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WAVE PROPAGATION IN AN ALLUVIAL VALLEY
SUBJECTED TO A STRIKE-SLIP FAULT

SUMMARY

Wave propagation in a semi-circular alluvial valley embedded to a half-space has been
studied. Alluvial valley and half-space are assumed to be homogeneous, isotropic
and linear elastic. Either of the mediums includes a strike-slip fault. Fault trajectory
is taken arc-shaped due to mathematical complexity of the problem. Movement of
the fault is modeled by defining out-of-plane unit displacement difference between
two sides of the arc. Therefore, the problem would be two dimensional and the
fault generates only SH waves. Exact solutions in series form have been obtained by
using analytical techniques for both static and steady state dynamic fault movement.
Wave function expansion method is used for dynamic case. Displacement fields
are expressed in terms of Fourier-Bessel series. Unknown complex constants of
these series are calculated by applying boundary conditions. For the static case,
time dependent parts don’t exist so displacement fields are expressed in terms of
power series. The following steps of the solution procedure remain same. Both
Fourier-Bessel and power series are convergent which makes it possible to obtain
numerical results by truncation. For variable positions and lengths of fault, valley
radius and material coefficients, displacement and stress could be calculated any point
for static case. In addition to static case, displacements and stress could be obtained
as a function of time in dynamic case by adding a new variable, wave length. In
results section, there are examples that show amplification effects on surface for
different parameters. Parameters in length dimension are normalized with respect to
valley radius. Several consequences are achieved from surface displacement amplitude
profiles. Results show that displacement amplitudes converge to static displacements
when wave lengths are relatively long. For shorter wave lengths, displacements
differ significantly and changes more rapidly from point to point. Displacements
in the surface increase when fault depth decreases for same fault length. Material
inhomogeneities play a significant role on displacements. Higher displacements
obtained when valley material has lower shear modulus compared to half-space
material. When valley material has lower density compared to half-space material,
surface displacements increase or decrease for different values of other parameters.
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DOGRULTU ATIMLI FAY ETKIiSINDEKI
ALUVYONAL VADIDE DALGA YAYILIMI

OZET

Yer kabugu i¢erisinde depolanmig enerjinin ani bir sekilde aciga ¢ikmasi, yer yiiziinde
bir titresim hareketi meydana getirir. Bu olaya deprem denir. Depremlerin yer
yiiziine olan etkisi biiyiikliiklik acgisindan degisiklik gosterir. Kiigiik depremlerin
fark edilir bir etkisi olmazken siddetli depremler yer iistii ve yer alti yapilarina
verecekleri zarar Olciisiinde biiyiik capta can ve mal kaybina neden olabilirler. Bu
yiizden depremlerin olasi etkileri ¢ok dnemli bir calisma konusudur. Depremler, olus
nedenlerine gore lic sinifa ayrilir, tektonik depremler, volkanik patlamalarla olusan
depremler ve gociik depremleri. En sik rastlanan ve en biiyiik tehlikeyi yaratan
tir tektonik depremlerdir [1]. Tektonik depremler fay kirilmalar ile olusur. Yer
kabugundaki hareketli tabakalarin birlestikleri yiizeylere fay denir. Bu yiizeylerde
tabakalarin birbirlerine uyguladiklar1 kuvvet zamanla artar. Bu kuvvet sinir degerin
tizerine c¢iktiginda tabakalar ani olarak hareket eder ve biiyiik bir enerji agiga cikar.
Buna fay kirilmasi denir. Faylar ii¢ farkli cesittir, normal fay, ters fay ve dogrultu
atimli fay. Fayin dogrultusu boyunca yatay kaymalara yol agcan faylanmalara dogrultu
atiml fay denir.

Bu caligmanin nihai amaci dogrultu atimli fay etkisindeki aliivyonal vadide dalga
yayilimi probleminin kapali ¢6ziimiinii yapmaktir. Problem modeli olarak yar1 sonsuz
bir ortam ve icerisinde yarim silindirik geometriye sahip aliivyonal vadi kullanilmagtir.
Yar1 sonsuz ortamin ve vadinin homogen, izotropik ve dogrusal elastik oldugu
varsayllmistir. Ayrica vadinin ve yari sonsuz ortamin birlikte calistig1 kabul edilmistir.
Dogrultu atimli fay aliivyonal vadide ya da yar1 sonsuz ortamda bulunmaktadir. Fay
geometrisi, problemin matematiksel karmasiklig1 nedeni ile bir yay parcasi olarak
alinmistir. Fay hareketi, fayin iki farkl tarafinda diizlem dis1 birim yer degistirme
farki tanimlanarak modellenmistir. Bu sayede problem iki boyutlu olacaktir ve fay
sadece SH dalgalar iiretecektir. Analitik yontemler kullanilarak hem dinamik hem de
statik fay hareketi icin kesin ¢oziimler sonsuz seri toplami olarak elde edilmistir.

Dinamik hal i¢in dalga fonksiyonu acilim teknigi uygulanmistir. Polar koordinatlarda
yazilan dalga denklemi, kararli hal ¢6ziimiiniin yapilmasi ile Helmholtz diferansiyel
denklemine doniisiir. Helmholtz denklemine carpanlara ayirma yontemi uygu-
landiginda ¢oziim fonksiyonu Fourier-Bessel serileri olarak elde edilir. Bu serilerdeki
birinci nevi Hankel fonksiyonlar1 giden dalgalara, ikinci nevi Hankel fonksiyonlari
gelen dalgalara karsi gelir.  Fourier-Bessel serilerindeki bilinmeyen karmasik
katsayilar, sinir kogullarinin uygulanmasi ile elde edilecektir. Fayin iki farkl: tarafinda
birim yer degistirme farki tanimlayabilmek icin, fayin bulundugu ortam fay yoriingesi
tizerinde iki farkli bolgeye ayrilmistir. Bu sekildeki yer degistirme farki, Heaviside
fonksiyonunu kullanilarak ifade edilmistir. Bu fonksiyonun seri formu da a¢1 degiskeni
tizerinde sonlu kompleks Fourier doniisiimii yapilarak elde edilmistir. Fay bulunduran
ortamin fay iizerinde iki farkli bolgeye ayrilmasi ile birlikte toplamda ii¢ farkli bolge
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olusur. Fay yoriingesi lizerindeki sinirda iki bolgede radyal gerilmeler esittir. Yer
degistirmeler ise fay disinda esit, fay icerisine ise bir birim farklidir. Aliivyonal vadi ile
yar1 sonsuz ortamin birlestigi yiizeyde ise yer degistirmeler ve radyal gerilmeler esittir.
Bu sekilde toplamda dort sinir kosulu vardir. Coziim serilerinden her bolgede iki olmak
iizere toplam alt1 bilinmeyen gelir. Ancak vadi merkezinde yer degistirmenin sonlu
olmas1 ve Sommerfeld kosulu nedeni ile bilinmeyenlerden ikisi ¢oziimden ¢ikarilir.
Geri kalan dort bilinmeyen de dort sinir kosulu kullanilarak hesaplanir. Kapali formda
hesaplanan bilinmeyenler Fourier-Bessel serilerinde yerine yazildiginda, her bolge icin
yer degistirme fonksiyonunun kesin ¢oziimii elde edilir.

Statik hal icin de ¢oziim adimlar1 dinamik hal ile benzer sekildedir.  Polar
koordinatlarda yazilan dalga denkleminde zamana bagli olan terimlerin atilmasi ile
yonetici denklem, Laplace diferansiyel denklemine doniisiir. Laplace denklemine
carpanlara ayirma yontemi uygulandiginda ¢6ziim fonksiyonu kuvvet serileri olarak
elde edilir. Kuvvet serilerinde, argumani sifira giderken degeri sonsuza giden ve
argumani sonsuza giderken degeri sonsuza giden fonksiyonlar i¢eren iki bagimsiz seri
¢Oziimii vardir. Dinamik halde oldugu gibi fay iceren ortam fay yoriingesi lizerinde
iki bolgeye ayrilir. Bu iki bolge arasinda fay igerisinde birim yer degistirme farki, fay
diginda esit yer degistirme tanimlanir. Dinamik hal i¢in bulunan, fayin iki kenarindaki
yer degistirme farkini tanimlayan fonksiyon burada da aynen kullanilabilir. Fay
yoriingesi iizerinde iki bolgedeki radyal gerilmeler esittir. Aliivyonal vadi ve yarim
uzay arasindaki gerilme ve siireklilik kogsullari ile birlikte toplam dort adet sinir kosulu
vardir. Her bolgede iki, toplamda alti ¢oziim serisi vardir. Ancak aliivyonal vadi
merkezinde yer degistirmenin sonlu olmasi ve yaricap degiskeni sonsuza giderken
yer degistirmenin sifira gitmesi sartlarindan ¢oziim serilerinden ikisi atilir. Kalan dort
¢Oziim serisinin icindeki bilinmeyen katsayilar da dort sinir kosulundan elde edilir ve
yer degistirmelerin kesin ¢6ziimii her ortam i¢in sonsuz kuvvet serisi toplami formunda
elde edilir.

Dinamik ve statik hal i¢in elde edilen kesin ¢coziimler sonsuz seri toplami seklindedir.
Ancak sayisal sonuglara ulagsmak i¢in bu serilerin belirli bir sayida kesilmesi gerekir.
Hem Fourier-Bessel serileri hem de kuvvet serileri yakinsak serilerdir, dolayisiyla
sonuclar istenilen hassasiyette elde edilebilir. Genel olarak yiiksek frekanslarda uygun
mertebe bir yakinsaklik i¢cin daha fazla terim alinmasi gerekir. Calismada verilen
sayisal ¢oziimlerde serilerin alt ve iist sinir1 yiiz alinmistir. Bu sayede oldukca yiiksek
hassasiyette sonuglara ulagilmistir. Statik hal i¢in dogrultu atimli fayin konum ve
geniglikleri, aliivyonal vadi yaricapt ve malzeme katsayilarinin ¢esitli degerleri icin
istenilen bir noktada yer degistirme hesaplanabilir. Buna ek olarak dinamik hal
icin istenilen her noktada yer degistirmenin zamana bagli fonksiyonu, dalga boyu
degiskeninin eklenmesi ile elde edilebilir. Istenirse her hangi bir noktada gerilme
bilesenleri de yer degistirme fonksiyonlarinin tiirevleri alinarak bulunabilir. Sayisal
orneklerde aliivyonal vadi lizerinde ve ¢evresinde olusan en biiyiik yer degistirmelere
ait grafikler verilmistir. Problemin uzunluk boyutundaki degiskenleri, aliivyonal
vadi yarigapi ile normalize edilmigtir. Aliivyonal vadi ve yarim uzaya ait yogunluk
ve kayma modullerinin oranlart kullanilmistir.  Ayrica kolaylik olmasi agisindan
aliivyonal vadi capinin dalga boyuna orani, 1] parametresi tariflenmigtir. Yiizey yer
degistirme genligi profillerinden cesitli sonuclar elde edilmistir. 7] parametresinin
kiiciik degerleri icin dinamik ve statik ¢coziimler iist iiste dismiistiir. Kiiciik dalga
boylarinda yer degistirmeler biiylik farkliliklar gostermis ve noktadan noktaya olan
degisimleri de artmistir. Fay uzunlugunun ayni oldugu durumda fayin derinliginin
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artmasiyla ylizey yer degistirmeleri azalmigtir. Ortamdaki malzeme farkliliklarinin
yiizey yer degistirmelerine olan etkisinin biiyiikk oldugu goriilmiistiir. Yarim uzay
malzemesinin kayma modiiliiniin vadi malzemesinin kayma modiiliinden biiyiik
olmasi durumunda ylizey yer degistirmeleri biiylimektedir. Yarim uzay malzemesinin
birim hacim agirligimin vadi malzemesinin birim hacim agirligindan daha biiyiik
oldugu durumlarda ise diger degiskenlerin degelerine gore yer degistirmeler artmakta
ya da azalmaktadir.
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1. INTRODUCTION

A sudden release of energy stored in the Earth’s crust cause vibration in the surface.
This is called Earthquake. Effect of earthquakes to Earth’s surface could be minor
or major. Small Earthquakes may not be felt whereas major earthquakes can cause
catastrophic property and health losses according to their damage to surface and
sub-surface structures. So, the possible effects of earthquakes are very important
subjects for researchers. Earthquakes are classified into three groups by their mode
of generation, which are tectonic earthquakes, volcanic earthquakes and collapse
earthquakes. The most common and hazardous are tectonic earthquakes [1]. Tectonic
earthquakes are caused by sudden break of faults. Faults are contact surfaces of
tectonic plates in the Earth’s crust. In these surfaces, tectonic plates apply forces to
each other which increase by time. When this force exceed the limit, the plates move
suddenly which releases high amount of energy. This is called fault break. There are
three types of faults. Normal faults, reverse faults and strike-slip faults. Faulting that
causes only horizontal displacements along the strike of the fault are called strike-slip
faults. Alluvial deposits, often very irregular geometrically, may affect significantly
the amplitudes of incident seismic waves. Since many human settlements are founded
on alluvial valleys, it is important for the the design of earthquake resistant structures

to study the mechanism of these amplification effects [2].

1.1 Purpose of Thesis

The ultimate purpose of this study is to obtain exact solutions of a semi-circular alluvial

valley surrounded by a half-space subjected to a strike-slip fault.

1.2 Literature Review

Seismic response of linear elastic mediums are investigated by many researchers

priorly.



The amplification and focusing properties of the semi-cylindrical alluvial valley
subjected to incident SH-waves is investigated by Trifunac [2]. In this study, alluvial
valley and half-space are assumed to be linear elastic, isotropic and homogeneous.
Closed-form analytical solution of two dimensional wave-propagation problem is
obtained in terms of Fourier-Bessel series. In the results, complicated wave
interference phenomena characterized by nearly-standing wave patterns, rapid changes
in the ground motion amplification along the free surface of the valley and significant

dependence of motion on the incidence angle of SH waves are demonstrated.

In Another study of Trifunac [3], the two-dimensional scattering and diffraction of
plane SH waves by a semi-cylindrical canyon is analyzed for a general angle of wave
incidence. Results show that the surface amplification of displacement amplitudes
around and in the canyon changes rapidly from one point to another. Two principle
parameters that affect amplification patterns are the angle of incidence of plane SH
waves and the ratio of radius of the canyon to one-half wave length of incident waves.
More complex pattern of surface displacement amplitudes occur for shorter incident

wave lengths compared to canyon radius.

The two-dimensional scattering and diffraction of plane SH-waves by a circular cavity
in homogeneous elastic half space has been analyzed by Lee [4]. Using exact series
solution of the problem for a general angle of wave incidence ground motion near
cavity has been studied. Due to the nature of the problem, stress-free boundary
condition at the surface of the cavity is defined in cylindrical coordinates whereas
at the flat surface, it is defined in cartesian coordinates. In order to satisfy boundary
conditions in closed form, imaging technique is used. In this technique, an imaginary
cavity is added to the problem so that solution functions defined in polar coordinates

directly satisfy stress free condition at flat surface.

Scattering of plane SH waves by a cylindrical alluvial valley of circular-arc
cross-section is investigated by Yuan et al. [5]. A closed-form solution of
two-dimensional scattering of plane SH waves by a cylindrical alluvial valley of
circular-arc cross section in a half space is presented using the wave functions
expansion. The solution is reduced to solving a set of infinite linear algebraic equations
using the exterior region form of Graf’s addition theorem. Numerical solutions are

obtained by truncation of the infinite equations and their accuracies are demonstrated
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by convergence of the numerical results to the exact boundary condition with the
increasing of the truncation order. The present solution is compared with the existing
one presented by Todorovska and Lee for the same problem and their differences are
analyzed. Complicated effects of the depth-to-width ratio of the alluvial valley on

surface ground motion are finally illustrated.

Antiplane response of a dike with flexible soil-structure interface to incident SH waves
is investigated by Hayir et al [6]. This paper studies a simple model of a dike but
considers both the soil-structure interaction and the flexibility of the foundation. The
structure is represented by a wedge resting on a half-space and excited by incident
plane SH-waves. The structural ‘foundation’ is a flexible surface that can deform
during the passage of seismic waves. The wave function expansion method is used
to solve for the motions in the half-pace and in the structure. The displacements and
stresses in the structure are compared with those for a fixed-base model shaken by the
free-field motion. The results show large displacements near the base of the structure

due to the differential motion of the base caused by the wave passage.

An analytical solution for three-dimensional diffraction of plane p-waves by a
hemispherical alluvial valley with saturated soil deposits is obtained by Chenggang
et al [7]. Fourier-Bessel series expansion technique and Biot’s dynamic theory for
saturated porous media are used. The effects of the dimensionless frequency, the
incidence angle of P-wave and the porosity of soil deposits on the surface displacement
magnifications of the hemispherical alluvial valley are investigated. Numerical results
show that the existence of a saturated hemispherical alluvial valley has much influence

on the surface displacement magnifications.

Surface motion of multiple alluvial valleys for incident plane SH-waves was
investigated by Chen et al [8] using a semi-analytical approach. In this paper, the
degenerate kernels and Fourier series expansions are adopted in the null-field integral
equation to solve the exterior Helmholtz problems with alluvial valleys. An adaptive
observer system is addressed to fully employ the property of degenerate kernels
for circular boundaries in the polar coordinate. Image concept and technique of
decomposition are utilized for half-plane problems. Earthquake analysis for the site

response of alluvial valley or canyon subject to the incident SH-wave is the main



concern. Numerical examples including single and successive alluvial valleys are

given. Amplification of soft basin is also observed in this study.

Plane wave approximation on semi-circular alluvial valley was investigated by Kara
et al [9]. It is shown that the plane-wave assumption for incident SH waves is a good
approximation for cylindrical waves radiated from a finite source even when it is as
close as twice the size of inhomogeneity. It is concluded that for out-of-plane SH waves
the plane-wave approximation should be adequate for many earthquake engineering

studies.

There also other studies [11-20] about wave propagation problems in linear elastic

mediums.

1.3 Hypothesis

In the model, alluvial valley is represented by a half circular medium. Valley is
surrounded by a semi-infinite medium which has different material properties. Alluvial
valley and semi-infinite medium are assumed to be made of homogeneous, isotropic
and linear elastic materials. Material properties and geometry does not change along
out of plane direction so the problem would be two dimensional. Incident SH waves
are produced by a strike-slip fault. Fault movement is modeled by defining unit
out-of-plane displacement difference between each side of the fault. In addition to
harmonic movement of fault, solutions of static movement of fault is also obtained by

solving governing equations using analytical techniques.



2. FUNDAMENTAL EQUATIONS

2.1 Solution of Wave Equation

The equations for a homogeneous isotropic elastic solid may be summarized in

Cartesian tensor notation as [10]

5 i+pfi=pU @.1)
T = A& 6ij + 21€i) (2.2)
6= 5 (U +Uy) 23)
;) = % (Uij—Uj.i) 2.4)

where 7;; is the stress tensor, at point and U; is the displacement vector of a material
point. The stress tensor is symmetric, so that 7;; = 7;;. The mass density per unit
mass of material is p and f; is the body force per unit mass of material. The strain
and rotation tensors are given by €;; and @;; respectively. The elastic constants for
the material are A and p, the Lame constants. Governing equations in terms of
displacements are obtained by substituting the expression for strain into stress-strain
relation and that result into the stress equations of motion, giving Navier’s equations
for the media

(A+w)Ujji+uUijji+pfi=pU (2.5)
The vector equivalent of this expression is

(A+1)VxVel+uAl +pf=pU (2.6)

Displacements of a medium subjected to out-of-plane excitation are scalar which
makes

UAU +pf =pU (2.7)



When the body force per unit mass of material is neglected and shear wave speed

¢ = \/U/p introduced, governing wave equation is obtained
1 92
AU = —<— 2.8
c2 ot? (2.8)

In the wave equation, U is out-of-plane displacement, c is the wave speed, t is time and

A is Laplace operator. In polar coordinate system, wave equation will be in this form:

(82 1o 1 92

1 9?
ﬁ—i_;E’_FF_ZW) U(l’,e,t)_ wU(I’,G,Z‘) (2'9)

T2
For steady state case, time dependence will be harmonic such that:

U(r,0,t) = u(r,0)e ' (2.10)

where @ is angular frequency and i is the imaginary unit. When Equation (2.10) is
substituted into Equation (2.9) and wave number k = @/c is introduced, Helmholtz
wave equation is obtained:

(82 19 1 92

W—I—;E—f-r—zw‘f‘kz) M(I”,Q):O (2.11)

By using separation of variables method, displacement field can be expressed in terms
of two functions:

u(r,0) =R(r)®(0) (2.12)

When Equation (2.12) is substituted into Equation (2.11), the following Equation is

obtained:
r* 9°R(r) r 8R(r)+r2k2: 1 9’0(0)

R 92 R0 or ®(6) 90’ (213)

Since two sides of Equation (2.13) is a function of different variables, it holds only if
both sides are equal to a constant. This constant is chosen to be n”> for convenience.

When the differential equation is solved for each variable separately, there follows:
O(0) = Be¥ + Be~n? (2.14)

R(r) = i AnCp(kr) (2.15)

n——oo
Because of periodicity condition, n has to be an integer. In Equation (2.14) B is a
complex constant and B is complex conjugate of 8. In Equation (2.15), A, ’s are
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complex constants and C, ’s are Bessel functions of order n. When separate solutions
are combined:

u(r,8) = R(r)®(8) = i AnCo(kr) (ﬁei"9+ﬁe*f"9) (2.16)

Nn=—oo

A simpler form of the solution can be obtained by removing duplications:

u(r,0) = i AnCy(kr)e™® (2.17)

N——o0

D and

In these Fourier-Bessel series, outgoing waves will be represented by H,E
incoming waves will be represented by H,Ez). H,gl) and H,(,Z) are Bessel functions of
the third kind defined by:

H,W (x) = J,(x) + i (x) (2.18)

H, P (x) = J(x) — i¥y(x) (2.19)

2.2 Solution of Laplace Equation

In static solution of the problem there will not be time dependence (d/dt = 0). So,

governing equation turns into Laplace equation.

AU =0 (2.20)

In cylindrical coordinate system, Laplace equation will be in this form:
( 9> 19 1 9?

ar ;aﬁr—zm) U(r6.0)=0 221

By using separations of variables method, displacement field can be expressed in terms
of two functions:

u(r,0) =R(r)0(0) (2.22)

When Equation (2.22) is substituted into equation (2.21), the following equation is

obtained:
r? 9°R(r) LT dR(r) 1 9°0(0)
R(r) 9r> " R(r) or  ©(0) 062

(2.23)

Since two sides of Equation (2.23) is a function of different variables, it holds only if
both sides are equal to a constant. This constant is chosen to be n* for convenience.

When the differential equation is solved for each variable separately, there follows:

0(6) = Be™® + Be~n® (2.24)
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R(r)="Y, Bi"+Byur™" (2.25)

n—=—oo

Because of periodicity condition, 7 has to be an integer. In Equation (2.24) B is a
complex constant and B is complex conjugate of 8. In Equation (2.25), By, and B; ,,

are real constants. When separate solutions are combined:

o)

u(r,0) = Z (Bl’,,r” +Bzynr_”) ﬁeme + (BLnr” +ngnr_”) Be_ine (2.26)
Nn——oo
A simpler form of the solution can be obtained by removing duplications:

u(,0) =Y. (Biar"+Byur™")e™ 2.27)

N=—o0

It is convenient to use absolute value of power r

u(r,0)= Y Aprlem®+ Y Ay rinlen® (2.28)
n=—oo n——oo
such that
. Bl.,n n>0
Ay —{ By, n<0 (2.29)
. Bz’n n>0
Adn —{ B, n<0 (2.30)



3. STEADY STATE WAVE PROPAGATION PROBLEM

3.1 Fault is Inside the Valley Case

Figure 3.1 : Geometry of the dynamic problem when fault is inside the valley.

The model consist of a half-cylindrical alluvial valley with radius a surrounded by a
half-space as shown in Figure (3.1) on page 9. Material properties are given by shear
modulus (1) and density (p). Material coefficients of valley and half-space are shown
by indice v and s respectively. All materials are assumed to be isotropic, homogeneous
and linear elastic. Strike-slip fault is located at r = ay and 6 = 7+ «y. Therefore, fault
length would be ajar. There is a unit and uniform displacement difference between
two sides of fault. To simulate this motion, valley is divided into two sub-regions,

r<ayandr>ay.

3.1.1 Displacement fields

According to the solution (2.17) on page 7, general form of the displacement fields for

each space would be the following form:



uy1 (1, 0) Z Ayt ,nHn k (kyr)e™ + Z AvthnH(z)(kvr)eme 3.1)

n=-—oo n=-—c

uyn(r,0) Z Ayont nHy k (kyr)e inf Z Ao nHY ( )(k rle in@ (3.2)

n=-—oo n——oo

Z At nH\" (ksr)e™® + Z Ao nH\? (kyr)e™® 3.3)

n=-—oo n=-—0o0
Equation 3.1 can also be expressed in terms of J,, and Y, as follows:

y1 (r,0) = Z At jndn(kyr)e™ 4 Z Aty nYo(kyr)e™® (3.4)

n=-—oo n=-—co

3.1.2 Boundary conditions

Because displacement has to be finite at r = 0, A,j,, would be zero. Due to
Sommerfeld radiation condition, there would not be incoming waves from infinity
which makes Ay, , = 0. Remaining potentials are:

1y (r,0) Z Ayt jndn(kyr)e™® (3.5)

n=—oo

w2 (70)= Y. Ao B (6r)e™® + Y Ao B (kr)e™  (3.6)

n=-—oo n=-—oco

9) = Z Ashl,nHrgl)(ksr>ein9 3.7)

N=—o0

Due to stress-free boundary condition on flat surface, displacement fields have to

satisty following boundary condition.

Ms I
rar

Wy 9

9
B (6 = 0,7) = B9 (o =0,m)=

e us(r,0 =0,1) =0  (3.8)

Since out-of-plane waves reflect with same angle from flat surfaces, this condition
would be automatically satisfied by imaging method. In this technique, an imaginary
fault symmetric with respect to flat surface is placed. There is unit displacement
difference between divided regions of valley on fault (at r = ay and 6 is between
T+ o — oy /2 and T+ o — 0py/2) and zero elsewhere. When o = w4 ap — &ty /2
and o = T+ ay — Qg /2 are introduced as new variables for convenience, this
condition could be expressed by a f(60) function given below by the help of Heaviside

step function:

f(O)=HO—-0y)—H(O—))+(HO—-2r—m))—H(0—(2n—04))) (3.9)
10



Such that

H(é)z{? g;g (3.10)

Hence, displacement relation between divided regions of valley would be in the

following form:

u(r=az,0)—upn(r=ar,0)=f(0) (3.11)
Stress is continuous between divided regions such that
2 (= a7.0) ~ iy ta(r = ay.6) =0 (3.12)
‘u“VaruV] =ay, ,Uvaruvz =ay, = .

On the interface between valley and half-space, there are continuity of displacement

and stress:
up(r=a,0)—ug(r=a,0)=0 (3.13)
i (r=a,0)— i (r=a,0)=0 (3.14)
,uvaruvz =a, ,usarus =a,0) = .

3.1.3 Linear systems of equations

Since displacement fields are in series form, it is convenient to express f(6) in series
form. Series form of f(6) could be obtained by evaluating its finite Fourier transform

and inverse.

2r
P(n) = % / £(8)e"0d0 (3.15)
0
f0)="Y f(n)e"? (3.16)

n—=—oo

Forr <o <op<2mandnecZ, f(n) would be in this form:

. i (—eioan 4 pitan 4 o=iton _ pitonY /(3 mp n#0
{ ( ) /(2mn) nio (3.17)

f(”): (062—061)/7t

When displacement fields (3.5)-(3.7) are substituted into boundary conditions

(3.11)-(3.14), following equations are obtained.

)

Z (Avlj,nfn(kvaf) _Av2h1,nHrgl) (kvay)— Av2h2,nH1$2) (kvay) — f(n)> " =0

Nn—=—oo
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i (Avlj,n%(fn1(kvaf)—Jn+1(kvaf))_
A5 (1, (k) — ), ()~ (319)
Avaian—— H? (kay)—H?), (kvaf))) o9 _ 0
i <Av2h1,nH,E]) (kva) +Ayonon H® (kya)—
T (3.20)

Ashl,n<Hrgl)(ksa>)> eine =0

ky Ly
Z (Av2h17n_‘u(H,gl)1<kva)_H,Sr)l(kva))‘i‘

= 2
oty
Avvian =52 (1), (k) — ), (k) — (3.21)
kS A in
Ashl,nT‘u (Hrsl_)l (ksa) - H,E_l|_)1 (ksa))) e o _ 0

Since four equations above have to hold for all 0, coefficients of ¢"9 have to be equal

to zero for all integer values of n such that:

Ayt jndn(kas) — Aoy nHY" (kv p) —

) (3.22)
szhz,angz) (kyag) — f(n) =0

k
At =5 Un-r(ksa) = Jua (kvap) -

kV 4%
Ao =2 (HY) () — HLY, (kvap) - (3.23)

kV %
Av2h2,nTu (H,Ez_)l (kvay) — H,Ei)l (kyar)) =0

Av2h1.,nHi$1) (kva) +Av2h2,nHr22) (kya)—

(3.24)
Asn n (Hrgl) (ksa)) =0

kV v
Avzitn =5 (H, (k) — B!, (k) +

ky
Av2h2,n % (H,EZ_)I (kva) - H,Ei)l (kva) ) — 3.25)

ks
Asth zu(H(l)

n—1

(ksa) — Hy?, (ksa)) = 0

When these four equations are solved simultaneously, unknowns could be calculated

as follows:
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Anjn =~ (HY, (ap) — B (kap) HP (kayp)+
H\" (kap)(HE, (kag) — HP, (kay)))

(kstts H'V, (k) H (Kyat) — kit nH(ksa)Hz( Ja)+
kot Hy (ksat) (2, (kva) — HP, (k) +

(H, (kvay) —H), (koap)) (HY (ap) (ksts (H, (k) — H,§ Y, (ksa))

HP (ka) — ko B (ksa) (H?, (ka) — H < a)))—
H (kay) (kstts (H'", (ksa) — HY, (ksa)) HEY (ko) —

kot B (ksa) (H, (Kva) - H,Ll( )/

(ko) (HY, (kvag) = HY, (kva ) HSD (k) +
Hy (kap)(H), (kay) - m( ar)))
(kstasH) ), (ks HL) (vat) — gt HLY, (k) H (va) +
kol (ka) (H, (k) — B, (kva))) —
Un(kvay) (H, (k) = HE, (kvay ) -

(i1 (kay) —Jns1 (kay))H (kuay)

(HA (kvap) (st (LY, (k) — HLY, (ko) HYP (k) —
kttoH (k) (H) (k) — B, (k) —

H (kuay) (st (HLY, (ki) — Y, (k) HAY (k) —
a) - )

ko Hy" (ka)(H, (ka) — H'), (ka)))))

13
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At = (F)(HD, (kvay) — HY, (kvay)) /

((HY, (kap) — Y, (kvap) HED (k) +

HO (kyap) (HZ, (kay) — H, (kas)))+

(F(n) Unlkoap) (B (kap) — B (kvap) = ot (kuatg) — st (kvap))

H (kap)) (H, (kap) — H'Y, (K, af>>H<2> (kvaap)+

n—1

HY (kvag) (HY, (kvay) — HY, (kvay))
(H\, (ksa) Hy (kva)kstty — HY, (ka) Y (ks +
A (ka) (H, (kya) — HP, (kya)) i)+

(H, (kay) — HY, (kay))

(H" (kap)(H, (ksa) — B, (k) Y (ks pts

HY (k) (H, (ka) — HY, (k) Yoopty)—

HY (kvay) (H" (ka) (H, (k) — HY, (ko) s s —

1Y (ka) (B, (ka) — B, (ka)kois))))/

(HY, (kay) —HY, (kap) HY (kvag) + HyY (kvay)

(HY, (kvay) — H)Y, (kvay)

2)

(n(kvap) (HY, (kvag) — HY, (kvap)) HY

n+l (k"af)—'_

\./

H (kvay) (H, (kag) — HYY, (kvay)))

(H\, (kea) By (kya)kops — HL Y, (kea) HiP (kya ks
H" (kya) (H), (ka) — H), (k@) Yoo t,)—
Unlkoap)(H, (kvay) = HY, (k) —

Ut (kvap) — T (k) Hy (kyap))

(A" (ko) (LY, (ksa) — HY Y, (k@) HL (v et —
Hy (ksa)(HY, (kva) — H\, (kya) Yy )

1P (kap) (HY (ka) (B, (ksa) — H.Y, (k) egpts—

H" (kea)(H", (kva) — HY, (k@) ko))

H
(2)
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)+

Ao = (F)(~H, (kay) +HY,
(=Jn(kvap) B, (ko) + (o1 (k) = o (K vamé vay

) (kvay)
(kva)+
Inlkvap)H'Y, (kvap) (H", (kvag) — HY, ( vam 2 (kvag)+
?) (kay)

1 (k) (B, (kvay) )
(H, (k) HS? (e — H.Y, (k) HE va>ksus+H£ (ksa)

(H?, (ka) = HZ, (k) ko) + (H, (kvay) — H, (kay))
HY (kay) (H, (ka) — HY, (ksa)) HY (kya) st —
H" (ksa) (HP, (kva) — HE, (k,a) Yoo pt,)

H (kya ) (HY (k, a) <H,E”1 (ksat) — H'"), (ko) s —

Hnﬁlac a))kon))))/

Hy (ka)(H", (kva) —
HY, (kyar)H (kay)+
2

D
(ks (( M( ap) -
W (kar) (HP, (kap) — H, (kay)))
<H,Ei>1<ksa>H,5><k a)kstts — HYY, (ksa) B (kya) s+
HY (k) (H), (ka) — H), (k) oo pt,)—

(Unlkoay) (HY, (k) — HY) (kvay)) —

(n1 (kvatf) = Tt (koay ) Hi (kvay)

(" o) () (k) — HDy (ko)) ) (ks —

k,a

1Y (ka) (Y, (kva) — B, (ka) Jopt,) -

(kva) (Y, (ka) — H.Y, (ko) s~

W (k) (Y, (kva) — HLY, (k) o))/

<<H,51_>1 (kvay) — H\Y, (kap) Y (kayp)+
H

W kar) (H, (kap) — B, (kay)))

H,E”( k,a f)(H (1)

15
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Ashl,n = (f(l’l) (‘]11—1 (kvaf)_
o1 (ap)) (HY, (ka) — B, (ka)) H (k) +

n—1

H" (ka) (H?, (ka) — H?), (k,a)) o)/
)

:S
|
—
3\7‘
Q
\
S— N—
S
-
—~ — ~ —~
P
<
Q
\
S— N— N— S—
:m/\ S —~

Hrgi—)l (ksa)(_Jn(kvaf)H,EZ)l kvaf)+(Jn 1(k af) Jn+1 vaf))

—
~—

H;Efl (kvaf) + (Jn l(kvaf) Vaf))
a)+

kvay))

(
Hrgz)(kvaf)+Jn(kvaf) n+1( kyay))kspts+

+1(

P (ky

)
Y (kyar) + Iy (kva ) HY, (kya p) ) HY
n var n\kvd )i, g ky f
)Hrgz_)l(kvaf)+(fn+1(k af) Ju_1
HyY (kvay) —Jn<kvaf>Hn+1< vaf>> kotls+
Jnfl(kvaf)ngl (ke H n<
(1)

Jni1(kvap)HY (ksa)H)

J,,(kvaf)H(l)( a)H" (ksa
In(kap)HyV (ksa)H(),
o1 (kvap)H"Y, (k
(kv
(kva

(kva
(k
In(kvap)HY (k) HY, (Kyas
(
(
) o
f)Hrgl 1
)
)

(kva
Jn+l (

valf Hy"

Jnl (
Y

Jn-H(k ag H’g
Jn(kvaf)H,El_)1 (kvaf)Hfgl)(k a)H
Jut (kya ) B (ko) HSD (
Jus1(kya f)H,El) (ksa)HA (
Jn(kva ) B (ko) H'Y, (kvaf
In(kya ) HY, (k) B (

Jnllar)HY (ka)H' Y, (kva)H,ﬁ?Ql (kv oty
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3.2 Fault is Inside the Half-Space Case

Figure 3.2 : Geometry of the dynamic problem when fault is inside the half space.

In this case, the fault inside the half-space. Solution technique is the same as the

previous case, but displacement fields and boundary conditions are different.

3.2.1 Displacement fields

When solution (2.17) on page 7 is used and the terms in solutions which does
not satisfy finite displacement in the center and Sommerfeld condtion are omitted,

remaining displacement fields would be as follows:

u(r,0) =Y Ayjndn(kyr)e™® (3.30)
us1 (r,0) Z A1 nHn N (kyr)e™® + Z Asin2 nH(Z)(ksr)eme (3.31)
n=—oco n=—oo
up(r,0) = Y Ao oH\" (kgr)e® (3.32)
Nn——oo

3.2.2 Boundary conditions

Boundary conditions between divided regions would be in the following form:

u,(r=a,0)—uz(r=a,0)=0 (3.33)
17



d d

,uvzuv(r: a,0)— ,LLSa usi(r=a,0)=0 (3.349)
usi(r=ar,0) —up(r=as,0) = f(0) (3.35)

0 0
,Ltsa usl( af,e) ,Ltsa I/tsz(r = af,e) =0 (3.36)

f(0) in (3.35) is defined in (3.16) on page 11 which assures the zero stress conditions

on flat surfaces.

3.2.3 Linear systems of equations

When displacement fields (3.30)-(3.32) are substituted into boundary conditions

(3.33)-(3.36), following equations are obtained.

(o)

Z (Avj,n-]n (kva) - Aslh] ,nHig 2 (ksa) -
= (3.37)

Aslhz,nHr(tz) (ksa)> einG = O

i (AVj:nva‘uv (Jn—1(kya) = Jpy1(kva))—

n——oo

ks S
AsthnT‘u (H", (kya) —H n(21 (ksa))— (3.38)

n

ks A
Az B ) () ~ HZ () ) 7 =0

) (Aslhl,an(l)(ksaf) +As1h2,nH1§2) (ksay)—

n=—oo 3.39)
A a(Hy (ksag)) = F(m) ) € =0

— kS A

Y <As1h17nT‘u(HrE])1(ksaf>_Hn(lr)l(ksaf))—’_

ks s
As1h27n_‘u (H,EZ,)l (ksaf> - H(Z)

w1 (ksap)) = (3.40)

ks ks in
A B L, (o)~ H (k) ) 0 =0

Since four equations above have to hold for all 0, coefficients of ¢"% have to be equal

to zero for all integer values of n such that:

18



1
Avj,n-]n (kva) _Aslhl,n(lj)rE )(ksa)_ (3'41)
AstmonHn™ (ksa) =0

k
A5 (U1 (@) = i ()~

kS‘ s
‘TM(H,EI_)I(ksa) '), (ka))— (3.42)

kS A
5 (H ) (k@) — B, (k) = 0

Aslhl,n

As1h27n

1 2
Aslhl,nHrg )(kvaf) +Aslh2,nHrE ) k af)—

| E (3.43)
As2h1,n(Hrg )(ksaf)) —f(n) =

ks )
Asinin a (H,(,l_)l (ksay) — Hrg—li-)l (ksar))+

(H,2, (ksap) — H,, (ksap) - (3.44)
Apnin—— > H,El,)l (ksay) _H;521 (ksay)) =0

When these four equations are solved simultaneously, unknowns could be calculated

as follows:

Avjn = (ks (H, (ksay) — HY, (ksap))
(H'), (kya) — H, (ksa) HY (ks

n+1

a)+
HY (kga)(HP, (kya) — H ,M( a))))/

(HY, (keay) — HY, (ko) HED (ksap)+ (3.45)
HY (k) (HY, (koay) — B, (kap))
(ksttsH,, (ks (kya) — ksfiH ,531< a)Jy(kva)+
koo (kst) (Ju1 (kva) — Tt (k)

19



Asihin = (f\(n)<H}£1—)1 (ksay) — H;§+)1 (ksar))
(ksttsH\), (kyt) T (kvat) — kspisH Dy (k) (k) +
kot Hy (k@) (i1 (kvat) = Jum1 (kva)))/
(Y, (kay) — B, (ko) HED (ksap)+

HY (ksap) (Y, (ksay) — HYY, (ksap))
(kyttsH\Y, (ko) Ty (kvat) — kspisH ) (k) (kva) +
kot Hy (ks@) (Jui1 (kva) — Tt (kvat)))

Asiion = (F)(HY, (ksay) — H'), (ksa)))/
(HY, (ksay) — HY, (kap)H (kyap)+
Hy (keap)(HY, (ksay) —H?, (ksay)))

Agnn = (F) (—(H, (ksay) — H, (ksay))
(sus U (ksa) (ko) — kspisHL ), (Kst) T (ko) +

kot < @) (Jns1 (k) — Ju1 (kva))) + HLY, (ksap)
(ksttsH 2 (kyat) (—Jn (ko) + kst .2, (ks T (k) +
oty H (ks ><Jn (k) — Jr (k) + HY, (ksap)
(kstts B, (ks@) o (kya) — kofi H ,§£1< a)Jy(kya)

kot Hi? (k) (Jugr (ko) — 1 (Kva))))/

(Y, (ksay) Ql(ksaf)) (ksap)+

HyY (ksag) (HY, (keay) — HY, (ksap))

(ksttsH\Y, (ko) Ty (kvat) — kspisH ) (k) (k) +

kot Hy ) (k@) (U1 (kvt) — Tt (ka)))

+
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4. STATIC DISLOCATIONS

In this chapter, static dislocations caused by a unit fault movement would be presented.
Because there is no time dependence, the governing equation is Laplace equation and
its solution is given in Chapter 2. Similar as the previous chapter, there are two cases:
fault is inside the valley or inside the half-space. In the following sections, solutions

are given for both cases.

4.1 Fault is Inside the Valley Case

Geometry of the problem is same as Figure (3.1). Variables are also the same except

density, which is no more a variable in static problems presented in this chapter.

Figure 4.1 : Geometry of the static problem when fault is inside the valley.

4.1.1 Displacement fields

By using general solution obtained Chapter 2 Equation (2.28), displacement fields for

all regions and sub-regions would be in the following form:

Uyl (l’, 9) = Z Alvl,nr‘n‘eme + Z AZvl,nr_‘n‘em6 4.1)

Nn——oo Nn——oo
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o (r,0) = Z Aty rle™® + Z Az r e 4.2)

Nn=—o0 Nn=—o0

(re Z Alsnr‘n‘ m9+ Z Agg |n| inf 4.3)

Nn—=—oo NnN—=—oo

4.1.2 Boundary conditions

Displacement has to be finite everywhere. Ay, , would be zero in order to obtain finite
displacement at » = 0. Similarly Ay, would be zero to avoid infinite displacement for

r = oo, When these terms are omitted, displacement fields would be as follows:

y1 (r,0) = Z Apyprle® 4.4)
n=—o0
(1, 0) = Z Aty rle™® + Z Ao r e 4.5)
n=—oo n=—oo
us(r79) = Z AZS,nr_|n|ein9 4.6)

Similar as dynamic case, flat surfaces have to satisfy stress-free boundary condition as

shown below:

W 0

7Euvl(r,@:o,n)z&i ro—0m =2 me—0m=0 @7

Uy
ror ¥ rar

Since the imaging method used in dynamic case is also used here, this condition is
satisfied automatically by the help of f(0) in Equation (3.16). Displacement relation

between divided regions of valley would be in the following form:
upi(r=az,0)—un(r=ays,0)=f(0) (4.8)
Stress is continuous between divided regions such that

d d
‘Ltva uvl( af,G) uva uvz( af,e) =0 (4.9)

On the interface between valley and half-space, there is continuity of displacement and
stress:

un(r=a,0)—uy(r=a,0)=0 (4.10)

0 0
,uva un(r=a,0)— /.Lsa—rus(r:a,G) =0 4.11)

22



4.1.3 Linear systems of equations

When displacement fields (4.4)-(4.6) are substituted into boundary conditions

(4.8)-(4.11), following equations are obtained.

Y (Aviad! = Anopaf! = Arzpa " = fim)) e =0 @12)

n=—oo

o5}

nl—1 n|—1 —|n|]—1 in
Z <A1v1,n(|n|“va‘f| ) _A1v2,n(|”|“va‘f‘ ) _A2v2,n(_|”|“vaf| | )) e =0
- 4.13)

[e )

Z (AIVZ,na‘n‘ +A2v2,na7|n| _AZS,nailnl) ein@ =0 (4'14)

Nn=—o0

oo

Y (Anzalnlua"=") + Az 0(~lnlia"=1) = gy (<Inlua =) ) € = 0
B (4.15)

Since four equations above have to hold for all 8, coefficients of ¢"® have to be equal

to zero for all integer values of n such that:

Atadl! = A pa)! — Anpar ™ = F(n) =0 (4.16)

At a(nlma ™) = Anga(nlna ™) = Agp(~Inlma, " =0 @17)

Appnad™ + Az pa™ M — Ag pa™ "M =0 (4.18)

A1v27n(’”|“va|n|_l) +A2v27n(_|n|.uva_‘n‘_l) _AZS,n(_|n|.usa_|n|_l) =0 (4-19)

When these four equations are solved simultaneously, unknowns could be calculated
as follows:
Fma2lag" (y (a2 4y (a1 - 3))

2 (s + uy)
23
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Fmya=! (py— ) alf

A v2.n — 4.21
b 2+ ) @21
1 n
Anzn =~ f(mal’ 4.22)
W Jewa) w
2s.n TRERTN .

4.2 Fault is Inside the Half-Space Case

Figure 4.2 : Geometry of the static problem when fault is inside the half space.

In this case, the fault is inside the half-space. Solution technique is the same as the

previous case, but displacement fields and boundary conditions are different.

4.2.1 Displacement fields

When solution (2.28) on page 8 is used and the terms in solutions which does
not satisfy finite displacement in the center and at infinity are omitted, remaining

displacement fields for each space/subspace would be as follows:

w(r,0) =Y Ay (4.24)

n—=—oo

1 (r,0) = Y Apgrre™ 4+ Y Aggy ur"lei (4.25)

N——o0 Nn——oo
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up(r,0) = Y AsgrMein® (4.26)

N=—oo
4.2.2 Boundary conditions

Boundary conditions between divided regions would be in the following form:

u,(r=a,0)—ug(r=a,0)=0 4.27)
2 (7 = ,6) — te -t (r = 0,6) =0 @28)
‘uV&ruV r=a, /.Lsarusl r=a,0)= .
usl(r = ay, 6) _us2(r = le,9> = f(e) (4.29)
0 0
,usmusl(r: ar,0) —,usmusz(r: arp,0)=0 (4.30)

f(0) in (4.29) is defined in (3.16) on page 11 which assures the zero stress conditions

on flat surfaces.

4.2.3 Linear systems of equations

When displacement fields (4.24)-(4.26) are substituted into boundary conditions

(4.27)-(4.30), following equations are obtained.

(o)

Z (Alwza'n' _AlsLna‘n‘ _AZSl,na_M) einﬂ =0 (4.31)

n—-—oo

)

Z (Alv,n(’nluvaMil) _Alsl,n(’”‘“salnlil) _AZSl,n(_‘”’Nsaiwil)) e =0
- 4.32)

Z (Alsl,na|;l| +A2s17na;‘n‘ _AZSZ,na;‘nI - f(”)) ein@ =0 (4-33)

[e]

Y (Arstallalusaf™) + Angpa(=lnlusa, ™) = A (= Inlpa; ") ) € =0
Nn——oo
(4.34)
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Since four equations above have to hold for all 0, coefficients of ¢"% have to be equal

to zero for all integer values of n such that:

A1v7na‘n‘ _Alsl,na‘n‘ _A2s1,na_|n| =0 (4.35)

Alv,n(’”'.uvam'il) _Alsl,n(’n‘.usalnlil) _AZSl,n(_‘n’.usai‘n‘il) =0 (4-36)

In| —Inl

Alsl,naf +A2s17naf _A2s27na;|n| —f(l’l) =0 (437)

—n|-1

Arsta(|nlpsa™") + At a(—Inlpsa ;"™ = A (—Inlpa ;" =0 (4.38)

When these four equations are solved simultaneously, unknowns could be calculated

as follows: A i
n)la
lyn = M (4.39)
Us + Ly

Ly o

At = 5 fm)a; " (4.40)
2 —[n|
Fma® (us— ) a,

Axsin = 4.41)

>l 2 (s + 1)

Lo (@@ (s — 1) o

A2s2,n = §f<l’l)(lf (W — af (4.42)
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S. RESULTS

Displacement fields for steady state dynamic case and static case are obtained in
closed form in Chapter 3 and 4 respectively. Solution functions are expressed in
terms of infinite series. In order to achieve numerical results, these series have to
be truncated. In other words, lower and upper limit of the series has to be —N and
+N where N is a finite number. All to the good, both Fourier-Bessel series and power
series are convergent so results could be obtained at desired accuracy. Convergence
highly depends on variables of the problem, especially wave length. For the range of
the variables of following examples, desired convergence is satisfied for N between
16 to 50. However, N is taken 100 for all calculations. Truncated Fourier-Bessel
series are in complex space. Displacement as a function of time could be obtained by
multiplying these series by e ' and calculating either real or imaginary part. Modulus
of the series gives displacement amplitudes. There are some numerical results that
demonstrate surface displacement amplitudes for variable parameters. Parameters in

length dimension are normalized with respect to valley radius a. A new dimensionless

parameter 1] is introduced such that:
2a
- = 5.1
=7 (.1

where A, denotes wave length in half-space.

5.1 Comparison Between Static and Dynamic Cases

Following plots show the comparison between static and dynamic cases. Results show
that the difference between dynamic and static case increases when 7 increases. In
Figures (A.1) to (A.4), when ay = 0.25a, dynamic displacements amplitudes for n =
0.1 are very close to those of static case. When 1 = 0.2, displacements are slightly
different. For n = 0.6, displacement profile is totally different except for Figure (A.1),
in which incident wave is approaching vertically to the valley. In Figures (A.5) to

(A.8), when ay = 0.75a, the difference between static case and dynamic case for 1 =
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0.1 increases. In Figures (A.9) to (A.16), when faults is outside the valley, further

differences are obtained even when 11 = 0.1.

5.2 Effect of Fault Distance

In Figures (A.17) to (A.24), surface displacement amplitudes are plotted for fixed fault
length, 0.25a. Results show that surface displacements increase when the distance
between fault center and valley center decrease. Between Figures (A.17) to (A.20),
fault distances are relatively close, from 1.25a to 3a. Displacements profiles are similar
and amplitudes are close. In Figures (A.21) to (A.24), fault distance change from 2a

to 16a, difference is more significant.

5.3 Effect of Material Coefficient Differentness

In Figures (A.25) to (A.72), surface displacement amplitudes are plotted for different
values of material coefficient ratios. In Figures (A.25) to (A.48), SDA’s are plotted
when same shear modulus but different densities. Continuous line shows SDA when
densities of valley and half-space are the same. In this case the effect of alluvial valley
disappears and the problem geometry converts to half-space. Other plots displays
SDA’s when alluvial valley material has less density. Results show that SDA increases
or decreases for different values of other parameters when the ratio of half-space
density to alluvial density increase. In Figures (A.49) to (A.72), densities are taken
same to see the effect of shear modulus. Continuous lines show the half-space case.
SDA’s significantly increase as the ratio of half-space shear modulus to alluvial valley

shear modulus increases.
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6. CONCLUSIONS

In this study, out-of-plane response of a semi-alluvial valley surrounded by a half-space
is investigated. Alluvial valley and half-space are assumed to be homogeneous,
isotropic and linear elastic. The mediums are subjected to a strike-slip fault which
is either inside or outside the valley. Fault motion is modeled by defining unit
displacement difference between two sides. Fault trajectory is taken arc-shaped. Exact
displacements are obtained for both steady state dynamic and static fault motion as a
function of parameters of the problem. So, these displacements contain all information
about amplification and deamplification effects on alluvial valley surface with respect
to strike-slip fault position and size and material properties of alluvial valley and
half-space. These results are very valuable because many human settlements are
founded on alluvial valleys and they must be designed considering these amplification

effects.

There are many studies that investigate out-of-plane response of alluvial valleys in
literature. In most of these studies, analytical solution techniques are used but exact
solutions aren’t provided. In this study, exact solutions are also provided. In similar
former studies, the disturbances are plane SH waves. But in this study, the disturbance
is SH waves originated from strike-slip fault motion. This model is conceptually new
and much more realistic. And also, since the disturbance arise from fault motion,
solutions of static equivalent of the problem can be obtained whereas when the

disturbance is plane SH waves, that is not possible.

In this study, geometry of the problem is relatively simple, fault is taken arc-shaped
and there aren’t any kind of nonlinearity. These assumptions and simplifications
allows obtaining closed form analytic solutions. But the solution techniques used
in this study could be applied to some more complicated geometries provided that
the geometry should be expressed by using polar coordinates. For more general
geometries, numerical solution methods such as Finite Differences, Finite Element

and Boundary element should be used.
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For further studies, problem geometry could be modified. If single coordinate axis isn’t
sufficient, then addition theorems could be used. In that case, analytic solutions could
be obtained but exact solutions may not. Also, in plane motions could be considered.
In that case, satisfying stress free boundary conditions on flat surfaces would be very

challenging.
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APPENDIX A.1

0.20 — Static

0.15+

Sur. Disp. Amp.
=)
=

0.05r

0.00

Figure A.1: SDA Comparison for N = 100, as/a = 0.25, oy = n/2, oy = /8,
s/t =6, ps/py = L.5.

0.20 - ‘ ' ‘ - — Static

0.15+

Sur. Disp. Amp.
=)
=

0.05+

0.00

Figure A.2 : SDA Comparison for N = 100, as/a = 0.25, oy = n/3, oy = /8,
s/ My =6, ps/py = L.5.
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0.25 ' ‘ ' 1 — Static

n=0.2
- = 1=0.6

Figure A.3 : SDA Comparison for N = 100, as/a = 0.25, oy = n/6, af = /8,
s/ 1y =6, ps/py = 1.5.
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n=0.2

0.4+
- = 1n=0.6

Sur. Disp. Amp.
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_——-.— =
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Figure A.4 : SDA Comparison for N = 100, ay/a = 0.25, oy = n/16, oy = /8,
Us/ty =6, ps/py = 1.5.
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0.30 - ‘ ' ‘ "] — Static

n=0.2

Figure A.5 : SDA Comparison for N = 100, as/a = 0.75, oy = n/2, ap = /8,
W/ My =6, ps/py = 1.5.

0.5 — Static
04 - n=0.1
. N - =02
g r'/ \ A !
<E; 0.3 . " , \ -= 1=0.6
% ] '\ U !
202 , s '
=
9

Figure A.6 : SDA Comparison for N = 100, as/a = 0.75, oy = n/3, oy = /8,
,us/.uvv =0, ps/pv =1.5.
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0.8~ ‘ ' ‘ ' — Static

0.6 .. . L p=02
;o Y = =06

Figure A.7 : SDA Comparison for N = 100, as/a = 0.75, oy = m/6, af = /8,
s/ 1y =6, ps/py = 1.5.

0.8 — Static
) - =01
0.6 | —
g n=0.2
< -=- n=0.6
204
A
5
7

<o
[}

Figure A.8 : SDA Comparison for N = 100, ay/a = 0.75, oy = n/16, oy = n/8,
Us/ty =6, ps/py = 1.5.
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0.0 :
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Figure A.9 : SDA Comparison for N = 100, ay/a = 1.5, af = n/2, oy = /8,

Ws/ My =6, ps/py = 1.5.

0.8

Sur. Disp. Amp.
=) =)
-~ o

<
[\

Figure A.10 : SDA Comparison for N = 100, ay/a = 1.5, oy = n/3, oy = /8,

Us/ Wy =6, ps/py = 1.5.
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Figure A.11 : SDA Comparison for N = 100, as/a = 1.5, oy = n/6, o = /8,

s/ 1y =6, ps/py = 1.5.

1.5¢

Sur. Disp. Amp.

Y -,
-

Figure A.12 : SDA Comparison for N = 100, ag/a = 1.5, oy = n/16, oy = /8,

Us/ty =6, ps/py = 1.5.
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Figure A.13 : SDA Comparison for N = 100, ar/a =2, oy = /2, oy = /8,

Us/ Mty =6, ps/py = 1.5.
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Figure A.14 : SDA Comparison for N = 100, ar/a = 2, oy = ©/3, oy = /8,

Us/ Wy = 6, ps/py = 1.5.
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Figure A.15 : SDA Comparison for N = 100, ar/a =2, oy = /6, o5 = 7/8,
s/ My =6, ps/py = 1.5.
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Figure A.16 : SDA Comparison for N = 100, as/a = 2, ay = n/16, o = n/8,
.us/.uv =6, ps/pv =1.5.

42



APPENDIX A.2

0.5 ‘ : - ‘ — af:1.25a
- ar=15a
04 /
a af:2.a
5 =3
<§ 0.3 - ag=3a
o
202
5
N
0.1
0.0

X/a

Figure A.17 : Effect of Fault Distance for N = 100, n =1, ¢y = /3, otgyap/a = 0.25,
Us/ My =6, ps/py = 1.5.
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- as=1.5a
04 /
g af:2.a
< 03 .- af:3.a
&
202
=
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0.0 :
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X/a

Figure A.18 : Effect of Fault Distance for N =100, n =1, oy = /6, otgyar/a = 0.25,
Us/ Wy = 6, ps/py = 1.5.
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0.7 — ‘ : ‘ : — af:1.25a

- af:I.Sa
af:Qa

.- af:3.a

Figure A.19 : Effect of Fault Distance for N =100, n =2, oy = /3, aqar/a =0.25,
s/ 1y =6, ps/py = 1.5.

0.7 —_ ale.QSa

0.6} - ayp=l>a
g 05 af:Z.a
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< 04! -- ar=3.a
23
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0.0 '

-2 -1 0 1 2
X/a

Figure A.20 : Effect of Fault Distance for N =100, n =2, oy = 7/6, otpyay/a = 0.25,
.us/.uv =6, ps/pv =1.5.
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05+ — af:2.a
- ar=4a
0.4 /
“ af:S.a
E 03 .- af:16.a
o
202
5
)
0.1
0.0

Figure A.21 : Effect of Fault Distance for N =100, n =1, oy = 7/3, afjar/a=0.25,
Ks/ My =6, ps/py = 1.5.

0.4 — af:2.a
- af:4.a
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- - af:16.a
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=)
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Figure A.22 : Effect of Fault Distance for N =100, n =1, ¢y = /6, otgyap/a = 0.25,
Us/ Wy = 6, ps/py = 1.5.
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0.6 ‘ : ‘ : — af:2.a
- af:4.a

af:Sa
.- af:16.a

Figure A.23 : Effect of Fault Distance for N =100, n =2, oy = /3, apar/a =0.25,
s/ 1y =6, ps/py = 1.5.
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Figure A.24 : Effect of Fault Distance for N = 100, n =2, oy = 7/6, otpya/a = 0.25,
.us/.uv =6, ps/pv =1.5.
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APPENDIX A.3
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Figure A.25:
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n/16, af =m/8, P/t = 1.
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= ps/py=1.25
© ps/pv=1.5

"= Ps/py=2.

Effect of Density Differentness for N = 100, n =1, af/a =0.75, ay =

| — ps/pyv=1
= ps/py=1.25

- ps/pv=1.5

I+ = ps/py=2.

Figure A.26 : Effect of Density Differentness for N = 100, n = 1, ar/a = 0.75, ay =

m/6, ap =1/8, ts/ 1y = 1.
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0.25 - ps/py=1.25
0.20 - ps/py=L.5
"= Ps/pv=2.

Sur. Disp. Amp.
o
o

=
J—
)

Figure A.27 : Effect of Density Differentness for N = 100, n =1, ay Ja=0.75, oy =
m/3, o =m/8, ts/ 1y = 1.

— ps/pv=1.
= ps/py=1.25
= ps/py=1.5
"= Ps/pv=2.

Figure A.28 : Effect of Density Differentness for N =100, 1 =1, ar/a =0.75, ay =
/2, 00 =7/8, ts/ 1y = 1.
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g- 0.4 = Ps/py=1.5
<; "= ps/py=2.
203
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Z 02

0.1

0.0 ' ' ' :

-2 -1 0 1 2
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Figure A.29 : Effect of Density Differentness for N = 100, n =2, ay Ja=0.75, o =
m/16, o = /8, s/, = 1.
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= ps/py=1.25

0.3 - pypy=15
- = ps/py=2.
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=)
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<
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Figure A.30 : Effect of Density Differentness for N =100, n =2, as/a=0.75, oy =
m/6, ap =1/8, ts/ 1y = 1.

49



— ps/pv=1.
- ps/py=1.25
= ps/py=1.5
"= Ps/pv=2.

Figure A.31 : Effect of Density Differentness for N = 100, n =2, ay Ja=0.75, oy =

Sur. Disp. Amp.
o

e <

=
=
Lh

—
<

m/3, o =m/8, ts/ 1y = 1.

— ps/pv=1.
= ps/py=1.25
= ps/py=1.5
"= Ps/pv=2.

Figure A.32 : Effect of Density Differentness for N = 100, n =2, ar/a =0.75, ay =

/2, 00 =7/8, ts/ 1y = 1.
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Figure A.33 : Effect of Density Differentness for N = 100, n =3, ay Ja=0.75, o =
m/16, o = /8, s/, = 1.
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< 0.3 - 5
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Figure A.34 : Effect of Density Differentness for N =100, n =3, as/a=0.75, oy =
m/6, ap =1/8, ts/ 1y = 1.
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Figure A.35 : Effect of Density Differentness for N = 100, n =3, ay Ja=0.75, oy =
m/3, o =m/8, ts/ 1y = 1.
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Figure A.36 : Effect of Density Differentness for N = 100, 1 =3, ar/a =0.75, a =
/2, 00 =7/8, ts/ 1y = 1.
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Figure A.37 : Effect of Density Differentness for N = 100, n =1, ay Ja =2, o =
m/16, o = /8, s/ Uy = 1.
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Figure A.38 : Effect of Density Differentness for N = 100, n =1, as/a =2, oy =
m/6, o =7/8, ts/ 1y = 1.
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Figure A.39 : Effect of Density Differentness for N = 100, n =1, ay Ja=2, oy =
m/3, oy =7/8, ts/ 1y = 1.
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2]
2
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Figure A.40 : Effect of Density Differentness for N = 100, n =1, ay Ja=2, oy =
m/2, 0 =7/8, ts/ 1y = 1.

54



. — ps/py=L.
0.8 1
= ps/py=1.25
g" 06 7-' PS/Pv:1-5
i = pslpy=2.
804
5
n
0.2
0.0 - : : : :
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Figure A.41 : Effect of Density Differentness for N = 100, n =2, as/a =2, oy =
m/16, o = /8, s/ Uy = 1.

— ps/pyv=1.
1= ps/py=1.25
= ps/py=L.5
= ps/py=2.

-2 -1 0 1 2
X/a

Figure A.42 : Effect of Density Differentness for N = 100, n = 2, ay Ja=2, o =
m/6, o =7/8, ts/ 1y = 1.
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Figure A.43 : Effect of Density Differentness for N = 100, n =2, as/a =2, oy =
m/3, oy =7/8, ts/ 1y = 1.
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Figure A.44 : Effect of Density Differentness for N = 100, 1 = 2, ay Ja=2, oy =
m/2, 0 =7/8, ts/ 1y = 1.
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Figure A.45 : Effect of Density Differentness for N = 100, n = 3, ay Ja =2, o =
m/16, o = /8, s/ Uy = 1.
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Figure A.46 : Effect of Density Differentness for N = 100, n =3, as/a =2, oy =
m/6, o =7/8, ts/ 1y = 1.
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Figure A.47 : Effect of Density Differentness for N = 100, n =3, as/a =2, oy =
m/3, oy =7/8, ts/ 1y = 1.
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Figure A.48 : Effect of Density Differentness for N = 100, 1 = 3, ay Ja=2, oy =
m/2, 0 =7/8, ts/ 1y = 1.
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2
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Figure A.49 : Effect of Shear Modulus Differentness for N =100, n =1, ay Ja=0.75,
ar=n/16, ay =1/8, ps/py = 1.
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Figure A.50 : Effect of Shear Modulus Differentness for N =100, =1, ar /a=0.75,
o =m/6, 0y =m/8, ps/py=1.
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Figure A.51 : Effect of Shear Modulus Differentness for N =100, n =1, ay Ja=0.75,
ar=n/3, 0 =m/8,ps/py = 1.
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Figure A.52 : Effect of Shear Modulus Differentness for N =100, n =1, a,/a=0.75,
ar=mn/2, oy =mn/8, ps/py=1.
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Figure A.53 : Effect of Shear Modulus Differentness for N =100, n =2, ay Ja=0.75,
ar=n/16, ay =1/8, ps/py = 1.
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Figure A.54 : Effect of Shear Modulus Differentness for N = 100, 1 =2, ar /a=0.75,
o =m/6, 0y =m/8, ps/py=1.
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Figure A.55 : Effect of Shear Modulus Differentness for N =100, n =2, ay Ja=0.75,
ar=n/3, 0 =m/8,ps/py = 1.
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Figure A.56 : Effect of Shear Modulus Differentness for N =100, 1 =2, as/a=0.75,
ar=mn/2, oy =mn/8, ps/py=1.
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Figure A.57 :

Effect of Shear Modulus Differentness for N =100, n =3, ay Ja=0.75,
ar=n/16, ay =1/8, ps/py = 1.

1.2 L — Ms/py=1.
i
1.0 Fe = ps/py=2.
M
Lot e " Hs/py=4
08 ||..|;||'.|l‘
! "= Hs/py=0.
!

Sur. Disp. Amp.
) =)
I =

<
b

0.0

Figure A.58 : Effect of Shear Modulus Differentness for N = 100, 1 =3, ar /a=0.75,
o =m/6, 0y =m/8, ps/py=1.

63



1. — —
10! R 1 Ms/py=1.
LI = Ms/py=2.
g 0.8] R " Hs/py=4
5 I " 1 / 6
- AT |t ps/py=6.
506 A sl
A
= 04
7
0.2+

Figure A.59 : Effect of Shear Modulus Differentness for N =100, n =3, ay Ja=0.75,
ar=n/3, 0 =m/8,ps/py = 1.
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Figure A.60 : Effect of Shear Modulus Differentness for N =100, 1 =3, as/a=0.75,
ar=mn/2, oy =mn/8, ps/py=1.
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Figure A.61 : Effect of Shear Modulus Differentness for N = 100, n =1, ay Ja=2,
oar =7/16, ay =7w/8, ps/py = 1.
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Figure A.62 : Effect of Shear Modulus Differentness for N = 100, n = 1, ay Ja=2,
oar=m/6,0n=m/8, ps/py = 1.
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Figure A.63 : Effect of Shear Modulus Differentness for N = 100, n =1, ay Ja=2,
ar=7/3, 0 =m/8,ps/py = 1.

. s — Us/Hy=1.
0.8 S
1 AN \ - [py=2.
. : Hsi Ky
I 1
g- 06! ! \ " Hs/py=4.
i "= Hs/Hy=0.
804
5
n
0.2+
0.0 = :
-2 -1 0 1 2
X/a

Figure A.64 : Effect of Shear Modulus Differentness for N = 100, n = 1, ay Ja=2,
ar=n/2, 0 =m/8,ps/py=1.
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Figure A.65 :
oar =7/16, ay =7w/8, ps/py = 1.

1.5 N

Sur. Disp. Amp.

X/a

Figure A.66 :
oar=m/6,0n=m/8, ps/py = 1.
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Figure A.68 :
ar=n/2, 0 =m/8,ps/py=1.
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Figure A.69 : Effect of Shear Modulus Differentness for N = 100, = 3, ay Ja=2,
oar =7/16, ay =7w/8, ps/py = 1.
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Figure A.70 : Effect of Shear Modulus Differentness for N = 100, n = 3, ay Ja=2
oar=m/6,0n=m/8, ps/py = 1.
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Figure A.71 : Effect of Shear Modulus Differentness for N = 100, n = 3, ay Ja=2,
ar=7/3, 0 =m/8,ps/py = 1.
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Figure A.72 : Effect of Shear Modulus Differentness for N = 100, n = 3, ay Ja=2,
ar=n/2, 0 =m/8,ps/py=1.
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