angle a Calculation N Displacement & Stress Aar
i P : gle @y points Field )
! I
: :
H 1
] ! . R A
ADCS-2 H . ! Displacement & Stress AT2 _f"\
- i| Stip vector | points Field ) L/
' !
I
| Ancs-3 B 5
! I

L}
i
I
I
I
L}
:
I
1| Calculation
L}
L}
]
I
1}
L}
L}
:
I
L

Figure 2. Flowchart for calculating the displacement and stress field of a triangular dislocation (TD) in an Earth-fixed coordinate system (EFCS) using the
full-space Yoffe (1960) solution. The black box at the left side of each row specifies the coordinate system corresponding to that row. The grey boxes represent
the inputs, and the blue box represents the final output. The coordinates of the calculation points and the TD vertices are first transformed from the EFCS into
the triangular dislocation coordinate system (TDCS) using Atg and 7p, in eq. (A9). These coordinates, along with the slip vector, are then transformed into
each angular dislocation coordinate system (ADCS) (see eqs A9 and AS in Appendix A). After the contribution of each angular dislocation is calculated, the
results are transformed into the TDCS (see also eqs A4 and A10 in Appendix A). Finally, the superposition of the results is transformed into the EFCS.

Because the ADCS as a right-handed coordinate system, we can write the third equation as €,, = e., x e, . The columns of the transformation
matrix A4 47, for the direct transformation from the first ADCS into the TDCS are the coordinates of é,,, €,, and e, in the TDCS:

1 0 0
AAT1 = 0 Zpp —Zpy YR — VP . (2)

0 yp—yr zp —zp
A 47, and A4 47, which correspond to the second and third ADCSs, are defined similarly. As the origins of the ADCSs are the vertices of
the TD (Fig. 1b), the translation matrices in eq. (A4) will be the coordinates of 7p,, #p, and 7p, in the TDCS. For the inverse transformations
in these cases, we also use eqs (A5) and (A9) for the free vectors and the position vectors, respectively. For the transformation of the strain
and stress tensors, we again use eq. (A10).
The size of the angle with the appropriate algebraic sign is the final input parameter that we need to calculate for each angular dislocation.
The internal angles of the TD can be calculated as follows:

Q= cos™! (é12.€13)
oy = cos ' (&1.623)

a3 = cos ' (€13.623),

where €1y = (Fp, —7p)/Fp, —Fpll, €13 = (Fp, — Fp,)/IIFp, — Fp, || and &y = (Fp, — Fp,)/|IFp, — Fp, || are the unit vectors along the sides of
the TD and ° .’ represents the dot product of the vectors. The angles that must be used in the calculations are the supplementary angles of o1,
o, and o3 measured clockwise, that is @y — 7, o, — 7 and @3 — 7, respectively (Fig. 1b).

Now, we calculate the ‘incomplete’ displacements (see Appendix B) and the stresses associated with each angular dislocation using
eqs (B2) and (B4), respectively. Subsequently, after transforming the results from each ADCS into the TDCS, we calculate the complete
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displacements as follows:

3
u =bopmp+ Y uf

i=1

3
v =bom+ Y v

i=1

3

w =b.gm+ Y w), 3)
i=1

where u?, v? and w? are the components of the incomplete displacements of the ith angular dislocation and ¢y, is the Burgers function

(Burgers 1939) that corresponds to the TD. We elaborate on the calculation of ¢7p in Section 2.3. Note that in eq. (3), we use the components

of the slip vector and the incomplete displacement vector in the TDCS. The outcome of this step is the displacement and stress fields of the

TD in the TDCS. As a final step, we transform these results into the EFCS.

2.2 Developing an artefact-free solution for a TD in a full-space

The analytical solutions for a TD in a full-space contain artefact singularities on the extensions of the sides of the TD (Kuriyama & Mizuta
1993). Similar difficulties also exist in the general solution of the previous section. In the following, we describe a geometric method for
developing a fully analytical solution that is free of such artefact singularities.

The semi-infinite dislocation lines with opposite polarities that are shown in Fig. 1(b) must theoretically cancel each other outside the
TD. However, because the contribution of each angular dislocation is calculated separately, the singular terms in the displacement and stress
equations remain in the final results, giving rise to artefact singularities. Moreover, each dislocation line possesses a 1/ singularity, where
is the distance from the dislocation line (Segall 2010). Therefore, numerical instabilities are also observed everywhere in the vicinity of the
semi-infinite dislocation lines.

As the first step in eliminating the artefact singularities, we reconfigure the angular dislocations as illustrated in Fig. 3. The input
parameters of both configurations are presented in Table 1. Clearly, these two solutions are equivalent. The artefact singularities in these
two configurations, however, occur in completely different locations. As a result, if the calculation point, for example, point P in Fig. 3(a),
lies on or in the vicinity of the lines of the artefact singularities, we can successfully avoid any computational problems by using the other
configuration depicted in Fig. 3(b).

To choose between the two configurations for any arbitrary calculation point, we consider the orthogonal projection of the point onto the
TD plane, which we hereafter refer to as ‘the projection point’. We also subdivide the plane of the TD into six partitions using the medians of
the TD sides (Fig. 4). When this approach is taken, each line of artefact singularity is located in one and only one of the six partitions. For the
projection points outside the TD, we use the configuration whose lines of artefact singularity do not lie in the same partition as the projection
point. For the projection points inside the TD, either configuration can be used. Following this strategy, we always maintain the maximum
distance from the dislocation lines, regardless of whether the point of calculation lies on the plane of the TD. As a consequence, we avoid
both artefact singularities and numerical instabilities for any on- or off-plane calculation points.

To implement this strategy, we must be able to identify the partition in which the projection point is located. For this purpose, we
use the special barycentric coordinates of the projection points (Ungar 2010). The barycentric coordinate system efficiently represents the
coordinates of points in the plane of a triangle with respect to the position of the vertices of the triangle. Further details concerning the
barycentric coordinate system can be found in Appendix C. The very simple and often symmetric form of the equations of geometric shapes
in this coordinate system makes it the most appropriate system for many problems related to the geometrical properties of a triangle (Bottema
2008).

For an arbitrary point P(xp, yp) and a triangle with vertices A4, (x;, y1), A2(x2, ¥2) and A3(x3, y3) in a 2-D Cartesian coordinate system, the
normalized barycentric coordinates (i1, U2, (t3) of P with respect to 44,45 are calculated as follows:

Xp —X3 Xy — X3

Yp—Y3 YV2—MW3
n1 = ; “)

X1 —X3 X2 —X3

Yi—=ys Y2—J)3

X1 —X3 Xp— X3

Yir—=¥Ys Yp—MW»3

Xp—X3 X2 —X3

Yi—y3s Y2—¥3
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(a)

e — T

Figure 3. Two different configurations for the triangular dislocation ABC. Apart from the placements of the semi-infinite dislocation lines, these configurations
are equivalent and can be used interchangeably. (a) The calculation point P in the plane of the triangle intersects one of the dislocation lines. (b) In the
‘alternative’ configuration for the angular dislocations, point P is located at the maximum possible distance from such lines. Through the selection of the
appropriate configuration, any artefact singularity or numerical instability can be avoided.

Table 1. The parameters of the two configurations illustrated in Fig. 3.

Angular
dislocation Input z-axis
vertex angle direction
Config-1 P -7 + o] P3Py
Py —7T + o PPy
P3 -+ a3 PyPs3
Config-2 P -7 + oy P1P3
Py - + o PPy
Py -7 + a3 P3Py
and
w3 =1—p; — o, 6)

where the symbol ‘|.|” represents the determinant of the matrix. The equations p; = p, p = p3 and p, = 3 represent the medians of
the triangle (Ungar 2010). Using this equations and the barycentric coordinates of each projection point with respect to the TD vertices,
we developed a set of simple inequalities that enable us to identify the partition corresponding to each projection point. The inequalities
corresponding to the partitions illustrated in Fig. 4 are summarized in Table 2. The necessary computation time for the transformation of the
primary Cartesian coordinates into the barycentric coordinate system is negligible.
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Figure 4. The seven partitions in the plane of the triangular dislocation (TD) formed by 4M, BP and CQ, which are the medians of the TD extended through
the plane on both sides (the solid concurrent lines). The green dashed lines and the red dotted lines represent the lines of singularities corresponding to the
two configurations of Fig. 3. Each line of singularity lies in only one of the partitions. To avoid artefact singularities and numerical instabilities, we use the
configuration corresponding to the red dotted lines for the projection points that lie in the dark partitions and the configuration corresponding to the green
dashed lines for the remaining points. Either configuration can be used for the points inside the TD. The subpanel on the top right shows the numbers assigned
to the partitions, which are used in Table 2.

Table 2. The inequalities that define the partitions in the special barycentric coordinate
system illustrated in Fig. 4.

Zone Zone Inequalities specifying the zone ~ Artefact-free configuration
number  corners I I I in the zone
1 cCPp  puz>pr  pr=p2 p2<0 Config-2
2 pPAa n1 = 3 n3 > o a2 <0 Config-1
3 adQq  p1=py  p2=p3 3 <0 Config-2
4 qOBb =1 o zpz p3 <0 Config-1
5 bBMm  py>p3;  p3=pr pp <0 Config-2
6 mMCe  pu3>pur  pHa>pp  p1 <0 Config-1
7 ABC ny >0 2 >0 3 >0 Config-1 and Config-2

2.3 Improvement on the Burgers function formulation

The Burgers function (Burgers 1939), which appears in the displacement equations associated with any dislocation, is the only term that
allows for a discontinuity across the dislocation surface (Brown 1975). The strain and stress equations, however, as functions of the partial
derivatives of the displacements, include the partial derivatives of the Burgers function.

For an arbitrary calculation point P(xp, yp, zp), the Burgers function ¢” is proportional to the solid angle Q” subtended at P by the
dislocation (Burgers 1939):

QP
P
o= ™
In other words, the dislocation is observed from the point P through the solid angle.

To calculate the displacements associated with a TD, we use eq. (3). Yoffe (1960) calculated the Burgers function corresponding to a
TD, that is ¢¥ , in terms of the superposition of the Burgers functions of three angular dislocations forming a configuration such as that
illustrated in Fig. 1(b). This approach, however, results in an incorrect value for ¢, because the angular dislocations are the external angles
of the TD, and therefore, the calculated f;, corresponds to the entire x = 0 plane except the TD surface.

In the following, we apply the equation developed by Van Oosterom & Strackee (1983) to calculate L, which is the Burgers function
associated with the TD. Using the same equation, we then develop a new equation for ¢, which is the Burgers function associated with the
angular dislocation. Eventually, we verify our approach by calculating and comparing the partial derivatives of our new equation for ¢/ to

the Yoffe (1960) equations.
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(@)
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Figure 5. (a) The solid angle subtended at point P, the centre of the unit sphere, by the triangular dislocation ABC. This solid angle is equal to the area of the
spherical triangle 4’B’'C’, which is the orthogonal projection of the TD onto the unit sphere. (b) The solid angle subtended at point P by the angular dislocation
A, shown as the limit of the TD solid angle as the vertices B and C approach infinity along the positive directions of €45 and é 4¢, respectively. By definition,
two parallel lines intersect at infinity.

For an arbitrary triangle ABC in Fig. 5(a), the corresponding solid angle Q2% - is equal to the area of the spherical triangle 4’B'C’, which
is the orthogonal projection of 4BC onto the unit sphere centred at P (Van Oosterom & Strackee 1983). As depicted in Fig. 5(a), 4’, B' and
C are the points at which the position vectors 7p 4, #pp and 7 p¢, respectively, meet the surface of the sphere.

Van Oosterom & Strackee (1983) developed an efficient equation for the calculation of Q%

P _
Qpc =2tan

®)

1 [ ’_;PA ° (;PB X ’_;PC) }
5
rPA VPB rPC + (;P/l : }_;PB) VPC + (’_;PA ° ;PC) rPB + (71’8 r ) rPA

where 7p4, 7pp and rpc are the L2-norms of 7p 4, #pp and 7p¢, respectively. The term in the numerator, that is 7p 4.(Fpp X 7pc), represents the
scalar triple product of the vectors.

To calculate ¢~ ,, the Burgers function corresponding to any TD at an arbitrary point P, we first apply eq. (8) to calculate Q7,), which
is the corresponding solid angle. We then use eq. (7) to calculate ¢f ). Note that for calculations based on eq. (8), the four-quadrant inverse
tangent (e.g., the atan2 function in MATLAB) must be used, which accounts for the signs of the numerator and denominator of the fraction.

We now use eq. (8) to derive the equation of the solid angle and, subsequently, the Burgers function associated with an angular dislocation.
For this purpose, we first replace the position vectors in eq. (8) with 7 4ép 4, ¥ppépp and rpcépc, Where ép 4, €pp and épc, respectively, are
the unit vectors along the position vectors. This replacement results in an equation that is equivalent to eq. (8) but is now based only on the
unit vectors:

©

P -1 EPA~(EPB X zPC)
Q) pc = 2tan |: .

— — —
l1+epy.epp+epy.epc+epp.epc
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As illustrated in Fig. 5(b), if the vertices B and C are shifted along the positive directions of the ¢,z and é,¢ vectors, respectively,
to infinity, an angular dislocation is formed that originates at 4. For this angular dislocation, we adopt the coordinate system convention
used in Yoffe (1960), where the z-axis coincides with the AB side and the x-axis points upwards. Because B and C are already at infinity,
épp and épc are parallel to the sides of the angular dislocation, and therefore, the coordinates of the unit vectors in this coordinate system
are épy = —(xp, yp,zp)/7p, €pp = (0,0, 1) and épc = (0, sina, cos ). If we substitute these coordinates into eqs (9) and (7) and use the
half-angle trigonometry formulae, it follows that the Burgers function at the calculation point P that corresponds to the angular dislocation
with o > 0 is

p_ Lo xp
S [(rp —zP>cot(a/2)—yp]' (10)

Negating the numerator and the denominator of eq. (10) while using the four-quadrant tangent function also enables calculations for values
of < 0.
The partial derivatives of this function with respect to x, y and z are

E1 1 [ np Yy ]

ox A Lrp(rp—8p)  rp(re—zp)
dpy 1 |: X, X, COSQ ]
dy  dm |rpGrp—zp) rp(rp—Cp)

Ak 1 x,sina

= — (11)

0z A rp (rp — Cp)
where ¢p = yp sina + zp cos .
All partial derivatives in eq. (11) are identical to those given by Yoffe (1960). Because the Burgers function does not include any constant
term (see eq. 10), the equality of the partial derivatives verifies eq. (8) and guarantees the validity of our approach.
These equations contain only one arc-tangent term, which makes them very efficient to calculate. Moreover, eq. (10) remains single-
valued everywhere and also addresses the numerical instabilities of the Brown (1975) equation near x = 0. Below, we will use eq. (10) in our
artefact-free solution for a TD in a half-space.

3 A TRIANGULAR DISLOCATION IN A HALF-SPACE

In many geophysical applications of dislocation theory, because no stress is transferred from the solid earth to the atmosphere, the Earth’s
surface is simulated as a free surface (Segall 2010).

Following Jeyakumaran et al. (1992) and Meade (2007) and using the coordinate transformation scheme presented in Section 2.1, we
now develop a general solution for a triangular dislocation (TD) in a half-space. We use this general solution merely to calculate the effect of
a free surface on a TD and then develop an artefact-free solution in a half-space by using the method of images.

3.1 The general solution for a TD in a half-space

3.1.1 The structure of the solution

By applying the method of images to the Yoffe (1960) solution in a full-space, Comninou & Dundurs (1975) developed the mathematical
equations associated with an angular dislocation in a half-space that are applied for displacement calculations at the surface and at depth as
well as calculations of the strain and rotation tensor at the surface only. The solution was developed for an angular dislocation with a vertical
leg (perpendicular to the surface) and an angle that is restricted to the interval [—m /2, /2], as shown in Fig. 6. Therefore, the dislocation
lines of the angular dislocation never intersect the surface, unless the origin is located at the surface and the angle is exactly 7 /2. The
equations in Comninou & Dundurs (1975) are given in the ADCS, which is detailed in Section 2.1 and is shown as the y,),y; coordinate
system in Fig. 6. The yy, y, and y; axes of this figure correspond to the y-, x- and z-axes, respectively, that are used by Yoffe (1960).

The solution for the angular dislocation in a half-space consists of three parts: the main dislocation, the image dislocation and a harmonic
function (Comninou & Dundurs 1975). The image dislocation, which is the mirror image of the main dislocation with respect to the free
surface, cancels the surface shear traction of the main dislocation but doubles the surface normal traction. The harmonic function eliminates
the resultant surface normal traction to fulfil the zero-traction boundary condition at the free surface (Comninou & Dundurs 1975). Therefore,
the half-space solutions for the displacement vector d and the stress tensor S can be written as follows:

d_':d_'MD_f_JID_’_d_'HF’ (12)
S =SMP 4 §IP 4 gHTF, (13)

The superscripts MD, ID and HF of the terms on the right-hand sides of eqs (12) and (13) represent the contributions of the main dislocation,
the image dislocation and the harmonic function, respectively. To calculate the contributions of the main and image dislocations, the full-space
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Figure 6. Half-space formulation of an angular dislocation, composed of the main dislocation, the image dislocation and a harmonic potential function
(Comninou & Dundurs 1975). The image dislocation (here, the dislocation on the upper side) is the mirror image of the main dislocation (here, the dislocation
on the lower side), whose origin is located at a depth d. All coordinate systems shown here are right-handed, and the y,, ¥, and Y-axes, which are shown as
black-and-yellow circles, are normal to the plane and point outwards. Following the convention of Comninou & Dundurs (1975), in this figure, the positive
direction of the Z-axis points downwards and Z = 0 defines the free surface. The half-space equations give the displacements and stresses in terms of y1y2y3,
which is the main dislocation coordinate system.

solution detailed in Appendix B must be used, whereas the contributions of the harmonic function to eqs (12) and (13) are given by Comninou
& Dundurs (1975) and Meade (2007), respectively.

A solution for a TD in a half-space was developed by Jeyakumaran et al. (1992) through the superposition of six angular dislocations in
the half-space. The complete strain equations along with the details of the method used to construct the solution in the half-space are given
by Meade (2007).

Here, we first follow the same approach used in these earlier studies and combine it with the coordinate transformation approach
(Appendix A). In this manner, we develop a general solution for a TD in a half-space with the configuration depicted in Fig. 7. In our
conventions, the EFCS is defined with the positive Z-axis pointing upwards. Therefore, the vertices of the TD in the half-space have Z
components that are negative or, in case that the free surface is reached, zero. The procedure for the calculations associated with a TD in a
half-space is summarized in the diagram presented in Fig. 8. When considering the new ADCS in the half-space, we simply use the direct
transformation between the EFCS and the ADCS. However, we transform the slip vector from the TDCS into the EFCS and then from the
EFCS into the ADCS of each angular dislocation. Thus, the EFCS plays the role of both an intermediate and the final coordinate system.

3.1.2 The implementation procedure

To construct the transformation matrices, we first calculate the strike, dip and normal to the TD vectors, using the right-hand rule for vertex
ordering. Therefore, the transformation matrix of eq. (1) can be used for direct transformation from the TDCS into the EFCS. The details
regarding the calculation of the components of this transformation are presented in Section 2.1. Now, using A7z in eq. (A3), we can transform
the slip vector from the TDCS into the EFCS.

The transformation matrices 44z, . .., A4k, for the direct transformation from each ADCS into the EFCS consist of the coordinates
of {éﬁf_l s Eﬁz, Z‘_’;g} for k = 1,2,...,6, which are the unit vectors along the axes of the ADCS that correspond to each of the six angular
dislocations. It can be observed in Fig. 7 that along each side of the TD in the half-space, there is a pair of coplanar angular dislocations
whose origins are located at the vertices of that side of the TD. These two angular dislocations have the same angles but opposite slip vectors
(Fig. 9a). The ADCSs of these two angular dislocations have parallel axes, and their y,-axis is parallel to the projection of the corresponding

side of the TD onto the free surface. Considering the TD depicted in Fig. 7, if we represent the coordinates of P;, P, and P; in the EFCS
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Image TD

X,

Free surface

MainTD
B

Figure 7. Half-space formulation of a triangular dislocation (TD), modified from Jeyakumaran ez al. (1992). The triangles P1P»P3 and P| P; P; are the main
and image TDs, respectively, and P," P’ P} is their projection onto the free surface. The solid lines connected to Py, P, and P; form the first set of artefact
singularities, and the other solid lines, connected to P;’, P, and Py, form the second set of artefact singularities discussed in Section 3.2. These artefact
singularities affect the displacements, strains and stresses. The vertical dashed lines indicate the locations of the artefact singularities, which affect the strains
and stresses only.

asrp, = (Xp, Yp, Zp, )7, rp, =(Xp, Yp, Z pz)T and rp, = (Xp, Yp, Z p3)T, respectively, then the coordinates of their respective projections
onto the free surface, P{', Py and Py, will be rj = (Xp, Yp 0)', 7} = (Xp, Yp, 0)" and rp, = (Xp, Yp, 0)7. As a result, the unit vectors

>k

e, fork=1,2,...,6, which are the unit vectors along the projections of P\ P,, P,P; and P; P, are E;l = 2)2,1 = (F}Qz — 7}’,1 )/||;7};2 =7,
e =¢) =p —rp)/IFp —7plland & = e =y —73)/IFp — 7 || We number the angular dislocations along the P P; side with
the vertices P, and P, as their origins as the first and second angular dislocations, respectively. The third and fourth angular dislocations
are those along the P,P; side with the vertices P, and Ps, respectively, as their origins. Finally, the fifth and sixth angular dislocations are
those along the P;P; side with the vertices P; and P, respectively, as their origins. However, ef,} =(0 0 — 1)7 clearly holds because these
unit vectors are oriented along the vertical legs of the angular dislocations and point downwards. Because the y,y,y; coordinate system
is right-handed, it also holds that E’yfz = Ejf} X E’;l, which completes the construction of the required transformation matrices. Starting from
the coordinates of the TD vertices in the EFCS and using A4z, . .., A4z in eqs (A4) and (A6), we can transform the coordinates of the
slip vector and the calculation points from the EFCS into each ADCS. The angles of the six angular dislocations can be calculated using
B = cos ! (—€12.€7), B = cos™(—éx.€7) and B; = cos~'(—e13.€7), where éiy = (Fp, — 7p)/IFp, —Fp |l €13 = (Fpy — Fp)/IFp, —Fp, I
and ey; = (Fp, — F'p,)/|I7p, — F'p, || are the unit vectors along the sides of the TD.

To calculate the final results, the contribution of each angular dislocation to the displacements and the stresses must first be transformed

into the EFCS. Superposition of the individual contributions yields the final results.

3.2 Developing an artefact-free solution for a TD in a half-space

With regard to the geometry and configuration of the angular dislocations in the half-space solution presented in Figs 6 and 7, we find that
the results are subject to even more artefact singularities than the full-space solution. In this case, in addition to those on the extensions of
the sides of the TD, additional artefact singularities are present beneath and above the vertices of the TD. These artefact singularities are
indicated by the solid and dashed lines around the TD in Fig. 7. The first set of solid lines represents the slant and vertical legs of the main
angular dislocations, which cause problems similar to those encountered in the full-space case. The second set of solid lines constitutes those
at the free surface, representing the harmonic function, which eliminates the normal traction of the free surface. The artefact singularities on
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Figure 8. Flowchart for calculating the displacement and stress field of a triangular dislocation (TD) in an Earth-fixed coordinate system (EFCS) in a half-space.
The first box on the left side of each row indicates the coordinate system corresponding to the other boxes in that row. The grey boxes represent the inputs,
and the blue box represents the final output. The coordinates of the slip vector in the triangular dislocation coordinate system (TDCS) are first transformed
into the EFCS (see eq. A3 in Appendix A). The coordinates of the calculation points and the TD vertices are then transformed from the EFCS into each of
the six angular dislocation coordinate systems (ADCSs; see eqs A9 and AS in Appendix A). After the contribution of each angular dislocation is calculated,
the results are transformed into the EFCS (see eqs A4 and A10 in Appendix A). The superposition of the individual contributions of the angular dislocations

yields the final result.

(a)

—_—

b)

B P, Free surface||Free surface 2 P}
{ i L J T
Y21 P V1
[ x
B
¥3) yal

Figure 9. Two equivalent configurations associated with the pair of angular dislocations along the side P1P;. The dashed line along P, P} is the projection of
the dislocation lines onto the free surface. Here, y1y2y3 is the angular dislocation coordinate system (ADCS) of the angular dislocation at P;. The configuration
depicted in (a) is used for points with negative y; coordinates, and the configuration depicted in (b) is used for points with positive y; coordinates. For points
such as C, we avoid the artefacts along the dashed lines by using this technique to calculate the contribution of the harmonic function in our artefact-free
half-space solution.

these lines and the numerical instabilities in their vicinity emerge whenever at least one of the sides of the main TD intersects the free surface
or when the dislocation is very shallow. The vertical dashed lines above the TD vertices represent the artefact singularities arising from the
miscalculation of the Burgers function or its partial derivatives.

We develop an artefact-free solution in a half-space by applying the method of images directly to the TDs (Fig. 7). We note that the final
result of the superposition of the six TDs in the half-space can also be written in the form of eqs (12) and (13). In this case, the first and second
terms represent the contributions of the main and image TDs, respectively, which are shown in Fig. 7 as P1P,P; and P| P, P;, respectively.
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The third term expresses the contribution of the harmonic function associated with the main and image TDs and is virtually represented by
P[P} P} in Fig. 7. Accordingly, we propose our artefact-free solution in a half-space in two steps. In step 1, we calculate the artefact-free
contributions of the main and image TDs. In step 2, we calculate the artefact-free contribution of the harmonic function to the displacements
and stresses that correspond to the TD. The superposition of the outputs of these two steps yields the final results.

3.2.1 Step 1

In step 1, we use the same EFCS in which the positive Z-axis points upwards and Z = 0 represents the free surface. We calculate the contribution
of the main and image TDs using the full-space artefact-free solution that we developed in Section 2.2. The horizontal coordinates of the
vertices of the main and image TDs in the EFCS are the same, whereas the values of their vertical components are additive inverses. Therefore,
to obtain consistent results, with the exception of the Z coordinates of the vertices, which are opposite, we consider the same input parameters
for the main and image TDs, including the same vertex ordering and the same slip vectors. According to this model framework and the
conventions that we adopted for the TDCS, the strike vectors of the main and image TDs have parallel but opposite directions. However, our
convention for a completely horizontal TD produces the same strike vectors for both the main and image TDs. We correct for this exceptional
case by negating the components of the strike vector for the image TD after calculating the normal vector. The dip vector is then calculated
as the cross product of the normal and strike vectors.

Now, we calculate the contributions of the main and image dislocations using our artefact-free solution for a TD in a full-space.
Consequently, the artefact singularities along the first set of solid lines and the dashed lines will no longer exist in the model.

3.2.2 Step 2

d"F and SHF

In step 2, we recall from Section 3.1.1 that are the contributions of the harmonic function to the displacement and stress fields,
respectively, of an angular dislocation in a half-space. Now, we calculate the contributions of the harmonic function to the displacements and
stresses associated with a TD in a half-space by applying the technique discussed in Section 3.1, only now we apply it to the 7/ and S
terms in eqs (12) and (13). However, this calculation is still subject to the artefacts represented by the solid lines on the free surface in Fig. 7,
as discussed before. These lines are the projections of the plunging legs of the pairs of angular dislocations along the sides of the main TD.
The two configurations represented in Fig. 9 can be used equivalently to calculate the contribution of each pair of angular dislocations along
each side of the TD in the half-space. Note that to use the second alternative in Fig. 9, the angle 8 must be replaced by the opposite of its
supplementary angle, 8 — &, while the other inputs remain unchanged. According to Fig. 9, for the calculation points, which have positive y,
coordinates, we must use the alternative configuration in Fig. 9(b), whose artefacts extend along the negative y, axis, and vice versa. In this
manner, we can always avoid the artefacts on the free surface.

Superposing the outputs of Sections 3.2.1 and 3.2.2 produces the final solution for a TD in a half-space, which is free from all the various

artefacts that we discussed before.

4 VALIDATION OF THE NEW ARTEFACT-FREE SOLUTIONS

With regard to the lengthy equations associated with a TD in either a full-space or half-space and with regard to the procedure that we applied
to address the artefacts in these equations, analytical verification of our method is not feasible. One approximate method of verification
consists of comparing the results to those of the available numerical methods for dislocation model calculations (Jeyakumaran et al. 1992).
However, the absolute precision of the solution may arguably remain unresolved in this case. A superior alternative applied in other, earlier
works by Thomas (1993) and Meade (2007) is to validate the solution using the analytical solution for an RD in a half-space, as summarized
by Okada (1992).

Here, we first compare our solution for a TD in a half-space to the solution of Meade (2007). The purpose of this comparison is to validate
our solution for the regular calculation points, those that do not lie near the artefact singularities. This comparison also demonstrates the
ability of our method to address the artefacts. For this purpose, we consider the TD and calculation points shown in Fig. 10. The coordinates
and the first components of the displacement vector and strain tensor that correspond to the calculation points are listed in Table 3. The first
three points, which form a line parallel to the Z-axis, are located at the centroid of the TD, above it, and underneath it. The next six points are
located on the extensions of the sides of the TD, and the remaining six lie above or underneath the vertices.

In Table 3, the results of our method are presented as u and € yy, which represent the first displacement component and the first strain
component, respectively; the corresponding outputs obtained using the Meade (2007) code are presented as " and €'y . For the calculations,
we consider a Poisson’s ratio of 0.25. The coordinates of the vertices of the TD are (—1,—1,-5), (1,—1,-5) and (—1, 1, —4). In our
calculations, the coordinates of the TD vertices and the coordinates of the calculation points share the same unit of length, which may be any
unit that is desired. The components of the TD slip vector, which correspond to the strike slip, the dip slip and the opening, are 1, —1 and 2,
respectively. The components of the TD slip vector and of the displacement vector also share the same arbitrary unit.

The calculated displacements and strains for points No. 1, No. 2 and No. 3 in Table 3 demonstrate that the results of our method
compare very well with the outputs of the Meade (2007) code. The differences of less than 10~!3 indicate excellent agreement between the
two approaches for calculation points far from the artefact singularities.
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Figure 10. The triangular dislocation (TD) in a half-space and the calculation points on the artefact singularities that are used for the validation and comparison
of the results of our method with respect to the Meade (2007) solution.

Table 3. The coordinates, displacements and strains corresponding to the points shown in Fig. 10. The ‘NaN’ values and the grey fields in the
table indicate the artefact singularities and numerical instabilities in the Meade (2007) code. Note that our approach allows for valid computation
of these points. For the first three points, both approaches retrieve the same results, demonstrating the correctness of both methods at calculation
points that are not subject to artefact singularities.

# X Y Z u (This paper) u' (Meade 2007) € xx (This paper) €' xx (Meade 2007)

1 —1/3  —1/3 -3 0.0352311877319734 0.0352311877319732 0.0481047005255181 0.0481047005255181
2 —1/3 =13 —14/3 —0.509465745232405 —0.509465745232405 —0.244188978214975 —0.244188978214977
3 —1/3  —1/3 -6 —0.0450664903903138 —0.0450664903903139 0.0546831404832553 0.0546831404832554
4 7 —1 -5 —0.00230579292792908 NaN 0.000829157341339727 NaN

5 -7 -1 -5 0.00401472894583963 0.00401472894583941 0.00114439668841158 NaN

6 —1 -3 —6 0.00483219740842196 NaN —0.00386292388925956 NaN

7 -1 3 -3 0.00261498816660580 0.00261498816660530 —0.00243788640223540 NaN

8 3 -3 —6 —0.00498017723062124 0.0498371783469113 0.000706397690338731 142952905402461
9 -3 3 -3 0.00469791958297159 0.00469791958297180 0.000211254167350266 0.00431126958717604
10 —1 —1 —1 0.00147786823004841 0.00147786823004838 0.00650800501584133 NaN

11 -1 1 —1 0.00374844575688324 0.447846746319388 0.000922452413344460 NaN

12 1 —1 —1 0.0166558386729541 —0.427442461889551 0.00441202690885827 NaN

13 -1 -1 -8 —0.00656347406353817 NaN 0.00330232019558791 NaN

14 —1 1 -8 —0.0105680479573571 NaN 0.00876398663844928 NaN

15 1 -1 -8 —0.00213929091658054 NaN —0.000914111766849476 NaN

As another reference for the validation of our method, we use the solution of Okada (1992) for an RD. We construct the displacement
field of an RD by superposing the displacements of two TDs in a half-space that form exactly the same RD (Fig. 11a; see also Meade 2007).
We use the same conventions for the units of the various quantities as those used in the first part of this section. The midpoint of the upper
edge of the RD is located at a depth of two beneath the origin of the EFCS. The RD has a dip angle of 30°, a strike angle of 10°, and a length
and width of 1.5 and 0.75, respectively. We consider a unit slip vector with a rake angle of 90° on the RD and calculate the corresponding
displacements on a 2 x 2 grid beneath the RD, centred on the origin of the EFCS. The approximate coordinates of the vertices of the RD
are P,(0.1302,0.7386, —2.0000), P»(—0.1302, —0.7386, —2.0000) , P5(0.5094, —0.8514, —2.3750) and P4(0.7699,0.6258, —2.3750). The
precise coordinates can be calculated using the RD parameters that we specified earlier. As shown in Fig. 11(a), P1P,P5 and P;P,P, are the
two TDs that, together, are geometrically equivalent to the RD. These TDs share the same slip vector, (0, 1,0). We calculate and superpose
the displacements of the TDs on the same grid using our artefact-free solution for the two TDs in the half-space. The displacements of the
TDs and the RD, as well as the differences between the two, are illustrated in Fig. 11. The results are comparable, and the differences are on
the order of 10~'°. The same order of accuracy has been reported by Meade (2007) for various calculation points at the surface.

As we have used our artefact-free solution for a TD in a full-space to develop the artefact-free solution in a half-space, the presented
validation test can be regarded as a simultaneous verification of the artefact-free solutions in both full-space and half-space. All results
presented and discussed here can be reproduced using our MATLAB codes, which accompany this paper.
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Figure 11. The validation of our approach against the Okada (1992) solution by superposing two triangular dislocations to construct a rectangular dislocation
in a half-space with a slip vector of (0, 1, 0). (a) The model set-up. (b) The first component of the displacements on the grid shown in panel (a), calculated using
our method. (c¢) The first component of the displacements on the calculation points, calculated using the Okada (1992) method. (d) The differences between
(b) and (c). The X and Y coordinates have the same unit as the dislocation dimensions. The colour bars indicate the calculated displacements, which have the
same unit as the slip vector components (see Section 4).

5 DISCUSSION

In this paper, we developed fully analytical, artefact-free solutions for a TD in a full-space and half-space. Our solution in a full-space consists
of two equivalent configurations of three angular dislocations (Yoffe 1960). Each of these configurations is free of any artefact singularities
in its domain of definition. These domains of definition are complementary, that is they cover the entire R space. We also replaced the
Burgers function equation in Yoffe (1960) with a more efficient equation based on Van Oosterom & Strackee (1983). This new equation,
which we verified analytically, also addresses the problem of the Burgers function producing multiple outputs for a single input (Brown 1975).
Using this new full-space solution in the method of images, along with the harmonic function given by Comninou & Dundurs (1975), we
developed a new artefact-free solution in a half-space. There is no rigid-body motion associated with our half-space solution because of the
new configurations of the superposed angular dislocations.

5.1 Limitations of the method

The solutions that we developed for TDs in this paper are Volterra dislocations (Volterra 1907). Therefore, a general disadvantage of our
solution is that it can only account for a uniform slip on each TD surface. In other words, no variation in the slip on the surface of a single
TD is allowed. As a result, because of the existing discontinuity of the slip vector components at the dislocation boundaries, the stresses
there become unbounded. This may be inconvenient when calculating the displacements and stresses in the near field, for example, when
considering the crack tip in a crack propagation problem. As a rule of thumb, the average length of the TD sides can be regarded as the
characteristic distance that should exist between the calculation points and the dislocation boundaries to obtain accurate results (Crouch &
Starfield 1983). However, this rule does not apply to the centroid of the TD, for which the results are absolutely valid. Developing analytical
solutions that allow for slip variations on the dislocation surface as a linear function, for example, can address the problem.
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Figure 12. The discontinuity in the first component of the displacement () along the X-axis in the neighbourhood of point No. 12 above one of the vertices
of the triangular dislocation (TD) depicted in Fig. 10 caused by the miscalculation of the Burgers function. The black line shows the results of our code, and
the red curve shows the output of the Meade (2007) code. The axes may have any arbitrary units of length (see Section 4).

In the development of the MATLAB codes, we frequently used the vectorization technique, thus making the codes highly optimized
for ordinary desktop computers. However, these vectorization techniques are not supported by the parallel calculation functionalities of
MATLAB. Therefore, the current version of our codes is not suited to parallel calculations in MATLAB on computers with multicore CPUs.

5.2 Improvements on and comparison to earlier works

The previous analytical solutions for the TD case, as mentioned above, are subject to various artefact singularities. The Yoffe (1960) approach,
which was the first solution for TDs in a full-space and is detailed in Section 2.1, exhibits artefact singularities on the extensions of the sides
of the TD, as shown in Fig. 3. The other shortcoming of the Yoffe (1960) approach is related to the Burgers function producing multiple
outputs at a single calculation point, as first considered by Brown (1975). Crouch & Starfield (1983) developed an alternate solution for a
TD in a full-space, which was later utilized in a BEM implementation developed by Kuriyama & Mizuta (1993). The latter also reported the
existence of singularities on the extensions of the sides of the TD, which is considered to be a major shortcoming of the method.

Jeyakumaran et al. (1992) developed the first solution for a TD in a half-space using the method detailed in Section 3.1. Nonetheless, as
discussed in Section 3.2, the solution of Jeyakumaran et al. (1992) possesses new artefact singularities below and above the vertices of the TD,
in addition to those present in the Yoffe (1960) full-space solution (Fig. 7). Thomas (1993) developed Poly3D, which is a BEM implementation
written in the C programming language and is based on the Jeyakumaran ef al. (1992) method. Using the geometric method elaborated on
here in Section 3.2.2, Poly3D removes the artefact singularities on the extensions of the sides of the TD. However, the singularities below
and above the vertices still remain. Meade (2007) also implemented the Jeyakumaran et al. (1992) approach using MATLAB and elaborated
the method in greater detail. Although the Meade (2007) approach exhibits considerably higher accuracy than the Thomas (1993) outputs,
none of the artefact singularities are addressed. To illustrate the effect of these singularities on the calculations, we recall the results of the
validation test presented in Section 4 (see Table 3 and Fig. 10).

Comparing the displacements first, we find differences of less than 10~! for the first three points (No. 1, No. 2 and No. 3), thus observing
excellent agreement between the two methods. This is because these points are far from any artefact singularities. The singular results in the
Meade (2007) outputs are represented by ‘NaN’, which stands for ‘Not a Number’. We observe artefact singularities for all points underneath
the vertices of the TD as well as along the downwards-dipping extensions of the TD sides. Because of the limited accuracy of the values
stored in the computer, the point No. 8 in the Meade (2007) code is considered to be located not on the downwards-dipping line of the
artefact singularity but merely in its vicinity. Therefore, the Meade (2007) approach produces an incorrect output that exhibits the numerical
instability discussed in Section 3. Finally, we observe incorrect displacements for points No. 11 and No. 12, which are above the vertices of
the TD. Although there are no artefact singularities near points No. 11 and No. 12, the miscalculation of the Burgers function in the Meade
(2007) code results in a discontinuity in the displacements. This discontinuity is more apparent in Fig. 12, where we show the first component
of the displacement vector in the neighbourhood of point No. 12.

When considering the calculated strains, for the first three points (No. 1, No. 2 and No. 3), we also detect differences of less than 10713,
Nevertheless, for the remainder of the calculation points, apart from points No. 8 and No. 9, which exhibit large numerical instabilities,
the output of the Meade (2007) code is ‘NaN’, reflecting the singularity of the calculations. This is partially attributable to the artefact
singularities beneath the vertices and along the downwards-dipping extensions of the TD sides. For the remaining calculation points, however,
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the singularity of the strain calculations is caused by the use of inappropriate partial derivatives of the Burgers function rather than eq. (11).
Apart from the artefact singularities discussed here, the results of our code and those of the Meade (2007) code at any other calculation point
in a half-space exhibit perfect agreement on the order of 10!, which is the accuracy of double-precision numbers near unity in MATLAB.

Gimbutas et al. (2012) applied a combination of analytical and numerical quadratures to the Green’s function for full-space (Kelvin
1848) and half-space (Mindlin 1936) point sources to develop the corresponding solutions as well as corresponding FORTRAN codes for a
TD in a full-space and half-space. To address the problem of artefact singularities in a full-space, Gimbutas ef al. (2012) approximated the
solution using a Taylor series expansion inside the cones that encircle the extension of each TD side. These cones have a vertex angle of
2 x 1078 rad, and their origins are the TD vertices (Gimbutas et al. 2012). Similar to other solutions based on numerical quadrature schemes,
the presence of a fixed number for the vertex angle serves as a threshold for this approach and results in scale-dependent outputs. To remove
the artefact singularities and obtain the half-space solution, a fully numerical adaptive quadrature rule for calculating the image dislocation
and the contribution of the potential function is applied (Gimbutas et al. 2012). This technique, although it offers certain advantages, yields
low-quality results for calculation points and TDs near the free surface where the main and image dislocations are very close to each other.
In particular, the calculations at the centroid of a TD that lies at the free surface become either singular or ill-posed.

The artefact-free solutions for a TD in a full-space and half-space that we developed in this paper are fully analytical, and no
approximations or series expansion methods are applied in our approach. Consequently, our solutions are independent of the units of the input
parameters, and the accuracy of the results, as discussed in Section 4, is on the order of 10~!3, equivalent to the accuracy of double-precision
values for numbers near unity. By reducing the number of arc-tangent terms present in the equations that we used for the calculation of the
Burgers function in the displacement calculations, we addressed the problem of multivaluedness in the displacements. Moreover, we modified
the equations in accordance with the effect of the free surface presented in Meade (2007) by manually grouping similar terms in the equations.
We also used eq. (10) for the calculation of the contributions of the Burgers function to these equations. As a result, these equations became
much less complex, and we thereby reduced the time required for large calculations by a factor of three. We developed optimized MATLAB
codes to calculate the displacement, strain and stress fields associated with a TD in a full-space and half-space. These codes are available in
the Supporting Information of this paper.

5.3 Application possibilities

Our solutions can be applied to a wide range of problems in modelling, including nano- and microfracturing and dislocations in engineering
and physics as well as geological faults with an extent of several tens of kilometres. This wide range of applicability is because of the fully
analytical approach that we used and also the scale-independent techniques that we developed for the removal of the artefact singularities. Our
approach also allows for the use of complex meshes of any size for the TDs and can thus be used for the simulation of any curved surface in
various disciplines. Our solutions can be used as the basis for other numerical methods, such as the BEM, which utilize TDs as fundamental
elements. Inverting the coseismic surface deformation for the slip on complex curved faults associated with earthquakes (Maerten et al.
2005), analysing the deformations and stress fields of volcanoes arising from fractures and pressurized reservoirs underneath realistic edifice
topographies (Cayol & Cornet 1997), and evaluating the excavation-induced displacements and stresses near man-made cavities (Kuriyama
& Mizuta 1993) are a few examples of the possible applications of this approach.

5.4 Implications and further work

TDs have the advantage that they can be used to simulate sources with complex geometries, such as reservoirs, cavities and curved fault zones,
without leaving any discontinuities in the model. Considering the high performance of computational facilities that are available even on
desktop computers and the availability of high-resolution observation techniques, the need for more sophisticated and more accurate modelling
methods that can integrate many TDs is emerging more strongly than before. The ability to achieve quality calculations in such models is
guaranteed by the application of our solutions, first, because the calculations involved in our solutions are not affected by the previously
discussed artefact singularities and numerical instabilities (see Sections 2 and 3), and second, because our solutions are independent of the
scale of the model parameters, including the number and size of the TDs in a model. Therefore, especially for high-resolution models, our
solutions strongly improve model handling and results.

In this work, we addressed only the problem of artefact singularities for a Volterra-type TD. For a more realistic simulation of natural
processes, however, the intrinsic singularities at the edges of the TDs should also be taken into consideration, because these singularities
result in infinite stresses accumulated at a single point in models, which are unlikely to arise in nature. Considering earlier attempts to remove
these intrinsic singularities, since the 1960s, Cai et al. (2006) developed a non-singular analytical solution for the stress field of a straight
segment dislocation in a full-space. For this purpose, the Burgers vector, which, in the classical definition of Volterra (1907), is concentrated
at the points of a dislocation line, is given a new definition in which it is isotropically spread about every point within a certain spreading
radius (Cai et al. 2006). In general, it is possible to use segment dislocations to construct a TD (Hirth & Lothe 1982). Therefore, the segment
solution of Cai et al. (2006) can also be used to develop a singularity-free solution for a TD in a full-space. However, because Cai et al.
(2006) provided only the stress equations, the displacement equations would first need to be determined. Using these equations along with the
coordinate transformation scheme (see Appendix A) and the contributions of the Burgers function (see Section 2.3), the development of such

C10T ‘6 dUN[ UO UIISUIH MAqV SYIRdS)JRUOSUISSIAL SIP Yoyo1[qrg 18 /310 s[ewmolpioyxo-1(3//:dny woiy papeojumoq


http://gji.oxfordjournals.org/

1136 M. Nikkhoo and T.R. Walter

a solution seems straightforward. However, reasonable values for the spreading function that corresponds to the Cai et al. (2006) solution and
its physical interpretations in various applications, such as those in geophysics, remain to be discussed. Moreover, for the half-space solution,
new equations for the harmonic potential function in accordance with the new singularity-free equations provided in Cai et al. (2006) also
have yet to be developed.

6 CONCLUSION

Our work builds on earlier developments and addresses some of the major limitations of commonly used solutions for a TD in a full-space
and half-space. We developed piecewise analytical solutions without applying any analytical or numerical approximations. Our solutions
consist of two sets of equivalent closed-form equations, each of which is free of artefact singularities and numerical instabilities on one of
two complementary subspaces of the entire elastic medium. Using the barycentric coordinate system, we developed simple inequalities that
allow for the selection of the optimal configuration for each calculation point. The new equations for the Burgers functions associated with
the angular and triangular dislocations that we presented in this paper are more computationally efficient than previous equations for this
purpose.

Our solutions are fully generic and highly flexible, in the sense that they do not demand any special care with regard to artefact
singularities, unique ill-posed geometries or numerical-scale dependencies. Therefore, these solutions can be applied to a variety of problems
in geophysics, engineering and physics, without requiring any alterations in the units of the input data or the geometric structures of the TDs.

Based on the details of the techniques and the flowchart guidance provided here, computer codes that implement our method can be easily
written in any desired programming language. We also developed highly optimized MATLAB functions that facilitate the use of our solutions
in practice, making these codes very suitable for use as a basis for the development of implementations of other numerical approaches, such
as the BEM, that must be run repeatedly over large data sets, especially to solve inverse problems.

The numerical validation of our solution using the widely used analytical solution for an RD in a half-space (Okada 1992) demonstrated
excellent agreement between the two solutions up to the round-off error of double-precision values.
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APPENDIX A: GENERAL SCHEME FOR THE COORDINATE TRANSFORMATION

To transform coordinates between two Cartesian coordinate systems, we utilize vector linear algebra operations. By using this method, we can
avoid the presence of rotation matrices in the equations and perform the transformations more efficiently using a single transformation matrix
rather than three rotation matrices. If {é, é,, &3} and {;’] s ;’2, }’3} are two arbitrary orthonormal bases for R3 that represent two Cartesian
coordinate systems, then any arbitrary vector 7 can be represented as a linear combination of the basis vectors as follows:

F=vyiée +yié;+ yies (A1)
or
F=81i+8/f+8f (A2)

We define 71 = (¥ 2 y3)" and r, = (8, 8, 83)" as the coordinates of 7 in the first and second coordinate systems, respectively. If the
columns of the matrix

m; n; k
A=\ m, n, k
my n3 ks
represent the coordinates of €, €, and é; in the second coordinate system, then we can write
e = m]}i +m2]’2 +m3]§
&=mh +”2}r2 + "3}3
G=kfithh+kf
Substituting these terms into eq. (A1) and regrouping the result, we obtain
P = (yimy + yany + ysko) fi + Gams + yana + vska) fo + (nms + vans + ysks) £,
which, using matrix notation, can be written as
ry = Ary. (A3)

Therefore, eq. (A3) performs the direct vector transformation from the first coordinate system into the second, and the matrix 4 is the
transformation matrix. Note that eq. (A3) is used only for the transformation of free vectors, such as displacement vectors, which do not
depend on the origin of the coordinate system. For the transformation of a position vector of a calculation point or a TD vertex, we use the
following equation:

ry = Ary +ro, (A4)

where r(, is the translation matrix and includes the coordinates of the origin of the first coordinate system in the second coordinate system.
Moreover, because of the orthonormality of the bases, it is straightforward to show that A4” = AA~" = I, where [ is the identity matrix.
Therefore, the inverse vector transformation for a displacement vector will be

ry = A TV 2. (AS)
Similarly, we write the inverse vector transformation for a position vector as
ri=A"ry 4 ro, (A6)

where ry, is the translation matrix, which includes the coordinates of the origin of the second coordinate system in the first coordinate system.
By substituting eq. (A6) into eq. (A4), it is straightforward to show that

roo = —Aron, (A7)

C10T ‘6 dUN[ UO UIISUIH MAq[Y SYIRdS)JRyOSUISSIAL SIP Yoyo1qrg 1e /310 s[ewmolpioyxo-1(3//:dny woiy papeojumoq


http://gji.oxfordjournals.org/

1138 M. Nikkhoo and T.R. Walter

or equivalently,

rop = —Arp. (A8)
When eq. (A8) is substituted into eq. (A6), the latter can be written in the form

ro= A]-(Vz — 1), (A9)

which can be used independently from eq. (A6) whenever r, is given.
Finally, the transformation equation for a second-rank tensor §; from the first coordinate system into the second is as follows (Segall
2010):

S, = A8 AT, (A10)

APPENDIX B: THE ANGULAR DISLOCATION EQUATIONS

Yoffe (1960) developed the equations for the displacement and stress fields of an angular dislocation in a full-space, as illustrated in Fig. 1(a).
Here, we provide the complete set of these equations, which we have corrected for a few misprints (in bold). In the following, (x, y, z) are the
coordinates of the calculation point, (by, b,, b.) are the coordinates of the slip vector, and ¢ is the Burgers function at the calculation point
corresponding to the angular dislocation (Yoffe 1960), which can be calculated using eq. (10) in Section 2.3.

For each component of the displacement vector (1, v, w), we consider the contributions of the slip vector components separately, as
follows:

_ b, M xy xn
uX_Sn(l—v)_r(r—z)_r(r—{)
S b frsme YL (2 eosaln - ¢)— InGr - 2)
vx_Sn(l—v)_r—{ rir=¢) r@r—z) V) {eosainr=¢ nrTE
B b, _UCOSW_X_L_ B . B
wX_Srr(l—v)_r—; ey (1 —2v)sinaIn(r {):|
_ b, [ x*cosa x?
U, = s7(—v lro—0) - Py — (1 =2v)(cosaln(r —¢)—In(r —z))]
o — b,x [ ycosa _sinacosa y
Y 8 (1—v) [r(r—2¢) r—¢ r(r—z)
__bx [ zcosa cos’a N 1
w‘_Sn(l—v)_r(r—;‘) r—2¢ r
b,sina [ x?
u, = m -(1 _Zv)ln(r_é-)— m]
_ b.xsina [ sina y
UZ_Sn(l—v)_r—g_r(r—g)
b.xsina [ cosa z
wZ:Sn(l—u)_r—;_r(r—;)]’ (B1)

where n = ycosa — zsina, { = ysina + zcosa, r = /x? + y% + z2 and v is the Poisson’s ratio.
Now, if we define the ‘incomplete’ displacement vector components as

u’ =uy+u,+u;

V=0 v, +

w’ = wy +w, + w;, (B2)
then the complete displacement vector components can be calculated as follows:

u=bp+ u®

v=bp+ v°

w=b.g+w' (B3)
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By comparing eqs (B2) and (B3), it can be observed that the final displacements are the sum of the incomplete displacements and the product
of the slip vector (by, b,, b.) with the Burgers function ¢.
The strain-field equations are functions of the partial derivatives of the displacements. The final strain equations, after the simplification

and regrouping of several algebraic terms in the partial derivatives of the displacements, can be represented as follows:

€xx =

€y =

€. =

o, b noonxt ot y x’y x*y
“ox 8w (1—v)

2;‘7 Er2 &3 r(r—2) B r2(r —z) S (r—=z)
byx 2v+1 x? x? 2v+1 x? x?
S 8r(1—v) ( £r +W_$7)Cosa+r(r—2)_rz(r—z)z_r3(V—Z)

b.x sina (21} +1 x?2 x?2 )

std-w\ & Tee @
b g N by 1 (rsina—yp)?  y? Qv+ 1y »? »
Ty 8m(1—v)| \&r £2p2 B £rd r(r—z) B 2 —z) S (r —2z)
_ 2vcosa(rsine —y) | byx 1 3 y? B ¥?
Er qr(1—=v)|r(r—2z) r2(r— Z)2 @ —2z)

1 (rsina—yy )? b.xsine | 1 (rsina—y)Y )2
+<sr+w_sr3>c°”}+8n(l—v)[sr+ g2 _Sﬂ}

b A n b, |: n n(recosa —zy* nz*  yz 2vsina(rcosa —z)i|

A w|g T er e =

by L_’_(rcosoz—z)2 _i cosa+
87 (1 —v) &r £2p2 &r3 ¢ 73

b.xsina | 1 N (reosa —z)? 22

8r (1 —v)| &r E2r2 &r3
1. d¢ N 1. 3¢ b, xy? v xy? vxcosa nx (rsina —y) nxy
279y 279x 8w (1—v)|r2(r—zP r@r—z) ri(r—z) Er £2p2 &r3
N b, x2y oo x2y veosa (rsina — y)

8t (1 —v)| r2(r—z> r(r—z) r3@—2) Er
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1 d0¢p 1 0d¢ by y> v vcosa(rcosa —z) vsina(rsine —y) nsinacosa
€=zby— b ———— | ——— + +
270z 273y 8r(l—=vw)|r r &r &r &2
n(ycosa+zsinw) nyz nyz b,x y  sinacos’a  cosa(ycosa + zsina)
E2r £z &3 8r(1—v)|r £2 E2r

£r3 £2 £2r - £22

yzcosa  yz cosozi| b.x sina |:yz sinecosa  ycosa + zsino yz :| (B4)

£2p2 - &r3 T 1-v)

where £ = ysina + zcosa — 7.

The partial derivatives of the Burgers function, that is g—f, g—j’ and g—f, which appear in eq. (B4), must be calculated from eq. (11) in
Section 2.3.

Finally, the stresses can be calculated using the isotropic form of Hooke’s law (Segall 2010):

Oux = 2[U€xy + A (e” + €+ ezz)
Oyy = 2/4€yy + X (wa téy + 622)
0.: = 2p€ + A (€ + €,y +€22)
Oy = 216,y
Ox: = 2[héx:

0y: = 2l€,;, (B5)

where u and A are the Lamé coefficients; u is the shear modulus.

APPENDIX C: THE BARYCENTRIC COORDINATE SYSTEM

The barycentric coordinate system is an efficient way to represent the coordinates of points in the plane of a triangle with respect to its vertices.
The very simple and often symmetric form of the equations of geometric objects in this coordinate system makes it the most appropriate
system for many problems in analytical geometry and computer sciences that are related to the geometrical properties of a triangle (Bottema
2008).

It is well known from mechanics that for a point G that is the centre of mass, or the barycentre, of three masses m;, m, and mj; that are
attached to the vertices of a triangle 4,4,43;, respectively, we can write
- myry + mayr, + msrs

i 7 ci
¢ mi +my + ms3 ( )

where all vectors are the position vectors in an arbitrary 2-D coordinate system in the plane of the triangle. By generalizing this concept to
include negative weights as well, the barycentric coordinates of an arbitrary point P in the plane of an arbitrary triangle 4,4,4; with respect
to this triangle can be regarded as the ordered triple (m,, m,, m3), which is composed of the weights that are placed on the vertices of 414,45;
point P then becomes the centre of mass of the system of masses (Ungar 2010). Here, we use the normalized barycentric coordinates (111, 12,
3), also known as areal coordinates, which are calculated by dividing each coordinate by the sum of all three (Coxeter 1969); we can then
write

M+ po +ps =1, (€2)
where
m;
Hi = 3 ’ (C3)
2om;
i=1
fori=1,2,3.

Considering eq. (C1) for point P together with eq. (C2), we obtain

Xp xy + paxy + (1 — g — (o) x3
= R (C4)
yp iy + payr + (1 — oy — p2) ys

or equivalently,

-1
123 X1 —X3 X2 — X3 Xp
251 Yi—=ys y2—M)3 yp
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Figure C1. Geometrical properties of the barycentric coordinate system. The barycentric coordinates of the vertices, the equations of the sides and the signs
of the components of the barycentric coordinates of the points in the various partitions delimited by the sides of the triangle 414,43.
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Figure C2. Certain geometrical properties of the barycentric coordinate system. The equations of the medians of the triangle 414,43 and the inequalities that
define the partitions illustrated in Fig. 4.

It is now quite straightforward to calculate 3 from eq. (C2) after replacing 1, and w, with their values calculated from eq. (C5). Note that
although the barycentric coordinates are expressed in terms of three components, they represent the position of a point in a 2-D space. This
fact is also indicated by eq. (C2), which shows that these components are not independent.

We summarize certain properties of the normalized barycentric coordinate system in Figs C1 and C2. Independent of the Cartesian
coordinates of the vertices, the normalized barycentric coordinates of the vertices are always (1, 0, 0), (0, 1, 0) and (0, 0, 1), and w; = 0 is the
equation of the line that contains the side opposite to vertex 4;, for i = 1, 2, 3 (Ungar 2010). The plus and minus signs in the parentheses in
Fig. CI represent the signs of the barycentric coordinates of the points in each of the partitions formed by these lines, which pass through
each pair of vertices in the plane of the triangle 4,4,A43. Each of the other partitions in Fig. C2, which are formed by the medians of the
triangle 4,4,45, is represented by a set of three simple inequalities. It is also trivial to show that u; = u, , u; = u; and up, = us are the
equations of the medians (Ungar 2010).
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