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Abstract. In this paper, three-dimensional (3-D) scattering of obliquely incident Rayleigh waves
by a saturated alluvial valley embedded in a layered half-space is studied in the frequency domain
by using the indirect boundary element method. The total responses are assumed as the sum of the
free-field responses and scattered-field responses. The free-field responses are calculated using
the direct stiffness method and the scatter-field responses outside and inside of the valley are
simulated by applying two sets of fictitious moving distributed loads and pore pressures on the
interface of the valley. The amplitudes of the fictitious distributed loads and pore pressures are
determined from the boundary conditions. The method is validated by comparing the results with
the results published in the literature, and numerical results are obtained for a saturated valley
embedded in a uniform saturated half-space and in a single elastic layer overlying elastic
half-space. The effects of incident frequency, incident angle, porosity, drainage condition, and soil
layers on the dynamic responses are discussed. It is found that 3-D scattering is different from the
2-D case. As the porosity decreased, the pore pressures around the valley became smaller but their
oscillations became violent. The wave fields in a layered site are determined by the “dynamic
interaction between valley and the layered half-space” and the dispersion characteristics of
Rayleigh waves for the given layered-half-space.

Keywords: Alluvial valley, 3-D scattering, Rayleigh waves, Green’s function, indirect boundary
element method, Layered half-space.

1. Introduction

In earthquake engineering and seismology fields, it is well-recognized that local topographies
can generate large amplifications and spatial variations in seismic ground motion. For example,
during the 1985 earthquake in Mexico, structures built in alluvial basin suffered heavy damage,
whereas structures built over bedrock experienced significantly less damage. Extensive theoretical
and experimental studies have been conducted on this subject over the past 40 years.

In studies of alluvial valley, scattering of seismic waves can be 2-D (incident wave field with
incident angle perpendicular to the valley) or 3-D (incident wave field at an arbitrary arrive angle
to the valley). Followed by the pioneering work of Aki and Larner [1] and Trifunac [2], the 2-D
valley effects on the wave fields have been studied by many authors using analytical or numerical
methods. Analytical solutions have been restricted to simple geometries in a uniform
half-space[3-5], and more general cases are solved using numerical methods such as the boundary
integral equation method [6, 7], the boundary element methods [8-10], the finite difference method
[11], and the Aki-Larner method [12]. Based on the Biot’s theory of elastic waves propagating in
a fluid-saturated poroelastic medium [13-15], the 2-D scattering by a valley in a uniform saturated
half-space has also been treated using the analytical and the boundary integral equation method
[16-18].

Compared to the 2-D scattering, studies on the 3-D responses of an alluvial valley are relatively
less. Pedersen et al. [19] presented the indirect boundary element method with full space Green’s
functions to obtain the 3-D scattering of 2-D topographies in a uniform half-space. Barros and
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Luco [20] used an indirect boundary integral method based on moving Green’s functions for a
layered half-space to study the responses of a valley for obliquely incident P, SV, and SH waves.
Liang et al. [21] studied the 3-D responses of a circular-arc alluvial valley in a uniform half-space
using the wave function expansion method. However, studies on the 3-D scattering by a 2-D
saturated valley in a uniform or layered saturated half-space have not been reported in the literature.

Based on the dynamic-stiffness matrices and Green’s functions of distributed loads acting on
inclined lines in layered half-space, a special indirect boundary element method was first proposed
by Wolf [22]. The advantage of this method is its efficiency in computation and flexibility for
complex boundary configurations, and the method has been extended to the 2-D poroelastic case
by Liang and You [23] and Liang et al. [24] and then to the 3-D seismic responses of 2-D
topographies in an elastic layered half-space by Ba and Liang [25]. However, the above methods
cannot be directly applied to a 3-D wave scattering problem by 2-D saturated alluvial valley in a
fluid-saturated layered half-space, and addressing this problem can be of great significance.

In this article, an indirect boundary element method (IBEM) is presented to study the 3-D
scattering of obliquely incident Rayleigh waves by a saturated alluvial valley. This was performed
by deriving the 3-D dynamic-stiffness matrices, moving Green’s functions of distributed loads,
and pore pressures acting on inclined lines in a fluid-saturated layered half-space. The accuracy
of the method is verified by comparison with related results, and the effects of incident frequency,
incident angle, porosity, drainage condition, and soil layers on the dynamic responses are
discussed in this paper.

2. Model

The model considered in this paper is an infinitely long saturated alluvial valley embedded in
a layered half-space with its axis along the y-axis (Fig. 1(a)). The layered half-space is composed
of horizontal saturated layers and an underlying saturated half-space. The seismic excitation is
expressed by Rayleigh waves with an arbitrary incident angle 1 with respect to the y axis
(Fig. 1(b)). Even though the model of the valley is 2-D, the responses are 3-D for obliquely
incident wave fields.
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Fig. 1. Model of 3-D scattering by two-dimensional valley

The 3-D responses of the 2-D valley have a unique feature with the wave fields at two different
cross sections of the valley being identical but with a shift in phase in the frequency domain. This
allows only one cross section of the valley be used for calculation to obtain the whole 3-D dynamic
responses, while wave fields at other sections can be obtained by phase offset. In this paper, only
the interface of the valley is discretized into inclined straight lines for half-space Green’s functions
are used in the proposed IBEM. The total responses are assumed to be the sum of the free-field
and scattered-field responses. Firstly, the free-field responses are calculated to determine the
displacements and stresses at the interface of the valley, and then one set of fictitious distributed
loads and pore pressures moving parallel to the y- axis are applied at the line elements (interface
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of the valley) to represent the scattered wave field outside of the valley (scattered wave field in
the layered half-space), and another set of distributed loads and pore pressures on the same line
elements to represent the scattered wave field inside of the valley (Fig. 2). The amplitudes of the
two sets of fictitious moving distributed loads and pore pressures can be determined by the
boundary conditions at the interface of the valley, and finally, the dynamic responses arising from
the waves in the free-field and from the fictitious moving distributed loads and pore pressures are
summed to obtain the total responses.

soil layer

half-space

Fig. 2. Discretization of the interface of the alluvial valley
2.1. Biot’s theory
The equations of motion of a poroelastic medium [13-15] can be expressed as:

GV?U + (A, + G)grad(divU) + aMgrad(divU) = pU + p,w, |
aMgrad(divU) + Mgrad(divw) = p;U + mw + bw, M
where, U and w are displacement vectors of the solid frame and of the pore fluid with respect to
the solid frame, respectively; w = n(W — U); W is the displacements vector of the pore fluid;
p = (1 —n)ps + npg represents the total density; ps is solid grain’s density; p¢ is pore fluid’s
density; n is porosity; b is a parameter that accounts for internal friction due to relative motion
between the solid frame and the pore fluid; m = p,,/n® = (npy + p,)/n* represents a
density-like parameter; p, is the couple density between the solid grain and the pore fluid; G and
A are Lame’s constants of the solid frame, A, = A + a®?M; a and M are Biot’s parameters, which
account for compressibility of the two phase material.

To solve the Biot’s governing equations in Cartesian coordinate system, two kinds of Fourier
transformation are involved: one with respect to time and frequency, and the other with respect to
the two horizontal coordinates and wave numbers. In this paper, the Fourier transformations for
the two horizontal coordinates and time are defined as follows:

1 [ee] [ee] [oe] . . )
F(kx, ky,z, a)): (27)3.[ J j f(x,y,2, t)elkxx+kay—lwtdxdydt'
0 a0 peo2TT® )
fy, z,t)= f f f F(ky ky, z,w) et~y gk dk,, dw,

where x, y and t denote the two horizontal coordinates and time, while k,, k,, and w represent
the two horizontal wave numbers and frequency. Performing the Fourier transform on Eq. (1) and
solving the resulting ordinary differential equations, the displacement amplitudes of the solid
frame and of the pore fluid with respect to the solid frame in the frequency and wave number
domain can be written as:
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Uy = kyla,(Apie™*P12% + Bpe™kP12%) + g, (ApyeP22Z + Bp,eikp2z?)]
—kszk B (Asye’ss” — Bgyethsz) — kyﬂ(ASHelkszz + Bgye~ksz?),
Uy = ky[al(APleLkplzZ + Bpie *P127) + q, (ApyekP227 + Bp,etkp2z7)]
_kszkyﬁ(ASVeikszz — BSVe—ikSZZ) + kxﬁ(Asyeikszz + ASHe_ikSZZ)'
_ ik _ik i i
U, = kplza.l(Aplel piet — Bpye KP122) + Kpy,ay (ApyetP22% — Bpye™P22%)
_ (Asye'™sz” + Bgyetsz?)
)
W, = kp1,a1D; (Ap,ethpiz? - Bpye~*P127) + kpy,a, D, (Ap,e™*P22% — Bp,e~tkp227)
D3 (Agye'*sz% + Bgye~tksz%)

3

B
where:
/ 1 1
kPLZ k + k2 kzzn, 1, 2, kSZ = k)% + ka, - k_?, al =, az =
’§P1 kp,
Ao+ 2 v, w
g = ( n=pVp) =12 Dy=—Pt

D; = N TR

/k2 +kZ (pVE — aM) (ibw — mw?)
and Ap;, Bpy, Aps, Bpy, Asy, Bsy, Agy and Bgy are the amplitudes of the up-going and
down-going P1, P2, SV and SH waves, respectively, and kpq, kp, and kg are the wave numbers

associated with the P1, P2 and S waves, which are determined by Eq. (4):

C(B+VBE=48) (B - VBE-3B,) oo _ (orDs +p)o? @
P1 — 2 ) P2 — 2 ’ S = #;

where:

[(mw? — ibw)(A + 21) + pw?M — 2aw?Mpy|
[M(A+ 2p)] '
[(mw? — ibw)pw? — pfw?]
[M(A + 2u)]

B =
(5)

B, =

2.2. 3-D stiffness matrix of saturated, layered half-space and solutions of the free field
responses

The constitutive equations for a poroelastic medium have the following form [13-15]:
0-1] = /1661-]- + ”(UL,] + Uj,i) - a5ijpf, pf = —aMe + M@, (6)

where &;; is the Dirac delta function; e = U;; represents the dilation of the solid skeleton;
0 = w;; represents the volume of fluid injected into a unit volume bulk material; g; ; is the stresses
in the bulk porous medium; and py is the pore pressure.

The displacement amplitudes at the top and the bottom of a saturated layer can be expressed
as Eq. (7a) developed based on Egs. (3), and the external load amplitudes can be expressed as
Eq. (7b) based on Egs. (3) and Egs. (6), by introducing Qxq = —T;x1, Qy1 = —Tzy1, Qz1 = —1051,
Qr1 = iPr1, Qxz = —Tax2s Qyz2 = —Tzy2, Qzz = —i0,; and Qp,=—ipgs:

. ; . T
{ler 110 8031, Wz, Uxa, Uy, iU 55, lez} = D{Ap1, Bp1, Ap2, B2, Asy, Bsy, Asp, BSH}T: (7a)
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T
{Qxli let Qzli Qfll QxZI QyZJ QzZI QfZ} = S{APlﬂ BPll APZ: BPZ!ASVt BSV!ASH' BSH}Tt (7b)

where Uy, Uy, Uz, Uyz, Uy, and Uy, are the solid frame’s displacement amplitudes; w,; and
W, are the displacement amplitudes of pore fluid with respect to the solid frame; T,x1, Tzy1, 071,
Tzx2»> Tzy2 @and g, are the total stresses amplitudes; and pyy and py, are the pore pressure
amplitudes. To achieve symmetry, all vertical components in Eq. (7) are multiplied with i.
Eliminating the amplitudes Apq, Bp1, Apz, Bps, Asy, Bsy, Asy and Bgy in Eq. (7), leads to the 3-D
dynamic stiffness matrix of the saturated soil layer S5,_p,_sy_sy. Applying loads at the free
surface of the saturated half-space, only down-going waves with amplitudes Bp,, Bp,, Bsy, and
Bgy are developed, as the radiation condition states that no energy propagates from infinity, it
excludes the up-going waves with Ap;, Ap,, Agy and Agy . Therefore, by setting
Apy = Apz = Asy = Ay =0 in Eq. (8) and eliminating Bpy, Bp,, Bsy and Bgy, the saturated
half-space matrix SX,_p,_sy_sy can be obtained. Considering the continuity of displacements and
equilibrium of stresses and pore pressure at the layer interfaces, the global 3-D stiffness matrix of
a multi-layered site Sp;_p,_gy_sy are obtained by assembling the layer matrices S5;_p,_sy—sy
and the half-space stiffness matrix SF;_p,_gy_sy. Once Spq_pa_gsy—sy is obtained, the discretized
dynamic-equilibrium equation of the layered saturated site can be expressed as:

Sp1-p2-sv-suU = Q, (3

where, U and Q are the vector of the displacement amplitudes and vector of external load
amplitudes at the interfaces of the saturated layer.

To obtain free-field responses of the incident Rayleigh waves in a layered half-space, the
relationship between the apparent velocity ¢ and the frequency w must be established. Using the
3-D dynamic stiffness matrix of the layered site, the relationship between ¢ and w can be
established by setting |Sp;_pa_sy—su| = 0. Newton iteration method can be used to obtain the
c(w) for the given w. Substituting these values of c(w) in the global dynamic matrix leads to
nontrivial solutions for the dynamic-stiffness matrix Sp;_p,_gy—_sy, Which corresponds to the
so-called Rayleigh wave modes. Thus, the ratios of displacement amplitudes at the layers’
interfaces are obtained. Once the displacements at the interfaces of the layers are obtained, the
amplitudes of the up-going waves and down-going waves in the layers can be determined using
Eq. (8a). Then the free-field responses are obtained, which consist of the displacements of the
solid frame in the x, y and z directions and the displacement of the pore fluid with respect to the

solid phase {Uxf (5),Uy£(S5),U,£(S), wzf(S)}T, and the stresses in the x, y and z directions and

pore pressure {txf (), ), (8), t,£(S), tpr (S)}T (Fig. 2). The subscript ‘f” indicates the variables
that represent terms in the free-field responses.

2.3. Moving Green’s functions and solutions of the scattered wave field

The Green’s functions used in this paper denote the dynamic responses at any point in the
free-field system (without the valley) when moving distributed loads in the x, y and z directions and
the pore pressures acting on an inclined line embedded in the saturated layered half-space (Fig. 3).
These versions of green’s functions for a layered half-space originate from Wolf [22], which were
extended to the poroelastic case by Liang et al. [23] and to the 2.5 D form by Ba and Liang [25].
Taking the distributed load in the x direction moving along the y axis as an example, the load
amplitude in the time and space domain, arising from the value of density p,, can be expressed as:

px(x: y! Z, t) = pxoé(z - Xtan9)6(y - Ct), (9)

where, 8 (0° < 6 < 180°) is the angle of the line measured from the horizontal plane and c is the
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moving velocity. ¢ = c}/cosy can be obtained from Fig. 1(b) for Rayleigh waves with the
arriving angle 1 with respect to the y axis. cj is the Rayleigh wave’s velocity of the top soil layer.
Performing Fourier transforms with respect to the two horizontal coordinates and also with respect
to time on Eq. (9), the load amplitude in the frequency and wave number domain can be
expressed as:

P(kx, ky,z, w) = =———exp(ik,zcotd)§(w — k c) (10)

2n )3
0 x Rz1 Rr1 Rz1 Rr1 0 X
\\ve/ R Y~ lZ R.r]ii/Ry]

27 LLLLLLLLL 221000000027 %

5 "y
py’, ; »px Id :§ %/%/ —}ER.\'I R,\IL‘R"‘Z

> Ry "
p/. Layered Soil R‘;’/“ Rx2 R--‘ Ry §
Halfspace g Rl Rr2

Fig. 3. Distributed load acting on an inclined line in soil layers

As only part of the layer is loaded, two additional interfaces are introduced at the top and the
bottom boundary of the load. First, the layer on which the distributed load acts is fixed at the two
interfaces, and the corresponding reaction forces Ryq, Ry, R;1, Ry at the top interface and Ry,
Ry2, R;,, Ry, at the bottom interface) are calculated to achieve this condition. This way, the
analysis is restricted to the loaded layer. The directions of these forces are then reversed, and are
applied as external loads to the total system to determine the global response, and the dynamic
responses of the total system induced by the external forces can be implemented using the direct
stiffness method. The total response is finally obtained by adding the results of analysis of the
fixed layer of the reaction forces (Fig. 3).

It should be noted that the above calculations are performed in the frequency and wave number
domain, and the Green’s functions in the time and space domain can be obtained using inverse
Fourier transformation given by Eq. (11):

fl,y,z,w) = f f F(kx, ky, z, w) 6(w — kyc)exp(—ikxx — ikyx)dkxdkxda)
. T®RYm® (11)
= f F(kx, k', z, w)exp(—ikxx)dkx,

where kj, = w/c, F (kx, ky,z, w) is the dynamic response in the frequency and wave number
domain, and f(x,y, z, w) is the response in the frequency and space domain.

Using the Green’s functions described above, the scattered wave fields outside and inside of
the valley are simulated by two sets of moving Green’s functions for the layered half space and
for the valley, respectively. Therefore, when the free surface is drained (permeable), the
displacements and stresses at the interface of the valley S arising from the scattered wave fields
outside and inside of the valley can be expressed as:

{U g('s) U g(S)tU (S)} gu(s)]{pxlﬁpylipzl'pfl}
{thg(5),t54(5), the(S), € (5)} (95 S)HPa1 Py1 Por P1)

{UY,(8), U5, (), U%,(9)}) = [gL()){Pxz.Pyz  Psz,Pr2) »
{tl, (), t5,(5),t,(S), pg(S)} [9Y ()){Pxz. Pyz. a2 Pr2}

(12)
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where [gL(S)] and [g£(S)] are the displacements and stresses Green’s functions for the layered
half-space with a drained free surface, and [gY (S)] and [g} (S)] are the displacements and
stresses Green’s functions for the valley. In Eq. (12), the subscript ‘g’ indicates results attributable
to the moving distributed loads and pore pressures, while the superscripts ‘L’ and ‘V’ denote
parameters associated with the layered half-space and with the wvalley, respectively.

T T .
{px1 yPy1,Pz1, pfl} and {px2 yPy2, P22, pfz} are the load and pore pressure amplitude
vectors acting on the interface S to calculate the green’s functions for layered half-space and for
the valley, respectively.

Similarly, when the free surface is undrained (impermeable), the displacements and stresses at
the interface of the valley S arising from the scattered wave fields outside and inside of the valley
can be expressed as:

{UL(8),UL,(), UL, ()} = [g5u(){Prs, Py1, o1 Pr1)
{tko(5),t5 (), 9 (5), Wy ) = (95 Pr1 . Py1 Po1 Ps1}
{UY,(5), U4, (5), 0%, () = [guu(sn{pxz,pyz,pzz,pfz}T,
{t,(5), 655(5), 6y (), Wly ()} = [9%()Prz . Py2 Prz Pr2}

(13)

where, [gE, ()], [g%:(S)], [g¥,(S)] and [g),(S)] are the displacements and stresses Green’s
functions for the layered half-space and for the valley with an undrained free surface, respectively.

2.4. Boundary conditions

If the free surface of the layered half-space and the interface of the valley have a drained
boundary condition, the boundary conditions at the valley interface S can be expressed as:

. _t%g (S) [txf (S)i r t%g (S)
tyg (S) yf(s) tyg (S)
fs Wl | |&cs) lzf(s) f WO ||
_tég(S) f(S) tgg(s) (14)
[Uzg(S)] [Uss(S) w U, (S)
T U550 Uy (S) _ yg()
fs WOl | o | o] 4= f 7zl (5) ds,

where, [W(s)] is the weighting function. If [W (s)] takes the value 1 in a single element and zero
in all the others, the integral can be evaluated over each element separately. Substituting Eq. (12)
into Eq. (14) results in:

[ng“]{l)xp Py1, P21, pf1}T + [Tf] = [Tpv]{pr' Py2, P22 pfz}T'

(1s)
VAP Py1 P Py} + (V] = [V 1{Paz Py P Br2)

where:

(1] = [WEI ot lds, 1] = | W lof @lds,

(1) = [ WO [y las 171 = [ ons 16

W)= [T ghds, ] = (WO by e)lds

4342 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2015, VOL. 17, ISSUE 8. ISSN 1392-8716



1842. 3-D SCATTERING OF OBLIQUELY INCIDENT RAYLEIGH WAVES BY A SATURATED ALLUVIAL VALLEY IN A LAYERED HALF-SPACE.
ZHENNING BA, JIANWEN LIANG

Combining the solutions of Egs. (15) and (12), the displacements and stresses outside of the
valley will be:

U,(x,y,2) Uy (x,y,2) Pxi]’

UyCoy2) =10 (63,2 L [ghCey 2 B

U,(x,y,2) Uy (x,9,2) Pr

Ly, 2)) (Ll 2) Pl 1n
ty(x,y,2) ty(x,y,2) Py1

t,(x,y,2) - t,(x,v,2) + 9t (3, 2)] Pzi|’

tr(x,¥,2) tor(x,y,2) Pr1

and the displacements and the stresses inside of the valley will be:

Ux(x,,2) Pz2)’ (txgx’y’zﬁ\ Px2]"
r p t,(x,y,z p
Uy(x,y,2) p = gl (x,y,2)] p: 22 , ty @y~ [gf (x,y,2)] p:j : (18)
VA »
UZ(xl y’ Z) pr tf(x, y’ Z) pr

If the free surface of the layered half-space and the interface of the valley are both impermeable
(undrained boundary), the boundary conditions are: continuity of the displacements of soil frame,
equilibrium of the stresses, and zero flow through the interface of the valley. Similar to the
calculation process described above for the drained boundary case, the responses outside and
inside of the valley can be obtained for the undrained boundary case.

° 77=0.5 ‘ Obravinski&i/lossessiaﬁ (1987) 8 77:1 0 ‘ Obravinski&i/lossessiaﬁ (1987)
Present study Present study
6r i ufus| 1 OF [et/u
S /] A /]

]
:
AN

x/a
Fig. 4. Surface displacement amplitudes compared with those of Dravinski and Mossessian [7]

3. Verification of the method

The present method can be reduced to a 2-D problem in an elastic medium when the incident
angle ¢ = 90° and the saturated parameters pg, M, m, a and b are set as small values (i.e., 10).
The 2-D results of Rayleigh waves for a semi-circular valley embedded in a uniform elastic half-
space provided by Dravinski and Mossessian [7] are used for comparison. The parameters used in
the analysis are as follows: Poisson’s ratios of both the valley and the half-space are
v = 1/3, damping ratio is { = 0.005, the shear wave velocity ratio of the valley to the half-space
is ¢/ /cH = 0.5, the mass density ratio is pY /pH = 2/3 (note that the superscript ‘V’ represents the
valley and ‘H’ represents the half-space). The incident frequency n = 0.5 and 1.0 are defined as
n = wa/mcll, where, a is the radius of the valley. Fig. 4 shows that the results from the analysis
are in good agreement with those provided by Dravinski and Mossessian [7].
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4. Numerical results and discussion
4.1. Responses of a valley in a uniform half-space

A semi-circular saturated valley embedded in a uniform fluid-saturated half-space is first
analyzed for both drained and undrained boundary conditions. The material parameters of the
half-space and of the valley are presented in Table 1 for the case of n = 0.3. The internal friction
due to relative motion between the solid frame and the pore fluid is not considered in this analysis
(i.e. b = 0). The dimensionless incident frequency is defined as n = wa/(m./G/p), where G and
p are shear modulus and total density of the saturated half-space, respectively, and a is the radius
of the valley. Fig. 5 presents the amplitudes of the surface displacement for dimensionless incident
frequencies n = 1.0 and 2.0, incident angles 1 = 30°, 60° and 90°. The solid frame displacement
amplitudes in the x, y and z directions are defined as |Uy| = |Ux /(Uxo + Uyo)|,

|U,| = |Uy/(Uyo + Uyo)| and |U,| = |U,/(Uyo + Uyp)|, where Uyy and Uy, are the two free-
field horizontal displacements of the obliquely incident Rayleigh waves.

Table 1. Parameters for the saturated valley and the saturated half-space

n G (Pa) M (Pa) | m(Pa) | ps (kg/m®) | pr (kgm®) | v a
Half-space 0.1 | 156.33E8 | 182.16E8 | 55000 2650 1000 0.25 | 0.2762
0.3 37E8 60.72E8 7222 2650 1000 0.25 | 0.8287
Alluvial valley 0.1 | 39.08E8 | 143.71E8 | 55000 2650 1000 0.25 | 0.2762
03 | 9.25E8 47.92E8 | 7222 2605 1000 0.25 | 0.8287

Fig. 5 indicates that the presence of the saturated valley can cause very large amplification of
the surface ground motion locally, which is strongly dependent upon the incident angles and the
drainage condition. The repeated interference of the transmitted waves in the saturated valley leads
to a large amplification on the surface of the valley. The relatively shorter wavelengths in the
valley made the amplitude oscillations on the surface more violent. The displacement amplitudes
in the left side (i.e., the incident side) of the valley are more complex than those on the right side
because of the filtering effect of the valley.

The results in Fig. 5 also show that the 3-D responses (i.e., for Y # 90°) are different from the
2-D case (i.e., for = 90°). These results indicate that the obliquely incident wave fields cannot
be simply decomposed into in-plane wave fields and anti-plane wave fields, and then be calculated
as the total in-plane and anti-plane responses. As the incident angle increased, the displacement
amplitudes in the x direction increased gradually, while the displacement amplitudes in the y
direction decreased gradually. For the 2-D case (i = 90°), only the in-plane displacements
(displacements in the x and z directions) are present. The drainage condition also has a significant
effect on the surface displacement amplitudes, and the amplitudes are larger and more complex
for the undrained boundary condition than those for the drained case. The reason for this
phenomenon can be attributed to a stronger ‘encapsulation effect’ in the case of an undrained
saturated valley.

Fig. 6 shows the contours of the pore pressure amplitudes in the range of —2a < x < 2a and
0 <z < 2a forn=0.5 and 2.0. The incident angles are ¥ = 30° and 60° and the drainage
condition is undrained. The calculation model, material parameters, and also the definition of the
dimensionless frequency used are same as for the results presented in Fig. 5. The dimensionless
pore pressure amplitudes are defined as |ﬁf| = |pf/(G(Ux0 + Uyo))|.

It can be seen that larger amplitudes and more violent oscillations of pore pressures are found
inside the valley compared to those in the outside saturated half-space. The pore pressure
amplitudes at the right side of the valley are much larger, in contrary to the distribution of the
displacement amplitudes. As the incident frequency increased, the amplitudes of the pore pressure
increased significantly and the oscillations became more violent. Fig. 6 also shows that the
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amplitudes of the pore pressure became larger with increasing incident angle, and increasing
incident angle increased the differences in pore pressure amplitudes between the left and right side
of the valley.

Fig. 7 shows the contours of the amplitudes of the pore pressure in the range of
—2a <x <2aand 0 <z < 2a for n = 0.5, with an undrained boundary condition and ¢ = 30°
and 60°. The material parameters of the saturated half-space and of the saturated valley are
presented in Table 1 for the case of n = 0.1 and the internal friction is not considered (b = 0).
Comparisons between the results in Fig. 7 (n = 0.3) and results in Fig. 6 (n = 0.1) show that
porosity has significant effect on wave scattering around the valley. As the porosity decreased, the
pore pressure amplitudes decreased significantly, while the oscillations of the pore pressures
became more violent. This indicates that less energy is taken up by the pore fluid than by the solid
frame. The results in Fig. 7 also show that the pore pressure amplitudes become more concentrated
inside the valley for smaller porosity (i.e. n = 0.1).

4 —_—— 4 —_— ;
— . —20° = X —200
’U»\_’ drained v zg“ ’U\_’ drained v 280
el ) ———y=
3tn=03 p=1.0 w=90" 3tn=03 p=1.0 w=90"

6 ‘ ‘ T T ‘ 4 T T T T T
— —20° — . —20°
’U'| drained I//_zgn |U\ undrained "4 gg”
- - = -—--y=
n=03 pn=10 =90’ 3tn=03 n=1.0, - w=90"]
41 J

xla
f——— — 6——————— .
|0,| undrained ’/’:230 |0.| undrained V/:ZgO
2 -y = y=
3tn=03 p=10 w=90"] n=03 np=1.0 , w=90"
41 0 i
2 4

\l \—,

0 1 11 L\ 1

4 3 2 1 0 1 2 3 4
x/a

Fig. 5. Surface displacements amplitudes for different obliquely incident angels (n = 0.3)
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Fig. 6. Contours of pore pressure amplitudes around the valley (n = 0.3)
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Fig. 7. Contours of pore pressure amplitudes around the valley (n = 0.1)

4.2. Responses of a valley in a layered half-space

A semi-circular valley embedded in a single elastic layer overlying an elastic half-space is
analyzed considering both drained and undrained boundary conditions. The material parameters
of the saturated valley are shown in Table 1 for the case of n = 0.3 and material damping ratio of
5 % is considered in this analysis. The material parameters of the elastic layer are as follows: mass
density p* = 1855 KN/m?, shear modulus Gt = 3.7 MPa, Poisson’s ratio vt = 0.25 and damping
ratio {* = 5 %. The material parameters of the underlying elastic half-space are as follows:
pR = 1855 KN/m’, shear modulus ratio of the half-space to the layer is y/ GR/GL = 5.0, Poisson’s
ratio v® = 0.25 and damping ratio {¥ =2 %. The thickness of the layer is H/a = 2.0 and the
incident angle is Y = 45°. The dimensionless incident frequency is defined as
n = wa/(m/ G- /pr). Fig. 8 shows the amplitudes of the surface displacement for the first three
modes of the Rayleigh waves for n = 1.0 and 2.0. The displacement amplitudes in the x, y and z
directions are defined as |Uyl = |Uy/(Uxo + Uyo)|,  |Uy| =|Uy/(Uxo + Uyo)| and
|U,| = |l72 J(Uy + Uy0)|, where Uy and U,q are the two free-field horizontal displacements of
the obliquely incident Rayleigh waves in the layered half-space.

Results presented in Fig. 8 indicate that the surface displacement amplitudes can vary with
different Rayleigh modes, depending on the dimensionless frequency and drainage conditions.
Largest vertical displacement amplitudes are found in the third Rayleigh mode with maximum
vertical displacement amplitudes at 2.2, 2.4 and 9.4, for Rayleigh modes 1, 2 and 3, respectively,
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for n = 1.0. The largest vertical displacement amplitudes occurred at the second mode for n = 2.0
with the maximum vertical displacement amplitudes at 2.2, 4.1 and 1.2 for the Rayleigh mode 1,
2 and 3, respectively, for n = 2.0).
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Fig. 8. Surface displacement amplitudes for the first three modes (G®/GL =5, H/a = 2.0)

Fig. 9 shows pore pressure amplitude contours inside of the valley for the first three Rayleigh
modes, with dimensionless frequency n = 1.0 and 2.0, and incident angle i = 45°. Both the
drained and undrained boundary conditions are considered in the analysis. The calculation model
and material parameters are same as those in Fig. 8. The pore pressure amplitudes in Fig. 9 are
defined as |p;| = |ps/(G*(Uxo + Uyo))|-

Fig. 9 shows that both the values and the spatial distributions of the pore pressure amplitudes
are different for different Rayleigh modes, depending on the incident frequency, incident angle,
and the drainage condition. The pore pressure amplitude is largest at the third Rayleigh mode for
n = 1.0, while it is largest at the second Rayleigh mode for n = 2.0. The oscillations of the pore
pressure amplitudes are most violent for the first Rayleigh mode, less violent for the second
Rayleigh mode, and the least violent for the third Rayleigh mode, which may be attributed to the
faster apparent velocity (corresponding to longer wavelength) for the higher Rayleigh modes
(Table 2). With increasing incident frequency, the pore pressure amplitudes become larger and the
spatial distributions become more complex. It can also be seen for Fig. 9 that the drainage
boundary condition has significant effects on the values and spatial distributions of the pore
pressure amplitudes and the oscillations are more violent for the undrained boundary condition.

Fig. 10 shows the amplitudes of the surface displacement and Fig. 11 shows the contours of pore
pressure amplitudes inside of the valley for the first two Rayleigh modes, illustrating the effects of
the stiffness of the soil layer. In this results, the same calculation model and the same materials as in
Fig. 9 are used, except the shear modulus ratio of the half-space to the layer is G¥ /Gt = 2.0.

By comparing the results in Fig. 8 and Fig. 9 with Fig. 10 and Fig. 11 forn = 1.0, it can be
seen that the values and the spatial distributions of displacement (pore pressure) amplitudes are
similar for the first Rayleigh mode, but are significantly different for the second mode. This is
because for the scattered Rayleigh waves in a layered site, the resulting responses depend on two
aspects: (1) the dynamic interaction between the valley and the layered site, and (2) the dispersion
characteristics of the Rayleigh waves. The large difference in the apparent velocity of the second
mode (Table 2) leads to the significant difference in the dynamic responses in Figs. 8-9 and in
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Figs. 10-11, although the dynamic interaction keep invariant for the unchanged thickness of the layer
(The dynamic interaction is determined by the thickness of the layer for invariant shape of valley).
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Fig. 10. Surface displacement amplitudes for the first two modes (G® /G =52, H/a = 2.0)
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Fig. 11. Contours of pore pressure amplitudes for the first two modes (GR/GY =2, H/a = 2.0)

Fig. 12 shows the amplitudes of the surface displacement and Fig. 13 shows the contours of
pore pressure amplitudes inside of the valley for the first three Rayleigh modes, illustrating the
effects of the soil layer thickness. The same materials and calculation model are used as in Fig. 9,
except that the thickness of the layer is H/a = 4.0.

By comparing the results in Fig. 12 and Fig. 13 with results in Fig. 8 and Fig. 9 forn = 2.0, it
can be seen that the values and spatial distributions of the displacement (pore pressure) amplitudes
are different for all three modes, which may be attributed to the changed dynamic interaction
between valley and layered site (due to changes in the thickness of the layer) and also to the
different values of the apparent velocity for the two layered half-space (Table 2). It can also be
seen from Fig. 12 and Fig. 13 that the values and spatial distributions of the displacement (pore
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apparent velocities of the two modes (Table 2).

closer
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Fig. 12. Surface displacement amplitudes for the first three modes (G® /Gt =5, H/a = 4.0)

Table 2. Apparent velocities for the first three Rayleigh modes

GR/Gr=5H/a=2 GR/G* =2, H/a=2 | GR/G" =5,H/a =4
n=1.0 n=20 n=1.0 n=20
Mode-1 1309.88+67.76i 1301.69+64.94i 1308.56+67.17i 1301.69+64.94i
Mode-2 | 2226.44+156.01i 1511.82+89.30i 2085.67+133.77i 1431.49+73.30i
Mode-3 | 3524.38+388.14i 2413.09+149.86i 1517.60+99.14i

the frequency n = 1.0

For layered half-space of GR/G* =2 and H/a = 2, there are no higher modes than the second mode at

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2015, VOL. 17, ISSUE 8. ISSN 1392-8716

4351



1842. 3-D SCATTERING OF OBLIQUELY INCIDENT RAYLEIGH WAVES BY A SATURATED ALLUVIAL VALLEY IN A LAYERED HALF-SPACE.
ZHENNING BA, JIANWEN LIANG

mode-1 mode-2

drained f’/‘i =40 drained {(‘1/1 =4.0

7=2.0 y=45" offeg =50 n=2.0 y=45" ket =50

0.00 0248 0495 0743 0990 124 1.49 1.65 000 0261 0521 0782 104 130 156 1.74
\

mode-3

— mode-1
drained Lt undrained Hfa=4.0
= =45" cR/c" =5.0 0 R /L
n=2.0 y=45 s/Cs =9 7=2.0 =45 g /cb‘, =5.0
I EEEE————
0.00 0.336  0.672 1.01 1.34 1.68 2.02 2.24 0.00 0.255  0.509  0.764 1.02 1.27 1.53 1.70

mode-2 mode-3
undrained IRJ/”, =4.0 undrained = IR{/C/' =40
7=2.0 l//=45° Cg /cx =5.0 n=2.0 y=45 Cy /C.s =5.0
[ I

000 0329 0657 0985 131 164 197 2.19 000 0268 0537 0805 107 134 161 1.79

Fig. 13. Contours of pore pressure amplitudes for the first three modes (G®/GL =5, H/a = 4.0)
5. Conclusions

The 3-D scattering of obliquely incident Rayleigh waves by a saturated alluvial valley
embedded in a layered half-space is studied using the indirect element method in the frequency
domain. Results from the analysis indicated that as the porosity decreased, the pore pressure
amplitude values decreased significantly, while the oscillations became violent. The values and
spatial distributions of the displacements amplitudes and of the pore pressure varied with the
Rayleigh modes. The higher Rayleigh modes resulted in longer wavelengths and lead to simpler
spatial distributions. The responses around the valley are determined by the dynamic interaction
between valley and layered half-space, and the dispersion characteristics of the Rayleigh waves
for a given layered half-space.
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