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Fig. 1. Schematic of dislocation within a continuum
structure.
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Fig. 3. Infinite elements for infinite boundaries.
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Fig. 4. FEM mesh: red line shows a fault, and green lines
represent infinite boundaries.
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Fig. 5. Infinite element in 2-D; ¢ and n are the natural
coordinates.
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Fig. 6. A homogeneous half-space with a vertical outcropped
fault.

J}\ )jg._v_j_) aala! 390 L;LA&«-:: Slasin A d"J\?

Mesh1 Mesh2 Mesh3 Mesh4
Number of 1976 4534 10039 21431
nodes
Number of 1881 4393 9830 21144
elements

Table. 1. Mesh details for the first approach
r)) >f<ii) ol 340 6Lhd.<~\:: Solasin Y d}.‘?

Mesh 1 Mesh2  Mesh 3
Number of nodes 1814 3888 9279
Number of elements 1725 3756 9079
Size of infinite elements 2.4 2.12 1.41

Table. 2. Mesh details for the second approach

a5 eslinal 3550 bl (e) el o3I1 LY J gl

Region/Mesh  Mesh1  Mesh2 Mesh3  Mesh4
Boundaries 0.675 0.450 0.300 0.250
Around fault 0.495 0.330 0.220 0.100
Other 0.675 0.450 0.300 0.250

Table. 3. Characteristic length (m) of elements used in each
mesh

sl Jle sl (a56) 5 gy a ot Oley 8 J g

Time/Mesh Mesh1 Mesh2 Mesh3 Mesh4
Without infinite 10 12 128 143
element
With infinite 9 1 12.8 )
element

Table. 4. Elapsed time (sec) of the analyses for the first example

TRt LY Cas B WEES (;:A).cb.d‘jﬁ‘ sla plralr anlie V K3
(J)Jomu QL«.H Qj.)u) J}\ J\:.A (5])' \.)lf)\ ‘sz)j)}.lm QL;.“

1]

0.01
=—OkadaBis
=e2D-FEM 3
2D-FEM 2
= +ZD-FEM 1

.02

-0.03

-0.04

-0.05

Horizontal displacement (m

.06

007

20 -15 -10 -5 0 5 10 15 20
Distance (m)

Fig. 7. Horizontal displacements at the surface obtained by
Okada and FEM solutions for the first example (without
infinite element).
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Fig. 12. Comparison of the two approaches for horizontal
displacements at the surface due to Okada and FEM solutions
for the first example
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Fig. 8. Vertical displacements at the surface obtained by Okada
and FEM solutions for the first example (without infinite
clement).
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Fig. 9. Horizontal displacements at the surface obtained by
Okada and FEM solutions for the first example (with infinite

element).
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Fig. 10. Vertical displacements at the surface obtained by
Okada and FEM solutions for the first example (with infinite
clement).
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Fig. 11. Comparison of the two approaches for vertical
displacements at the surface due to Okada and FEM solutions
for the first example.
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Okada and FEM solutions for the second example (without
infinite element).
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Okada and FEM solutions for the second example (with infinite
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Fig. 17. Vertical displacements at the surface obtained by
Okada and FEM solutions for the second example (with infinite
element).
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Fig. 18. Comparison of the two approaches for horizontal
displacements at the surface due to Okada and FEM solutions
for the second example.
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J)‘ ini)) ol oslaiul 6LA4J<W3 Solasin L0 JJ.\?
Mesh1 Mesh2 Mesh3 Mesh4

Number of 3051 7077 16061 95853
nodes
Number of 2933 6903 15801 95249
elements

Table. 5. Mesh details for the first approach
r)) )ﬁ)) ol ealaiul 6@&& Olasie JJJ.?

Mesh 1  Mesh 2 Mesh 3

Number of nodes 2556 5143 11147
Number of elements 2447 4989 10928
Size of infinite elements 21.21 28.28 35.36

Table. 6. Mesh details for the second approach
S a o eslind 5550 Aol (e lS) aasein o3I Y g

Region/Mesh  Mesh1 Mesh2 Mesh3 Mesh4

Boundaries 4.05 2.7 1.8 0.8
Around fault 0.675 0.45 0.3 0.1
Other 4.05 2.7 1.8 0.8

Table. 7. Characteristic length (km) of elements used in each

mesh
r,;dmd\ﬁ(gu);ﬁ})ﬁwou; A Jgi>
Time/Mesh Mesh 1 Mesh 2 Mesh 3 Mesh 4

~ Without 12.4 143 14.8 30
infinite element
With infinite 12 14.2 15 -
element

Table. 8. Elapsed time (sec) of the analyses for the second
example

Ol gy sl Sl Jeol (e e (B glagslratlr anslie NV E Js
(J)JQMUQLJ]Q)J{)f}}dbﬁé‘ﬂ\}&)\j})}})m

=D kadaB5
——2D-FEM 3

H ZD-FEM 2
a = 2D-FEM 1

0,15
-150 -100 50

L] 50 100 150
Distance (km)

Fig. 14. Horizontal displacements at the surface obtained by
Okada and FEM solutions for the second example (without
infinite element).
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Fig. 20. A homogeneous half-space with a vertical embedded

fault.
sl 2,555, ealinal 50 slaasllis Slasein & J i

Mesh1 Mesh2 Mesh3 Mesh4
Number of 4455 9618 21527 49991
nodes
Number of 4331 9434 21253 49614
elements

Table. 9. Mesh details for the first approach.

vjééﬁ)_)céulw‘é)jﬁ L;LAMQLMZA\' J‘gu\;.-

Mesh 1 Mesh 2 Mesh 3

Number of nodes 3776 8305 18772
Number of elements 3662 8137 18519
Size of infinite elements 14.14 12.73 11.32

Table. 10. Mesh details for the second approach.

Sl a o eslitul 5550 Okl (26) aaseiin o101 VY g

Region/Mesh Mesh1 Mesh2 Mesh3  Mesh4
Boundaries 2.25 1.5 1 0.8
Around fault 1.35 0.9 0.6 0.2
Other 2.25 1.5 1 0.8

Table. 11. Characteristic length (m) of elements used in each
mesh.

Time/Mesh Mesh 1 Mesh2  Mesh 3 Mesh 4
Without infinite 14.1 14.8 16 18
element
With infinite 14 142 15 )
element

Table. 12. Elapsed time (sec) of the analyses for the third
example.
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Fig. 19. Comparison of the two approaches for vertical
displacements at the surface due to Okada and FEM solutions
for the second example.
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Fig. 25. Comparison of the two approaches for horizontal
displacements at the surface due to Okada and FEM solutions
for the third example.
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Fig. 21. Horizontal displacements at the surface obtained by
Okada and FEM solutions for the third example (without

infinite element).
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Fig. 22. Vertical displacements at the surface obtained by
Okada and FEM solutions for the third example (without
infinite element).
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Fig. 23. Horizontal displacements at the surface obtained by
Okada and FEM solutions for the third example (with infinite
element)
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Abstract

Surface deformation of the earth’s crust due to earthquake fault dislocation is an important subject to be studied
for predicting future ground motions. There are many studies on kinematic modeling of earthquake faults
utilizing both analytical and numerical methods. Analytical methods like Okada’s solutions are fast and
accurate, but in practice they can be used for a limited number of problems with specific governing equations
and/or boundary conditions. On the other hand, numerical methods like finite element method can support
various cases of these problems with desirable accuracy. However, a greater number of investigations on
improving usefulness and efficiency of finite element method in fault dislocation applications are still
necessary to be carried out by the relevant researchers. In this paper, the horizontal and vertical displacement
fields at the free surface of homogeneous elastic half-space due to fault dislocation have been investigated by
finite element method, emphasizing on the effects of mesh density and boundary conditions. The boundary
conditions significantly affect the accuracy and computational cost of finite element analysis, especially when
the domain of the problem has infinite boundaries (half-space). Therefore, appropriate modeling techniques
should be considered to enhance the efficiency and accuracy of this method. In order to achieve a
comprehensive study on this topic, the boundaries have been modeled with two approaches here. The first
approach uses the common finite elements with zero-displacements at the infinite boundaries, while the second
one uses the infinite elements for modeling those boundaries. To verify the results, each problem has been
examined by several meshes and numerical solutions have been compared to those of Okada’s analytical
solutions. In addition to the effects of the boundary modeling, the finite element discretization effects have
been investigated in order to find a suitable approach to reduce computational efforts and to increase the
accuracy and efficiency of finite element method. In the dislocation models, the contact elements have been
employed to impose the fault dislocation. Three numerical examples have been provided, and each of which
has been solved with finite element analyses and Okada’s analytical solutions. Outcropped and embedded
faults with different inclination conditions (i.e., vertical and inclined cases) have been studied in these
examples. Each example includes four finite element analyses without infinite elements and three finite
element analyses with infinite elements such that their results are also compared together. The results show
that not only infinite elements are necessary for quasi-static fault dislocation problems in an elastic medium,
but also they improve the performance of finite element method so that with coarser meshes and smaller
dimensions of a domain, analytical solutions can be captured by the numerical solutions while desirable
accuracy is obtained with lower computational cost than the case without infinite elements.

Keywords: Fault dislocation; Numerical simulation; Infinite element; Elastic half-space; Finite element method.
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