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ABSTRACT

Dynamic amplification of stresses and displacements

induced in a buried tunnel have been studied. In this thesis

a three dimensional non-axisymmetric motion of a tunnel of

general shape buried in an infinite medium caused by longi-

tudinal and polarized shear waves 1is examined in detail

here. The changes in the response due to different ground

properties ,changes in incident angles and wave frequencies

are carefully examined. It is found that the response de-

pends very much on the wave frequency and angle of inci-

dence. And the s:resses induced on the tunnel are larger

when the surrounding soil is soft.
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CHAPTER 1 INTRODUCTION

1.1 PREFACE

Earthquakes and explosions generate two types of
body waves that travel through the interior of the elastic
earth. Oﬁe of them is a compressive wave and the other is a
shear wave. In seismology they are referred to as P and §
waves, reépectively. The displacement field in the P wave is
parallel to the direction of propagation of the wave. The §
wave has a displacement field polarized in the plane perpen-
dicular to the direction of propagation. The S wave can be
furthur decomposed into SH and SV waves. They produce the
displacement fields parallel to the horizontal and vertical
directions, respectively. The scattering theory of elastic
waves by circular cylindrical inclusions and flaws embedded
in an infinite homogeneous isotropic solid has been studied

extensively.

A review of the past works on the subject of scat-
tering and diffraction of incident plane waves on buried
pipelines reveals that very little attention has been paid
to the full interaction problem between the pipe and its
surrounding ground. For instance, Nelson and Weidlinger [1]
and Wang and O'Rourke [2] have studied the propagation of
plane compressional and shear elastic waves in an infinite
homogeneous isotropic elastic medium containing an infinite-
ly long embedded tunnels or pipelines. However, these‘studQ

ies are based on the assumption that the pipelines or tun-




nels closely follow the ground's motion and that no

soil-pipe interaction takes place. The propagation of free

harmonic waves in an infinitely long circular cylinder has

been investigated, under the restriction of axial symmetry
of motion by McFadden [3] and Herrmann and Mirsky [4]. The
theory for the scattering of plane elastic waves Sy a circu-
lar cylindrical obstacle in a solid medium was formulated by

white [5]. He derived systems of boundary-condition equa-

tions whose unknowns are coefficients in infinite-series ex-
pansions of potential functions representing the scattered
waves.  Among all these studies, most investigators treated
the pipe as a beam on elastic foundation [1,2] or model the

pipe as a set of spring-mass system [1]. Besides this sim-

plified modeling, a shell model is also wused to represent

the pipe [6,7]. Again the interaction of the host medium

with the embedded shell has not been taken into considera-

tions. The governing equations for the wave motion of the

surrounding medium have not been solved simultaneously with
the eguations of motion of the shell. A departure to this is
made by the work of Hindy and Novak [8] who attempted to in-

clude the efféct of the interaction of the shell with its

surrounding ground. They approximated the resistance given
to the shell by the surrounding ground to be that of a rigid
cylinder in simple harmonic motion. However, their.investi*
gation is limited to only a two-dimensional motion study of
the buried pipelines or tunnels. Also works by Pao and Mow

[9], zienkiewicz, Kelly and Bittess [10], Underwood and




Geers [11] are limited to plane-strain investigation. Apart
from these, Chakraborty [12] modeled the pipe as a thin cir-
cular cylindrical shell and using Flugge's bending theory of
shell [13], developed an analysis of three-dimensional mo-
tion of a shell in an infinite medium. waever, these analy-
sis is restricted to solve only one type of scatterer after
formulation, and the surrounding medium is limited to iso-

tropic and homogeneous.

Various mathmatical te;hniques have been developed
to solve the wave scattering problem. Among all these tech-
niques, two methods are widely used; namely the separation
of variables and numerical solution of integral equation.
However, most of these mathmatical techniques are also re-
stricted to solve only one scatterer. To overcome this defi-
ciency, Datta and Shah et al [14-16] have proposed aﬁother
approach to solve this problem. 1In this alternate approach,
media inhomogeneities (pipeline, tunnel, etc.) are enclosed
in a closed contour. The interior region is represented by
suitable finite elements. In the exterior region the solu-
tion is expressed in a complete expansion in outgoing and
incoming waves [17]. The hybrid finite element and eigen-
function expansion technique (FEEET) suggested by Datta et
al [17] is furthur extented by the author from a plane-
strain to a three-dimensional motion analysis of a buried

tunnel and the results are presented in this thesis.




1.2 OBJECTIVE AND SCOPE

A combined analytical and finite element method is
presented for studying diffraction of elastic waves by a
pburied tunnel in an infinite medium for three-dimensional
motion. The method consists of dividing the infinite space
into two regions; an interior bounded region containing the
tunnel ané exterior unbounded region. The interior region is
represented by finite elements and wave function expansion
is used to represent the field in the exterior homogeneous

isotropic medium.

In this thesis, Chapter II will present an analyf—
ical exact solution method to solve a circular cavity inclu-
sion for scattering of waves, and results obtained by this
method are to be compared with the FEEET method mentioned in
Chapter II1 to ensure the accuracy of the combined finite
element and wave function expansion method. The FEEET method
is then used to investigate the three-dimensional scattering
of longitudinal and shear waves by a buried tunnel in an in-
finite medium., Finally, Chapter IV gives the discussions of
various parame£ers such as the wave number, the wave inci-
dent angle and the properties of the surrounding material

which affect the performance of the buried tunnel.




CHAPTER 2

2.1 GENERAL THEORY

It is assumed that the pipe is infinite in extent, and embedded in
an infinite homogeneous isotropic medium as shown in Fig. la.

The governing equation of motion for an isotropic elastic medium in
invariant form is

£l
M V2 u

~

+> >
u+(>\+u)Y(Y-u)=p (2.1)

where A and M are Lame's constants and ¢ the mass density, and V is the
usual del operator. The solution to equation (2.1) can be written in
the form

->
u=Y¢+YA(~ez¢)+—i;YAYA(§ZX) (2.2)

where ¢ is the longitudinal wave potential for P wave, and ¥, X are the
shear wave potentials for SV and SH waves, respectively; e, is a unit
vector in z direction and the constant ks is defined later. Substi-

tuting eqn (2.2) into eqn (2.1) the potentials ¢, ¢, and X satisfy the

wave equations

.are the dilational and shear wave velocities, respectively.




b

For harmonic motion, the displacement potentials ¢, ¥, and X can be

th R
expressed for "n " harmonic as

f(r)eine ei(Ez-wt)

¢ = ’
Y = g3(r)eine ei(gz—wt), (2.5)
¥ = gl(r)eine ei(Ez—wt)’

where W is the circular frequency, and & is related to the wave number

of the dilational and shear waves as

£ =k sin Go » (for dilational wave)
P (2.6)
£ = kS sin wo (for shear wave)
I (2.6) k. == , k =2 ¢ d v he incid les of
n eqn (2. . Vp > kg Vs » 8, an o are the incident angles o

the dilational and shear waves in the x-z plane, respectively, as shown

in Figure la.

For a bounded region the total solutions for f(r), gl(r) and g3(r)

can be written as

f(xr) A z (aAr) + B wn(“Ar)’

gl(r) = Al Zn (BAr) + Bl wn(BAr), | 2.7)

= +
g3(r) A3 Zn (BAr) B3 Wn(BAr)
in which A, Al’ A3, B, Bl’ B3 are unknown constants. Eqn (2.7) is given
in terms of the Bessel functions J and Y, or the modified Bessel
functions I and K of the arguments a,r = Iarl and BAr = IBr], depending

whether ¢ and B are real or imaginary. For brevity, Z denotes a J or I

function and W denotes a Y or K function. o and B are defined as




For an unbounded region the scattered solutions for f(r), gl(r) and

g3(r) can be written in terms of the outgoing waves satisfying the

radiation conditions as

f(r) C Hn (aAr),
g (r) = C H (B;1r), (2.9)
g3(r) =Cy H (BAr).

where C,-Cl, C3 are unknown constants.,

In polar coordinates the displacement components U, Ug, U and the

stresses O o] o] and © are given as
rr’ r@’ “rz 06 &

For convenience, the surrounding elastic medium and the pipe will

be denoted by region 1 and 2, respectively. In the sequel the material

constants of regions R1 and R2 will be designated by subscripts 1 and 2,

respectively, |




2.2  ANALYTICAL TECHNIQUE

2.2.1 Region R2

Using equations (2.5), (2.7), (2.10) and (2.11) the total

displacement and stress fields in Region 2 can be written as

W@
r

> = A u + B u + A, u + B, u + A, u + B, u s
iy by 1 r

N

u + B, u + A, u + B
eiw £ 9 tq

[
>
=
+
=5}
[=f
+
hg

@
4

[}
=g
[y
+
[o=]
fost
+
[

- u + B, u + A, u + B, u
elw z z

where ¥

N6+ &2 and expressions for u s u o ,u .8 ,8 S and
i i i i t, z

(1 =1, 2, ..6) are listed in Appendix 1.

S
tt,
i




2.2.2 Region R1

Since it is assumed that the seismic sources are outside the pipe,
i , .
(1) with the pipe

G(S). It may be noted that both 3(1)

->
the interaction of the incident seismic disturbance u

will give rise to scattered wave,

>(s)

>
and u will satisfy eqn (2.1). Thus the total field, u in the ground

is written as

:(1) = :(1) + K(S) (2.14)

2.2.3  Scattered Field

Substituting eqn (2.9) into eqn (2.10) and (2.11), the scattered
displacement and stress components are obtained as the following:

u(S)
r

elw r 1 'r 3

uf®)

eiw tl 17t 37t




in which Dr R Dt R Dz. and Er s Ert.’ Erz.’ Ett.
i i i i i i i

are listed in Appendix 1.

2.2.4 Incident Waves

sl
As before the displacement field u(l) can be expressed in terms of

three potentials ¢(i), W(i) and X(i) as

~ ~Z

OGN e, v+ Lvava e @) (2.17)
S

If the incident wave is a P wave, then only ¢(1) exists in eqn
(2.17) and the other two potentials W(l) and X(l) will not exist. It

(1) will vanish in eqn (2.17) for incident SV
(1)

follows that ¢(l) and X

wave, and similarly only X will exist in eqn (2.17) and the two other
potentials will vanish if the incident wave is SH wave.

Suppose that the incident disturbance is a longitudinal wave given

MCOJI Y

in which

¢(i) _ 3 (alr)eine eiEz Jivt (2.19)

n__oo

this wave represents a propagation vector making an angle 90 with the

x-axis in the x-z plane, with wave length A = kp cos 90, and apparent

1
wave speed C = %-along the pipe. Substituting eqn (2.19) into eqns

(2.10) and (2.11), one can write the components of the incident

displacement and stress fields for the dilational P wave, which are

(1) (1) for shear SV and

given in Appendix 1. Similarly, knowing V¥ and X

SH waves, the corresponding components of the incident displacement and




stress fields can be found and are listed in Appendix 1.

the dilational P wave as given in eqn (2.19), £ and k

indicated in the relation £

waves § = ks
1

sin wo.

2.3 SOLUTIONS

Boundary conditions are

unknown constants A, Al’ A3,

k
Pq

-]]l—-

Note that for

are related as

1 .
sin 60, and similarly for SV and SH

applied for the purpose of determining the

B, Bl’

B

3 and C, Cl’ C3.

(Refer to the pipe geometry in figure 1b)

At r = b, the condition of continuity requires that the total displace-

ment in region 2 be equal to the sum of the incident and scattered

displacement in region 1.

Transposing the scattered displacement on the

same side as the total displacement in the equation, one can write

W @) -0 )
ugz) (b) - ués) (b)

w$P @) - ul® @)

Similarly

o) 1) = o (b)
oié) (b) - OEZ) (b)

o2 ) - o )

rz

At ¥ = a,
¥ (@ =0,
2 @ -0,
o2 (@ = 0.

_ (1)
= u
r
A
(1)

=u
Z

for the stress field

INED
rr

_ (1)
- Gre
_ (1)
=0

rz

the traction-free boundary

() ,

(b)

?

®) . (2.20a)

. (2.20b)

implies that

(2,20¢)




—12~

From nine equations (2.20a), (2.20b) and (2.20c), for each harmonic "n"

s B, , B

1o c,C ,¢C

> can
3n’ n ln

the corresponding constants < A ’Bn’ A
n

3n’

1n

be solved accordingly.

2.3.1 Cavity Inclusion

For the case of cavity of radius "a", the pertinent boundary

conditions are given as

oﬁi) (a) + oii) (a) =0 ,

o8 @)y + 6 @y =0

ro ro
GE:) (a) + oii) (a) =0 . (2.21)

from which for each harmonic "n" corresponding constants < C,C

ln’ 31'!

> can be obtained.




CHAPTER 3

3.1 HYBRID FINITE ELEMENT AND EIGENFUNCTION EXPANSION TECHNIQUE (FEEET)

3.1.1 Numerical-Analytical Technique

Dynamic amplifications cf stresses and displacements in the wall of
an infinitely long continous tunnel embedded in an elastic medium is
studied here. A combined finite element and eigenfunction expansion
technique is used for this purpose. In this numerical technique, it is
assumed that the media inhomogenities are enclosed inside region R2 by
closed contour B as shown in figure 2., This interior region is sub-
divided into finite elements having NI interior nodes and NB boundary
nodes. The closed contour B separates two different regions, interior

region R, is the media of the inhomogenities containing the tunnel, and

2

exterior region R, is an infinite region assumed to be isotropic and

1

homogeneous.

(i) Exterior Region (Wave function expansion)

(1

_’
In the exterior region Rl’ the displacement field u is composed

of two parts as mentioned before

21y _ 2@, () _ (3.1)

+(1) (s)

where u is the incident field displacement and J is from the
contribution of the scattered waves.

The displacement and stress components for P, SV or SH fields are
given in cartesian coordinates in Appendix 2. For the scattered field

evaluating the equation (2.15) at NB nodes on the boundary B, the

+(s :
scattered nodal displacement vector {qr )} can be written in terms of




generalized coordinates {a} as

[ 3 - [exs] sl

E(S)} - {u(S), u(S)’ u(S)}T

B T3 % Zg

{a} = {c., C, » Cq 1 for i =1, 2, ..., NB
i i

and the superscript T represents transpose, the compl ex matrix[Gre] is

composed of the known functions in the scattered displacement field and
*(s)
*'B

coordinates a transformation matrix [T] as defined 1in Appendix 2 is

can be found in Appendix 2. Since {q } is evaluated in (r, 98, 2)

needed. The element components Ti of the transformation matrix is given

by

cos 0, sin 6, 0
[Ti] = |- sin 9; cos 9; 0 (3.3)
0 0 1

(s
Using the transformation matrix the nodal displacement vector {qx( )} in

B
cartesian coordinates can be written as
+>(s) T>(s)T T
{ U, b= ] la, 71 =117t ) fab = 16, ) fa] (3.4)

T
, where [ny] = [T] [Gr6] (3.5)
>(8)y . . . . .
and the components of { 9, } in cartesian coordinates is given by
B

{ 3(5)} - (S)’ (S)’ (S)}T
B uXB uyB uZB

X

Again using the strain-displacement and stress-strain relations, the

-

scattered stress fields are found in matrix notation as




- [Fr6] {a}

{ g(s)} _ {O(S), U(S)’ o(s)}T
ry rr ) rz
and the complex matrix [FrB] which is composed of the known functions in
the scattered stress fields is defined in Appendix 2. It is reminded
that both {cis)} and [FrO] are in polar coordinates.

B
Substituting eqn (3.4) into eqn (3.6), we get

r

>(s)y _ -1 (>(s)
{ o b= 1741 (647" {q ) } (3.7)

It is seen from éqn (3.7) that if the final equations are to be solved
in terms of the nodal displacements the complex matrix [Gre] has to be
inverted. For the purpose of avbiding the inversion an alternate
approach 1is used in which the equations are solved in terms of the
generalized coordinates {a}. To do this, the virtual work>done on the

boundary B has to be found and written as

r

[ ed @y 3Dy
B B B

.

where the superscript * indicates complex conjugate,

and 30 L L@

! g B

AN AC N ACY (3.9)
Tp ) )

Noting 8 Eil) = d ais)

B B

and substituting {aﬁs)} and { gis)}‘ from €qn (3.4) and (3.7) into eqn
B T

(3.8), the virtual work can be written as




_]_6_

sm={ sa }'{ ﬁél) ] (3.10)
in which { fél) } is the generalized interaction force between Rl and R2
and is given by

[ 3Py =i fa)+ 3] (3.11)
in which [R] = fB (6", 17 7 ] ar
. i T > (i
and { ?él)} = JB (617 1 oiz)}dr :

For numerical evaluation, [R] and {P+éli in eqn (3.11) are approx-

imated as
x T
[R] = RB A6 [Gre] [Fre]

1 {3 (3.12)

r

and [ 3P} =R, 26 [6]
B

0

where RB is the radius of the circular boundary contour B, AQ® = 2II/NB.

(ii) Interior Region (Finite Element Method)

Figure 2 shows the geometry of the tunnel. The bounded region R2

is contained within the boundary B, within the region R2 is the tunnel
and the non-homogeneity. The interior region R2 is further sub-divided
into finite elements as shown in Fig., 3. This finite element mesh is
having NI + NB nodes, where NI and NB are the numbers of interior nodes
and nodes on circular boundary contour B, respectively.

The displacement fields within each element is expressed in terms

of the shape functions [Nj] and the nodal displacement value {q?} as
{ 3%} = (] {q?} (3.13)

the subscript j refers to the node position for an element, some

internal (subscripted I) and some on the boundary B (subscripted B).




If an element has 'n' number of nodes, then

+
The strain within an element related to the displacement field {ue} is

given by.

{ 2% = 11 {29

(3.15)
[8] {2°}

L]

where [L] is an operator matrix

3/0% 0 0
0 3/9y 0
0 0 ig
[L] = 0 ig 3/dy
ig 0 9/0x
3/dy 3/9x 0

(B] = [L] [N]. (3.16)
In order to determine the elemental impedance matrix, the first
step 1is to obtain the elemental stiffness matrix. The internal

potential energy of an element is given by

e

e
Sot "7 j J J " )T 18") 01 (3] (2%} ax dy de (3.17)

For the purpose of eliminating the integration over the
z-direction, it can be shown that if one takes the ihtegration over omne

wavelength Az, eqn (3.17) will become




ve

e
ROt Y JI (8*1%(p] [B] dx dy ] {3°) (3.18)
4

For an isotropic material [D] is a 6x6 matrix given by

F 1 2 2

where D1 = Ae + 2ue s D2 = Ae , and D3

Taking variation, the stiffness matrix of an element is obtained

]
=

from eqn (3.18) as

(k%] = J J (517 0] [B] dx dy . (3.20)

It may be noted that [ke] is a Hermitian matrix. For reference, a 3x3
matrix [Qij] defined as
)T 3,21
(a1 = [8,)" (0] (3] (3.21)

is given in Appendix 2.

When each [ke] is assembled to form the global stiffness matrix,

the global stiffness matrix will be a complex matrix and will occupy

large storage space in computer operations. Therefore, in order to save

storage space, a manipulation has been done on [Qij] to transform it
into a real symmetric matrix and detail is included in Appendix 2.

The next task is to determine the elemental mass matrix so that a

¢
final elemental impedance matrix can be formed. To do this, the kinetic

energy of an element is given as




e
T, . p 2 >%€ >
Akm = = 1 J[ T N] ax gy 1 {3 (3.22)

z

From equation (3.22) the elemental mass matrix is written as

m°] = J j [N]T [N] dx dy (3.23)

Since the elemental stiffness matrix and the elemental mass matrix are
known from eqn (3.20) and eqn (3.23), the elemental impedance matrix

S S and S can be defined as

IB* “BI BB

2

e ; _ * T _ :
55! | JR Bp 1T Bl =0 T 1T vy 1 ey a2

e

From [ 14 ] the appropriate functional for minimization in the
region R2 can be written as
>*T > +%T > >*T > >%T <>
F=q S;;9q *ta S.o.9q +9q° S_q +4q S.q (3.25)
Xg II Xq X1 IB Xp Xp BI Xq xB BB Xp

in which the continuity across the boundary B,

> _2(2) (1) _2(s) | >(D)
qu = qu = qXB = q},_B qXB

2 -+
(2) is denoted as q. -
I I

(3.26)

>
is used and q

3.2 NUMERICAL SOLUTION

In order to solve the nodal displacement vector, substituting
(3.26) into eqn (3.25) and minimizing the functional F, one obtain in

matrix notation

S e q _s. W)

I1 IB "xy xI - 1B XB (3.27)
¢ Ts ¢Ts ¢ |1{al T g g,

Xy BI Xy BB XVi » Xy BB Xp B .




It can be seen from eqn (3.27) that the first equation can be

written as

e =-s._"ts

x IT {a} +s aii)]~ (3.28)

G
IB “xy IB B

subsituting eqn (3.11) and (3.28) into the second equation of (3.27),
one obtain

*T (S, =SS s.)G_-Rl{al-=

[ny BB BI "II IB Xy

G*T (s - S S Sin) (
xy "°BB - °BI 11 18’ % B
Once eqn (3.29) is solved for the generalized coordinates {a}, the
exterior and interior displacements can be calculated from eqn (3.4) and

eqn (3.28), respectively. As the displacements for all N

I + NB nodes

are known, the stress at each node can be solved accordingly.




CHAPTER 4

4.1 Numerial Results and Discussion

The object of this work is to analyse the motion of the shell
excited by an incident seismic wave. Dynamic stresses, axial and hoop
stresses, in the tunnel and the wall displacements are calculated when
the tunnel is excited by plane longitudinal P wave and polarized shear

(1)

SV and SH waves. The incident potentials ¢ s

w(i) and Xi)
representing these waves are given in Appendix 1. To obtain the dynamic
amplification factor, the results for the displacements and stresses
presented are normalized with respect to the maximum displacement and
stress amplitudes of the incident waves respectively.

The numerical results presented here are for a concrete tunnel of
thickness to radius ratio (T/A) 0.2, The material properties of
concrete used here are

mass density = 2.24 x 103 kg/m® ,
Young's modulus = 1.6 x lO10 N/m? ,
o = Poisson's ration = 0.2,

To show the dependence of the displacements and stresses on the
material properties of the tunnel and the ground two representative
cases have been considered here. In the first problem considered the
tunnel is surrounded by a soft soil and in the second problem the tunnel

is surrounded by rock material, these will be referred as Case I and

Case II, respectively. The material properties of soft soil and rock

considered here are given in Table 1.




TABLE 1

Material Properties of Soft Soil and Rock

Material Case _ 1 I1
Properties Soft Soil Rock’

p kg/m® 2.665 * 103 2.665 * 103
E N/n? 6.9 % 108 7.567 % 10°

of 0.45 0.25

Before we present the results for the tunnel, we would like to
check the accuracy of our finite element method (FEEET). For this
purpose, a cylindrical cavity inclusion of radius = a is analyzed by the
exact solution (analytical method) and the finite element method
(approximate solution). Results from these two methods at point P shown
in the insert in Table 2 are presented in tabular forms for comparison.
From Tables 2-7 we show the comparison between the predictions for the
displacement and stress amplitudes by analytical and finite element
methods for a circular cavity. It can be seen that the displacements
and stresses agree quite well up to kza = 2.0. Here and in sequel k2
implies k 2=‘k , 1l.e. éhear wave number of the host material. In the

s
1
following numerical results for the tunnel are presented for kza less

than 1.06.

(i) Incident P-Wave

First we will discuss the numerical results for incident P-wave.
Figures 4-12 show the polar plbts of results for incident longitudinal

waves when the tunnel is embedded in a homogeneous soft soil referred to




23—

as Case I. The stresses and displacements are normalized with respect
to the correspondiné maximum free field stresses and displaceme;ts. In
all figures the normalization factors are denoted by NF. It is seen
from Fig. 4-6 that the axial stress amplification vincreases as the
incident angle increases. As the incident angle becomes almost parallel
the axis of the tunnel, the amplification reaches a maximum for the

lowest frequency (or kza). Note that although the maximum amplification

occurring at the lowest kza, it is not surprising that the axial stress
amplitude increases with frequencies. It is also found that for small
incident angle (Fig. 4) the axial stress amplification dinitially
increases with kza and then decreases to the lower amplification value
at the larger kza. But for the large incident angle, the amplification
simply decreases with increasing k2a (Fig. 6). As for the hoop stress,

it is interesting to note that the normalized hoop stresses have a

rather constant value irrespective of the incident angle. However, it
is noted that the hoop stress amplification decreases with increasing
kza for all incident angles. Figures 7-9 show the polar plottings for
the axial displacement. It is found that the real part and the
imaginary part of the axial displacement behave quite differently. The
distribution .of the real part has maximum value occurs at the lower
portion of the tunnel for small incident angle. But the distribution
becomes almost uniform around the tunnel as the incident angle increases
to 85°. It should be noted that the imaginary part of the axial
displacement has a rather uniform distribution around the tunnel
irrespective of the shape of the tunnel and the incident angle. Figures
7-8 show that the changes in frequency do not affect the amplification

of the imaginary part when incident angle is small. However it shows
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clearly in Fig. 9 that the amplification of the imaginary part

decreases with increasing frequency. As for the real part, the

amplfication simply increases with frequency. Note that there is a
maximum occurring at 6 = 46.3° or 133.7° (Fig. 7), this maximum
disappears as the incident angle increased to 85° (Fig. 9). Figures
10-12 show the changes in the shear stress 9., with frequency for
different incident angles. It is found that the real and imaginary part
behave differently. For incident angles 5° and 30°, the real part
amplification of the shear stress decreases with increasing freduency
while for 85° incidence (Fig. 12), the real part amplification increases
with frequency. The imaginary part just behaves the other way round,
first it increases with frequency for 5° incidence but decreases with
frequency for 85° incidence. It should be noted that both the real and
the imaginary part have maximum occurring at 6 = 46.3 or 133.7°, but the
maximum of the real part shifts to 6 = 90° as the incident angle
increased to 85° (Fig. 12).

Similar polar plottings are shown in Figs. 13-21 for the case when
the tunnel is embedded in rock material which is referred to as Case II.
It is found that the amplification of the axial stress and the hoop
stress both _decrease with frequency for all three incident angles.
Howerver, it is noted from Fig. 14, the axial stress amplification of
the upper arch top of the tunnel does nog decrease with frequency, but
rather increases as frequency increases. One more interesting point to
be noted is ?hat there is a pronounced maximum axial stress occurring at
& = 46.3° or 133.7° for 5° and 30° incidence. VAs noted earlier this
maximum almost disappears when the incident angle is 85° (Fig. 15), in

which there is an almost even axial stress amplification distribution
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around the tunnel. Figures 16-18 show that the maximum real part of the
axial displacement occurring at 6 = 270° (at the top of the tunnel)
first increaes with increasing kza but then decreases after reaching the
maximum. As for the imaginary part, the displacement distribution gets

more and more even around the tunnel as the incident angle increases.

From Figs. 19~20 it is noted that for the shear stressAorz the maximum
amplification for the real part occurring at 6 = 46.3° or 133.7° remains
almost the same value irrespective of the changes in frequency. The
real part amplification decreases withv increasing frequency. | The
imaginary part of ., has the maximum amplification at the same point on
the tunnel as the real part, but this maximum first increases and then
decreases with increasing frequency for small incident angles (Fig.
19-20). However, this maximum amplification monotonically decreases
with increasing frequency for large incident angle (Fig. 21).

Figures 22-33 show the variations of the maximum axial stress, hoop
stress, axial displacement and the shear stress 0., with incident angles
for Case I and Case II. For each stress or displacement, only the
results are presented for one small and one large wave number. From
Figs. 22-23, it is seen that the hoop stress is much larger than the
axial stress for all angles of incidence for Case I. However, this is
not true in Case II when the tunnel is embedded in rock. Figures 24-25
show that for small incident angles, the hoop stress is greater than the
axial stress, however, at an incident angle around 50°~55°, both
stresses have equal value but after this point the hoop stress begins to
have smaller values than the axial stress. It is fbund that the axial
stress somewhat increases with increasing incident angle. But the hoop

Stress remains rather constant irrespective of the incident angle in
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Case I. As in Case II, the hoop stress decreases with increasing

incident angle., Figures 26-29 show the variation of the maximum real

and imaginary part of the axial displacement with incident angle. For

Case I and Case II the maximum of the imaginary part occurs at the

larger incident angle which is almost parallel to the tunnel axis. It

is found that for both cases, the maximum of the real part is very flat

at low frequency but becomes very pronounced at high frequency. Note

that the maximum does not occur at the largest incident angle but on

some moderate incident angles depending on the frequency. Figures 30-33
show the variation of maximum shear stress lcrzl with incident angle.
It is found that the amplitude of the shear stress is smaller than the

two other major stresses (the hoop stress and the axial stress) for all

frequencies. It is noted that the imaginary part dincreases with

increasing incident angle and has a maximum occurring at the larger

incident angle in Case I. However, in Case II the imaginary part has a

rather small and constant value at low frequency. At high frequency it

first increases with increasing incident angles but then drops very

slowly after reaching a maximum at a moderate incident angle. The

. . .

variation of the real part is comparatively simple, it dinitially

increases with increasing incident angle and then drops after the

maximum. For both cases it should be noted that the maximum occurs at

around 45° incidence for all frequencies.

For comparison purposes, stress and displacement results from Case
I and Case 1II are plotted and compared in Figs. 34-45. Note that the

circular frequency in the soft soil and the rock considered here is the

same. And for the same wave speed the values of k2a are different for

the soft soil and rock. Figure 34-37 show the cémparison between axial
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stress and hoop stress. It is found that the stress amplification
factor for Case I is greater than that for Case II both for axial stress
and hoop stress. It is also found that the axial stress and hoop stress
induced on the tunnel wall when the wave is travelling in soft soil is
much greater than those when wave is travelling in rock. Figures 38-41
show the comparison between the axial displacement. Not unexpectedly
for small incident angle (i.e. wave is propagating almost perpendicular
to tunnel axis) the amplitude of the real and imaginary part of the
axial displacement in Case I is greater than those in Case II. Howéver,
the amplfication factor in Case IIlmay be greater than that of Case I as
in Fig. 38. Surprisingly, when wave is travelling at an incident angle
almost parallel the tunnel axis the situation is reversed, both the
amplitude and tﬁe amplfiication factor for the real and imaginary part
in Case II 1s greater than those in Case I. Figures 42-45 show the
comparison between the shear stress lorzl. Obviously the shear stress
in Case I is much greater than that in Case II, this agrees to what we
have found from Figs. 38-41 for axial stress and hoop stress. This
suggests that it is always true that stresses induced in the tunnel wall
is much greater when the tunnel is embedded in soft soil than in rock.
As for the axial displacement, the situation depends very much on the
incident angle. It is observed that when the incident angle is small,
the axial displacement for Case I is greater. As the incident angle is
increased to almost parallel the tunnel axis, the axial displacement for

Case II is dominantly greater.




(ii) Incident SV-Wave

Similar to P-wave set of plottings for SV-wave are given for

discussion. Figures 46-54 show the polar plots of results for Case I.

As opposed to the P-wave case Figs. 46-48 show that the axial stress

amplification for SV-wave decreases as the incident angle increases.

Unlike the P-wave where the maximum axial stress amplification occurring

at the largest incident angle (85°) for the lowest frequency, in the

SV-wave case the maximum amplification instead reaches a maximum at the

lowest incident angle (5°) but also for the lowest frequency. One more

thing in contrast to the P-wave case is that at small incident angle,

the stress distribution is far more uniform around the tunnel wall than

the uneven stress distribution at large incident angle. It is also

found that the axial stress amplification decreases with increasing

frequency. As for the hoop stress, it is noted that both the stress

amplification and the stress amplitude decreases with increasing

incident angle. Note that there is a pronounced maximum occurs at

6 = 46.3° or 133.7° for all incident angles. Figures 49-51 show the

polar plots for the real and imaginary part of the axial displacement.

It is interesting to note that the maximum amplfication for the real

part found at the top of the tunnel (8 = 270°) at small or moderate

incident angles shifted abruptly to 6 = 46.3° or 133.7° at large

incident angle. It is found that the real part amplification decreases

with increasing frequency at large incident angle but increases with

frequency at small dincident angle. As for the imaginary part it is

found that the distribution is rather uniform at small and moderate

incident angles for 1low frequency (Fig. 49-50). Note that the

amplification factor decreases with increasing frequency. Figures 52-54
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show the similar plottings for Oyt For the real part, the interesting

thing noticed is that the stress distribution for the moderate incident

angle is quite different from the other incident angles. First the

maximum stress occurred at the top of the tunnel at the moderate

incident angle (30°), while for 5° and 85° incident angles the maximum

occur at 6 = 46.3° or 133.7°. Furthermore, the stress amplification
somewhat decreass with increasing frequency for 5° and 85° incidences
but for 30° incidence it is noted that the amplification on the upper
portion of the tunnel increases with frequency. Note thaf the
amplification is largest at 30° incidence. Like the real part, the

behavior of the stress amplification of the imaginary part for the

moderate incident angle is different from the other incident angles.

Note that the maximum stress occurs at the top of the tumnel at 5° and

85° incidences, but shifted to 6 = 46.3° or 133.7° at 30° incidence. It
is found that the imaginary part amplification increases with increasing

incident angle.

Similar plottings for Case Il are presented in Figs. 55-63. It is

interesting to find that the behavior for the axial stress and hoop
stress at 5° incidence is somewhat identical to that at 30° incidence

both for the amplification and the stress distribution. Note that the

maximum axial stress occurs at the top of the tunnel for 5° and 30°

incidences but shifted to the bottom of the tunnel for 85° incidence.

It is also found that the maximum hoop stress at § = 0° or 180° at 5°

and 30° incidence moved downward to a point near 0 = 46.3° or 133.7° at

85° incidence. From Figs. 58-60, it is noted that the maximum of the

real part of the axial displacement at the top of the tunnel first

increases and then decreases with increasing frequency for small

incident angle. However, the maximum occurs at the bottom of the tunnel
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and monotonicaly decreases with increasing frequency for large incident
angle. The stress distribution of the imaginary part is somewhat
symmetric about =x-axis for 5° and 30° incidence. However at 85°
incidence the distribution is rather even around irrespective of the
shape of the tunnel. Note that the amplification is largest at the
largest angle of incidence. From Figs. 61-63 it is found that the real
part of the shear stress 0., has maximum at 0 = 46.3° or 133.7° for all
incident angles. Note that for the largest incident angle, the maximum
amplification remains a rather constant value irrespective of> the
changes in frequency. It is found that for the imaginary part, the
maximum occurs at the top of the tunnel for large angle of incidence,
while for small angle of incidence the maximum occurs at 6 = 46.3° or
133.7°.

Variations of the maximum stresses and displacement with incident
angle for Case I and Case II for SV-waves are shown in Figs. 64-75. It
is seen from Figs. 64-75 that for SV-wave the axial stress is much
larger than the hoop stress for all incident angies in Case I. Note
that the maximum for both the axial stress and hoop stress occur at
moderate incident angles. However the behavior in Case II is not as
simple as in Case I as seen in Figs. 66-67. For small frequency (kza)
the axial stress 1is smaller than the hoop stress for all incident
angles. But for large frequency at incident angles 35°-75° (approx.)
the hoop stress in turn is larger than the axial stress. Figures 68—71
show the variaton of maximum real and imaginary part of the axial
displacement with incident angle. For both cases it is found that the
maximum of the imaginary part occurs at the smallest incident angle for

all frequencies. The imaginary part somewhat decreases with increasing
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incident angle, except there is a sudden drop at 35° incident for Case
1I at high frequency (Fig. 71). It is found that in Case I for small
frequency, the real part has some very small and constant values
irrespective of the incident angles. At high frequency a very
pronounced maximum is found at 10° (approx.) incidence, and after this
point the real part decreases with increasing incident angle at a
moderate rate. For Case II, the real part initially decreases with
increasing incident angle but then increases after reaching a minimum
around 60°-70° incidence for both frequencies. Figures 72-75 show the
variation of the maximum shear stress Iorzl with incident angle. Again
as found in the P-wave case, the shear stress is much smaller than the
hoop stress and the axial stress. It is interesting to note that for
small frequency the real part of the shear stress behave similarly for
Case I and Case II. In both cases a very obvious minimum is found
around 45° incident angle. However for large frequency it is noted that
a very contrast situation appears, the maximum of the real part occurs
at the smallest incident angle in Case I while in Case II the maximum
occurs at the largest incident angle. For the imaginary part it should
be noted that at high frequency for both cases, initially a maximum
starts at thg smallest incident angle and then begins to drop slowly as
incident angle increases. However at an angle around 60° a second
maximum occurs but with a smaller amplitude than the first maximum.
Comparison plottings for results from Case I and Case II are shown
in Figs. 76-87. Observations made in P-wave case that the stress (hoop
stress, axial stress and the shear stress Orz) amplitudes in Case I are
much larger than those in Case II, apply to SV-wave case also. Again

the astonishing axial displacement behavior observed in P-wave can
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also be found in SV-wave (Fig. 80-83). It is found that at the small
incident angle the amplitude for both the real and imaginary part in
Case I is much larger than those in Case II. However at the incident
angle almost parallel to the axis of the tunnel, both the amplification
and amplitude of the real and imaginary part in Case II is dramatically

greater than those in Case I.

(iii) Incident SH Wave

Finally we will discuss the numerical results for incident SH-wave.
Figures 88-96 show the polar plots of results for stresses and
displacement induced by an incident SH-wave in Case I. From Figs. 88-90
it is found that the axial stress amplification somewhat decreases with
increasing frequency for all angle of dincidence, except for 85°
incidence (Fig. 90) where the amplification initially increases a little
and then decreases with the increasing frequency. Note that at 5°
incidence there are two very pronounced maxima of approximately equal
amplitude at & = 46.3° or 133.7° and at 6 = 62.2° or 117.8°., These
maxima begin to become less pronounced as the incident angle increases
and finally disappear at the largest incident angle. It should be noted
that there are also two maxima hoop stress induced on the tunnel wall,
however these maxima remain very proﬁounced for the 5° and 30° incident
angle and there is still one of the maxima remaining at 6 = 32° or 148.°
as the incident angle increased to 85°., It should be noted in Figs.
91-93 that the normalization factor NF for the axial displacement is not
shown because the incident free field axial displacement for SH-wave
does not exist. The amplitude of the real part of the axial

displacement increases with frequency for all incident angles. It is
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found that there are two maxima of equal amplitude (épprox.) at the
upper portion of the tunnel at © = 228,7° or 311.3° and at the lower
portion of the tunnel at © =138.8° or 41.2°. The maximum at the lower
portion of the tunnel begins to have smaller amplitude than the maximum
at the upper portion as the incident angle increases. It is noted that
the imaginary part of the axial displacement increases with frequency at
small incident angle but decreases with increasing frequency at the
largest incident angle. Figures 94-96 show the polar plots for the
shear stress orz' It is dinteresting to note that the anmlificétion
factors of the real part are approximately equal at 5° and 30° incident
angle for all frequencies, especially at the upper portion of the
tunnel. Note that the maximum of the real part somewhat decreases with
increasing frequency for all incident angles. The imaginary part
behaves similarly where the amplifications are nearly identical at 5°
and 30° incidence. It is also found that the amplification simply
decreases with increasing frequency for all incident angles.

Similar polar plots for Case II are shown in Figs. 97-105. It is
surprising to find that the stress distribution of the axial stress on
the flat bottom surface on the lower portion of the tunnel fluctuates
drastically at small incident angle (Fig. 97) which do not happen in P
or SV wave cases. It is found that the stress value fluctuates up and
down rapidly along the bottom surface of the tunnel, but as the incident
angle increased to 85° the stress distribution becomes a lot more
"smooth" (Fig. 99). Note the very large amplification at 85° incidence,
this is because the maximum incident free field axial stress is a very
small value. Again the hoop stress distribution and the amplification

for 5° incidence resembles those of 30° incidence irrespecitve of the
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change in incident angle. This somehow gives us an idea that the hoop

stress is not very sensitive to the change in incident angle at small

angles. Figures 100-102 show the ©polar plots for the axial

displacement. The behavior of the real and imaginary part is

comparatively simple, their amplification increases with frequency at

all dincident angles. Figures 103-~105 show that the maximum

amplification for the real part of 0., occurs at the lowest frequency

for small incident angles. Note less than unity amplification for the

imaginary part for 5°, 30° and 85° incident angles, which implies there

is a reduction of the incident free field which subsequently induced on

the tunnel wall.

Variations of the various stresses and the axial displacement with

incident angle are shown in Figs. 106-117. From Figs. 106-107 it is

found that the hoop stress is larger than the axial stress for small

angles of incidence in Case I. The axial stress begins to have larger

value at a certain incident angle depending on frequency, and remains to

have larger value thereafter. As for Case II, the hoop stress has

dominantly larger value than the axial stress for small frequency (Fig.

108). However for high frequency the axial stress in turn has larger

value at large incident angles as in Fig. 109. Note that the hoop

stress decreases with increasing incident angle for all frequencies in

both cases. It should also be noted that the axial stress in Case II

rises to a fairly stable value after 45° (approx.) incident angle.

FIgures 110-111 show that the real part of the axial displacement has

insignificant small values for small frequency but suddenly rises to a

dominantly larger value than the imaginary part for high frequency in

P

Case I. Note that the real and imaginary part has maximum at largest
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incident angle for small frequency while for large frequency the maximum
occurs around moderate incident angles. As for Case II the real part of
the axial displacement has smaller value than the imaginary part for
small and large frequency (Fig. 112-113). It is interesting to find
that the real part has three approximately equal amplitude minima
occurring at 5°, 45° and 85° incident angles. Figures 114-117 show that
the real part of the shear stress lorzl has some insignificant values
for small frequency in both cases, and as for the imaginary part it
keeps on increasing steadily with incident angle. For large freduency
it is found that the real part has maximum occurring at moderate
incident angles for both cases. While the imaginary part also has
maximum at moderate incident angles in Case I but with maximum oécurring
at the largest incident angle in Case II,

Results for SH-wave similar to those of P-wave and SV-wave are
found in Figs. 118-129 for comparison purpose of Case I and Case II.
However, it is found that only the imaginary part of the axial
displacement in Case II is greater than that in Case I at 85° incident
angle. While the real part (distribution above the x-axis) at the same
incident angle behaves the same way as the stresses do, i.e. values in

Case I is larger than those in Case II.
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APPENDIX 1

Expressions for functions u u u S S S and
p ri’ ti’ zi’ ri’ rti’ rzi

Stt (i=1,2,...,6) appearing in eqn (2.12) and (2.13) are given as
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REGION R1

The expressions for functions Dri, Dti, Dzi, E i, Erti’ Erzi

and Ett (i=1,2,3) appearing in eqns (2.15) and (2.16) are written
i
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Incident Field

For each type of dilatational P wave and shear SV and SH waves,

corresponding components of displacement and stress fields are listed.

1) Incident P Wave

For P-Wave ¢(1) =J, (a;7) o0 1Ez -0t

iy

[ 29, (1) - ayd q (ar) ] e

c
I

uéi) = | i%-Jn (ulr) ] eiw

it

[ iSJn(alr) ] eiw

(1) 20, .
R e R R N T I @D}
M

c(i) 21n (n-1)
T

6 ={—1- o (@) + J, (1) ]} etV

H
N
it

{ -2ig [ oy J,p (0T) - %'Jn (ulr) ] etV

(1) , :
° {( Zuf + g% - Bf - 32£9§El~) I, () - Efl.Jn+1 (ayr)} eV
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D
fl




2) Incident SV-Wave

.

For SV-Wave x(;) = - E%EE'Jn (Blr) elneelgze_lwt
o E

i
cosyp

{ %E—-[ %—Jn (Byx) - By ., (B;7) ]} o1V
1

i n§ iy
cos, [ - ks * In (Blr) le
1
i g iy
Cosyy [ E—l— Jn (Blr) le
s
1
B1

T

i 288 . oam-1) 2 iy
Coswo { ks [( r2 ~ Bl ) Jn (Blr) + Jn+1 (Blr) ] } (S
1

1 2 2 n iP
{ 'IZ'S—’ (Bl - E ) [ E.' Jn(Blr) - BlJI‘H‘l (Blr) ]} e
1

i { 2ig [ n(n-1)
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1
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3) Incident SH-Wave

i in® i1¢z -jwt
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For SH-Wave w(l) = - o5y
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[23 (gn) ] &t
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Note that in all the expressions in this Appendix, summation.

sign is omitted. For the purpoée of numerical solution, the limit of

2

In which 'm' is the total number of terms taken for evaluation.

the summation in all the expressions is taken from n= -( %-— 1) to 2
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APPENDIX 2

Incident Field

For each type of wave corresponding components of displacement and

stress fields are listed in cartesian coordinates.

i) Incident P Wave

¢(i) - ei(&z + aly)

in which Al is normalized by H; such’ that

>
= %
i
= >
e




ii) Incident SV Wave
X(i) 18z 1By
u(l) =0
X
u(i) =i ei(sz + Bly)
y
u(i) - Blei(gz + Bly)

268, 5% B

iii) Incident SH Wave
w(i) e1€z eiBly
u(i) k  ol(éz * By)
x s

1

yz

JEz + By

e

ei(Ez + B1y)

el




Matrix definition

The matrix [Gre] from eqn. (3.2) is made up by known functions for
the scattered displacement fields which evaluated at the boundary and

can be defined as

B {Drfel)}T {Drgel)}T {Drgel)}T
n n n

(D (ez)} {Dréez)}T {Drgez)}T
n n n

(e

or Cyp) ;3T {Dr, wp) 3T {DréeNB)}T

e (81T e 8))T e 8147

(8,) T (e )T (6 ) T
{Dtl 27} 2 27} {Dt3 27}

where ej is the angle of the jth node on the boundary.

The size of the transformation matrix [T] depends on the number of
nodes taken on boundary B. For the purpose of illustration, assume that
the total number of boundary nodes = 4, then the size of [T] will be

12x12, and can be written as







Matrix [Fre] is composed of the known terms from the scattered

stress fields, as from eqn (3.6) which evaluated at the boundary.




Matrix [ Qij 1
A

*
Matrix [ Qij 1 =] Bs ]T [DT I Bj ] can be written as
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31,y ),y :
e
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1
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Transformation Process
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*
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FEM~36 Nodes ANL-36 Terms
k,a| UR Uz UR uz
0.110.299(-1)10.261(~2)|0.299(-1)|0.261(-2)
0.2(0.616(-1)]0.519(-2)|0.617(-1)]0.519(~2)
0.4{ 0,138 [0.103(-1) 0.139 {0.103(-1)
0.6 0.241 0.159(-1) 0.244 |0.159(-1)
0.8] 0.35¢ |0.,227(-1) 0.362 ]0.226(-1)
1.2 0.467 (0.339(-1) 0.484 {0.339(-1)
1.6 0.517 (0.398(-1)| 0.524 [0.399(-1)
2.0 0.589 (0.461(-1) 0.627 |0.463(-1)

FEM-36 Nodes ANL-36 Terms
k,al  STT S22 STT S22 ‘ ’
0.1({0.,152(~1)]0.693(-2){0.150(-1)]0.678(-2)
0.210.633(-1)]0.289(-1)]0.626(-1)|0.283(~1)
0.4/ 0.288 0.132 0.285 0.129 .
0.6 0.759 0.346 0.751 0.339 \ o
0.8/ 1.48 0.673 1.46 0.659
1.21 2.70 1.23 2.68 1.21
1.6/ 3.66 1.66 3.66 1.65
2.0 4.94 2,23 4,99 2.25

Table 2 : Comparison of displacements and
stresses for P-Wave,
Incident angle = 5




FEM-36 Nodes ANL-36 Terms
kma| UR Uz UR Uz
0.1]0.859(-2)10.994(-1)]0.859(-2)|0.994(-1)
0.210.173(-1) 0.199 [0.173(-1) 0.199
0.4/0.356(-1) 0.396 [0.358(-1) 0.397
0.6/0.552(-1) 0.577 |[0.557(-1) 0.582
0.8{0.738(-1) 0.724 (0.751(-1) 0.735
1.210.959(-1) 0.953 0.100 0.885
1.6 0.111 1.13 0.120 1.19
2,0 0.124 1.23 0.141 1.34

FEM-36 Nodes ANL-36 Terms

kpa|  STT S22 STT S12
0.1{0.162(-2){0.331(-2)|0.154(-2)|0.321(-2)
0.2{0.659(-2)|0.133(-1)]0.625(-2)|0.129(-1)
0.4{0.262(-1)|0.531(-1){0.248(~-1){0.513(-1)
0.6{0.519(-1) 0.114 ]0.484(-1) 0.110
0.8{0.647(-1) 0.183 {0.582(-1) 0.175
1.2] 0.102 0.281 0.947(-1) 0.254
1.6 0.198 0.583 0.181 0.542
2,01 0.299 0.852 0.248 0.779

Table 3 :
stresses for SV-Wa
Incident angle = 5

ve,

Comparison of displacements and
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FEM-36 Nodes ANL~36 Terms
STT S17 STT SZZ

o=
~
o)

0.143(-1)(0.674(~2) |0.138(-1)|0.621(-2)

0.585(~1)10.276(-1) [0.566(-1)|0.255(-1)
0.248 0.117 0.240 0.108
0.579 0.274 0.562 0.252
1.03 0.490 1.00 0.451
2.33 1.11 2.26 1.02
4.13 1.99 4.03 1.80
6.18 - | 3.04 6.07 2.71
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Table 4 : Comparison of displacements and
stresses for SH-Wave,
Incident angle = 5




FEM-36 Nodes ANL-36 Terms
UR Uz UR Uz

o
~
o

0.483(-2)10.260(-1)(0.493(-2){0.260(-1)

0.177(-1)0,521(-1) [0.184(-1) |0.522(-1)

0.777(-1)| 0.110 |0.828(-1){ 0.112
0.206 0.191 0.208 0.197
0.403 0.298 0.440 0.306
0.608 0.389 0.667 0.389
0.617 0.392 0.669 0.387
0.632 0.409 0.675 0.404

o o .
OSANDOOOY N

N2 000 0
.

.

FEM-36 Nodes ANL-36 Terms
STT SZ2 STT SZZ

P
»
o]

0.183(-1)10.103(~1){0.180(~1)[0.101(-1)
1) 1)

0.760(-1)10.427(~1)|0.748(-1)|0.416(-
0.345 0.191 0.340 0.186
0.909 0.498 0.892 0.484
1.76 0.963 1.72 0.928
2.64 1.47 2.49 1.35
2.69 1.56 2.36 1.34
2.80 1.71 2.21 1.37
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Table 5 : Comparison of displacements
stresses for P-Wave,
Incident angle = 60




UR

P
»
)]

FEM-36 Nodes

Uz

ANL-36
UR

Terms
Uz

0.851(-1)
0.170
0.339
0.512
0.682
0.939
1.08
1,24

. s s . o
SOOI DN

N2 OO0 OO
L]

0.509(-1)
0.105
0.228
0.369
0.514
0.731
0.815
0.860

0.851(-1)
0.170
0.340
0.515
0.689
0.960
1.13
1.32

0.509(-1)
0.105
0.228
0.368
0.513
0.730
0.816
0.867

FEM-36 Nodes ANL-36 Terms
kpa|  STT S22 STT 344
0.1/0.820(~2){0.168(-1)[0.778(-2)|0.163(-1)
0.210.342(-1)|0.695(-1){0.325(-1)|0.674(~1)
0.4 0.153 0.303 0.145 0.294
0.6 0.386 0.741 0.368 0.718
0.8/ 0.757 1.40 0.720 1.35
1.2 1.84 3.10 1.74 2.97
1.6 3,22 4,87 3.01 4,62
2.0 5.13 6.94 4,77 6.47

Table 6 :

stresses for SV-Wave,
Incident angle = 60

Comparison of displacements and




UR

=~
»
o

FEM-36 Nodes

Uz

ANL-36 Terms

« .
OOV oY >N -
o
.
-—h
o
w

N2 2 OODO0OODOO
-

i
—_ e NN

OO OOO
- L]
OO OO N U
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wwoo
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UR Uz
0.174(-1)10.147(-2)
0.349(-1)|0.565(-2)
0.720(-1){0.204(-1)

0.115 [0.413(-1)
0.165 [0.659(-1)

FEM-36 Nodes ANL-36 Terms
kga| STT 344 STT Sz
0.110.716(-2)0.339(-2){0.693(-2)0.313(-2)
0.2{0,294(-1)10.141(-1)|0.285(-1)[0.130(-1)
0.4] 0.127 ]0.613(-1) 0.123 |[0.567(-1)
0.6/ 0.312 0.149 0.302 0.138
0.8] 0.601 0.279 0.581 0.257
1.2] 1.46 0.627 1.40 0.564
1.6 2.61 1.08 2.50 0.944
2,0 4.33 1.80 4,13 1.54

Table 7 :

Comparison of displacements and

stresses for SH-Wave,
Incident angle

= 60
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Infinite Medium

Geometry of the Pipe for Analytical work
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Fig. 1b Geometry of the Pipe for Analytical Work (end view)
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Fig., 4 Normalized axial stress ang hoop stress
in tunnel wall vs frequencyofor P-Wave
vhen the incident angle = 5° (Case 1)
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Fig., 5 Normalized axial stress and hoop Stress
in tunnel wall vs frequency for P-Wave
when the incident angle = 30°(Case I)
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Normalized axial stress and hoop stress
in tunnel wall vs frequency for P-Wave

vhen the incident angle = 85° (Case 1)
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Fig.

8

Ngrmalized real and imaginary part of axial
displacement vs frequency for P-Wave when
the incident angle = 30° (Case 1)
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Fig. 89 Normalized real and imaginary part of axial
displacement vs frequency for P-Wave when
the incident angle = 85°(Case 1)
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Fig. 10 Normalized real and imaginary part of shear
stress SRZ in soil vs £requ§ncy for P-Wave
when the incident angle = 5° (Case 1)
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Fig, 12 Normalized real and imaginary part of shear
stress SRZ in soil vs frequepcy for P-Wave
vhen the incident angle = 85° (Case 1)
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Fig. 13

Normalized axial stress and hoop stress
in tunnel wall vs frequency for P-Wave
when the incident angle = 5°(Case 1I)
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Normalized axisl stress and hoop stress
in tunnel wall vs frequency for P-Wave
when the incident angle = 30° (Case I1I)
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Fig. 15 Normalized axial stress and hoop stress
in tunnel wall vs frequency for P-Wave
vhen the incident angle = 85° {Case 1I)
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Fig. 16 Normalized real and imaginary part o
displacement vs frequency for P-Wave
the incident angle = 5°{(Case I1)
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kpa=0.132 (Case II)
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Fig. 118 Comparison between Case I and Case I for

normalize@ axial stress in tunnel wall for
SH-Wave, incident angle = 5°
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