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ABSTRACT: A direct time-domain numerical approach named the half-plane Boundary Element
Method (BEM) is proposed based on the half-space Green’s functions for seismic analysis of the
trapezoidal alluvial hill above a circular cavity, subjected to vertically propagating incident SH-waves.
In the use of the method, the meshes were only concentrated around the boundary of the desired features.
First, the problem is decomposed into two parts, including a pitted half-plane and a trapezoidal-filled
solid on the surface. Then, the influence coefficients of the matrices are obtained by applying the method

to each part. By satisfying the boundary/continuity conditions on the interfaces, a coupled equation is  Keywords:

formed to determine unknown boundary values in each time-step. After implementing the method inan .\ avity

advanced developed algorithm, its efficiency is investigated by solving some practical examples and
Half-plane BEM

compared with those of the published works. To complete the results, the sensitivity analysis was carried
out to obtain the seismic response of the hill by considering the key parameters, including impedance SH-wave
and shape ratios. In this regard, the effect of a subsurface cavity on the amplification pattern of the Trapezoidal hill
surface was studied as well. The results showed that the impedance and shape ratios of the trapezoidal = Time-domain
alluvial hill were very effective on the seismic response of the surface. The results of the present study

can be used to complete the accuracy of existing codes around the subject of geotechnical earthquake

engineering. .

1- Introduction

Studies on the role of surface/subsurface topographic
features such as hills and cavities or the combination of them
on the amplification/de-amplification of the earthquake
were investigated as one of the major issues in the field
of geotechnical engineering. Furthermore, the effects of
heterogeneous shapes and materials were considered as
important factors on the response of the ground surface
[1]. In this regard, some approaches are developed where
can name three main methodologies, including analytical,
semi-analytical and numerical methods based on technical
literature [2]. For the first time, researchers [3] presented
an analytical response in the frequency domain for different
types of hills using the matched asymptotic expansion of the
wave function. In the following years, other researchers [4]
used the same method to solve the hill problems. Recently,
using a semi-analytical region-point matching technique,
researchers [5] presented the surface responses of the
deep semi-elliptic canyon to incident plane SH-waves.
Despite obtaining accurate responses by analytical and
semi-analytical methods, due to the lack of flexibility of
mentioned approaches in modeling and analysis of complex
topographical features that are visible in nature, the use of
numerical methods is inevitable.

In recent years, numerical methods have gained more
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interest by researchers than analytical/semi-analytical
processes. By dividing the common numerical methods
into two general categories, the domain methods and
boundary methods can be pointed out. The main domain
methods include the finite element method (FEM) [6] and
the finite difference method (FDM) [7]. Although boundary
approaches include some constraints such as complex
formulation and less development in nonlinear, plastic and
multiphase media, their use can result in the automatic
satisfaction of wave radiation conditions in far boundaries,
the concentration of meshes only around the boundary of
features, lower volume of input data and analysis time beside
high accuracy of results due to the large contribution of
analytical processes [8]. BEM is divided into two categories,
including full-plane and half-plane, each being developed in
frequency and time-domain. [9] used full-plane frequency-
domain BEM and the researches of [8, 10-13] were carried
out by half-plane time-domain BEM.

As the literature review shows, the scattering of transient
SH-waves in the presence of alluvial trapezoidal-shaped
hills located on an underground circular cavity has not
yet been directly analyzed in the time domain. Thus, after
implementing the proposed method in the general DASBEM
algorithm [14], its validity was evaluated by analyzing
several practical examples in the analysis of similarly
combined topographies. Then, the response of the alluvial
trapezoidal-shaped hill surface was sensitized by changing
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Fig. 1. The geometry of the problem.
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Fig. 2 Synthetic seismogram of the trapezoidal hill, including shape and impedance ratios of 0.5 and 0.75.

some key parameters of the model, such as the impedance
and the shape ratio of the hill. The results were presented in
terms of normalized displacement amplitude as well as three-
dimensional diagrams in the time and frequency domains.

2- Problem statement

As illustrated in Figure 1, a linear elastic homogeneous
and isotropic half-plane is considered as the medium of the
model where an alluvial trapezoidal hill is located on an
underground circular cavity.

The model is subjected to the vertical incident SH-waves
of the Ricker type. The impedance ratios (I) of 0.75, 1.0 and
1.5 and the shape ratios (SR) of 0.1, 0.3, 0.5, 0.7 and 0.9 are
considered in the models, respectively. First, to illustrate the
reflections and diffractions of the incident waves, the results
of the time-domain are presented and then, the responses
of frequency-domain in 3D and 2D mode are illustrated
to demonstrate the general pattern of amplification and
displacements of the surface.

846

3- Time-Domain Responses

Figure 2 shows the scattering of the SH-waves in the
presence of an alluvial trapezoidal hill with “I=0.75" and
SR=0.5 above an underground circular cavity.

Three stations are marked on the figures by D, R, and
C which show the paths of the direct, reflected, and
crawled waves, respectively. The subscripts of “c” and “h”
demonstrated the role of cavity and hill in the dispersion of
the incident waves as well.

4- Frequency-Domain Responses

Figure 3 shows the 3D amplification pattern in the
presence of an alluvial trapezoidal hill with “I=0.75" and
SR=0.5, which are placed above an underground circular
cavity. The amplification is the ratio of the surface response
amplitude to free-field motion. The dimensionless frequency
(n) is considered between 0.25 and 5.0. n) is defined as (n=wb/
mc) where o is the angular frequency of the wave, b is the
half-width of alluvial hill and c is the shear-wave velocity.
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Fig. 3. The 3D amplification of the surface of the trapezoidal hill including shape and impedance ratios of 0.5 and 0.75.

5- Conclusions

The most important results of the parametric study can be
summarized as follows:

1. The surface response was absolutely influenced by
the shape dimensions/material properties of the hill.

2. Decreasing the impedance ratio increased the
vibrations in time-domain results.

3. In the absence of cavity, decreasing the impedance
ratio increased the amplification where the maximum
amplitude of 4 was achieved in minimum impedance and
maximum shape ratio. The presence of the cavity reduced the
responses to 3.4 as well.

4. By increasing the shape ratio of the alluvial hill, the
critical state of the response in time/frequency-domain results
was intensified.

5. Although the presence of the cavity was effective
on the reduction of peak points in some cases, it generally
increased the vibrations and convergence time in both time
and frequency-domain responses.
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half-plane subjected to the incident vertical SH-waves
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Table 1. The type of materials and applied parameters for the modeling of a trapezoidal shaped alluvial valley.
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Fig. 3. The normalized displacement amplitude of the ground surface versus x/b for a trapezoidal shaped alluvial valley
with the dimensionless frequency of (a) n=0.5 and (b) n=1.0 subjected to the vertical SH-waves.
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I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.
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Fig. 7. Synthetic seismograms of the ground surface and the procedure of the SH-waves dispersion with time, for the
model of a trapezoidal shaped alluvial valley with the shape ratio of SR=0.3 and the impedance ratio of (a) I=0.75, (b)
I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.
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Fig. 8. Synthetic seismograms of the ground surface and the procedure of the SH-waves dispersion with time, for the
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I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.
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Fig. 9. Synthetic seismograms of the ground surface and the procedure of the SH-waves dispersion with time, for the
model of a trapezoidal shaped alluvial valley with the shape ratio of SR=0.7 and the impedance ratio of (a) I=0.75, (b)
I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.
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Fig. 10. Synthetic seismograms of the ground surface and the procedure of the SH-waves dispersion with time, for the
model of a trapezoidal shaped alluvial valley with the shape ratio of SR=0.9 and the impedance ratio of (a) I=0.75, (b)
I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.

YA



YAYS B YA-Y dxbo NFe - JL“’ A O)Lo..w HY 0)9 ‘)A.AS).:AI ul)o.c uw.\...e(c du).mJ

S opi (S 5 pe e 53 gloel cul Sl (ot iled o0 3,55 3 (e
>l lajye 4 3503 (o5 ol w0 (0 aw 4y g 005 (IS
Ol gl & Wy oo (300) s STl g 9 03505 355 1 00>
235 25 ) )Ses b ol oas (bles (R) olSs] L s 53 lgal
o3y a4 Aol pre S B0l I g g 4Bl (555 0)8> jye )
Sl (V) IS cal oas ool lis ol 3 (C) olfiy] L &8 conl
oy oy @ly oIV IS s b (laied Bl g4 S S
g3 35 g0 dax Mo V) 95 (gla S5 gaunlie bl oo (o
sy do Sl ord golis )3 (M) Gl el e 2 (50 i
4 be (900 4 p2lae o)) glgel axgi B (25w 395 5l @lo 0 i
2 &lojy zlael yidis pze okl ply 4 el K00 (gom I Lol el ons
&yl ol oSl 515> a5 ol a5 g 0pis (SBgS jye (s (go394xe
15 o) el 4l 3 1y olSl 2ol (sdials il ok ypuane
Altne Lo ity ot b glgol i g5 pie il 43 oS el Jls
whSed oy Gas ialS 5 zlsel Sge8 (salels 11 ledges S5 1y
Dy e odalie (VY JS8) 328 uiligel s (sl 5 a5
ooy e el GRIFI(VY JS3) <Y 4 UK cos & ol
BB Jao 5 (1)) S5 b aglio > (358 JB g0 @ i 2 Sen
ool 0 G55 &5 laee do pn el 4Bl (IEI(V JSS) o i
Sogo 4 3 0y ygin g 4Bl (Il o] 9y 3 spame glgel p
WY S5 53 el 03905 51585 1) )5S e glsal 55 azgs LB
R, 5 R, cloolSi] b cenl -V b iy eibivel G 85 olSin
9 0y jyo 4 gloel Sl g 2)05 0 31 )3 &S 390 ol lgis
O9oly b b a5 pdlas (39 lued 457 Jb 3 il ol oy 4
ol 0nd usly 3 € oSl (05 (bled crge (1Y JS2)
5 b s S gsd y5ks el it et WolS Laeo 93 o a5
(Co) 555 58 11 elodgas 3)55 1 o5 o &y e iz )3 gl
Sy jlCunl 0ad (bles aw (59) p pelites ©yg0 4 (93959 gloel
gaw 2 g B85 S8 (g JSE) VD pusliel s 3 %00
Bhbil 5 45 glas | ze )35 fda a5 &) 48 39 e 0aalie
Cand P L il e 0ad ol e 3 C g Ry sl pnes
ol quls )3y S| jo  ogMe (W JS3) /0 & a5 S
FSyj sl ond palls (WY JSE) < /IV0 uiligal s 3 35 C

oS onb oo cilize slajlh S o it (o]l coge 4 glad

YAVY

(v JS8) Jao ol 53 sl oad Juols gusly 53 i G3las) o] (geoms
S pcipnd S|y (6l e sl oS plas uiligel S a2 2 35
590 ol & Al (IS L sl 4B S & Laxs 1 el ]
(WY JSa) VB Ll il s & (ol il g0
wlie (gyide Ol & S0 Gahons b 45 Sl drg e«
Sl e lgds 1y 45 ygp0 4 zlgel d9yg Sl g 03905 Jos 4]
2 Ll gd s 45 9y 4 005 )lg glgel ol @93 5l @ilo 0> 59
3 g oud 4 o)y e (o3l3l 5 g L glgel by uiligel slons
s 5 0308 B (i 0,35 b olSl gl 11 o0, e g o
Bl ilorged S5 gyt Copo L) 4 Lame ailly oSl glgel
IS cans b ) 45 ol Sl A U sl sl Ly (65508 gl
s 05 3 by (St 33,5 o Alaso &8 jolaslon by e /0
2 o8)S don (lgicen i e Gl dgpdie V9 7 la S @
loj ) lgel 5l it w3959 (el 09 5S4 S s
3 o 5l WSl 5l e zlgel ool bl e w2l o Wlas 9y @
4 ke &S WS (oo 425 |y (lSsl )55 0018 ol ) 45 Lo ()0
oS il gl jd w0y pl D35 e bt il il
el 45 JS s ial3El 03 (g 3] il o K] gy 1o b
ol p3Y ity Gloj s b @B 2l Sen ploj S Ll
(A JS3) IV 4y JSab i a3l U g )5 45 oo ) glgel b
ol ol ol Wy AT ) 0 (698 wlSKal B g 0 sanlie
2l & s AB g Gl &5 (Ve JS8) /A S Cs 3 ]
i gy biwl gdumlio .l cuhy JB rady 4 Cul b Jio
Ol Oyt edd oo U 5 Ve 9 A oS )3 (puiliel ilisee
ol 0 Juols (/YD) uiliel G (0 508 3 zlgel (wlSal gaials
Conl dibogy 989 4 (b 53 05)) e I (86 S cp o P el i

! LYY '/VAL))‘)J wlm]wg '/‘\L)J‘).: J&w ;,wd.f

oyis jouis il —V-Y-F
P ey JBg oy S ypas Pl peyn 4wl
P ol Jels bt a8 ond by (claijed bl 45 il e
5 Slopld Cyso dy buei (50,8 Cawl odd SLIVO U VY ol S5
ol 01 &Blg VB L ply ol Bos Cand > a5 00l 0,5 b s L

25 B oy SO @SB b cagli b sl glgel oS ol



FAFS B YA-Y dio AF+ v Jlo & oyl DY 6,93 638 pual lyae owodis 4y

v e
2 LB
%
I T I T I T I T I T I T I
@ o 0.5 1 15 2 2.5 3 35 4 4.5 S 55 6
Time (Sec.)

G b (510213 (50 52 @81y ) S o 514595 (36l (545 s 3 (v e (o (55, ol IS (501 ) USCS
SH 56 glgal oo pl 2 ;3370 (2) 9V () e+ /V0 () uilse!

Fig. 11. Synthetic seismograms of the ground surface and the procedure of the SH-waves dispersion with time,

for the model of a trapezoidal shaped alluvial valley with the shape ratio of SR=0.1 on a circular cavity and the
impedance ratio of (a) I=0.75, (b) I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.

YMA



YAYS BYAY docao V¥ e Jlo Q opladd dY 059 cpuS puol (0 (codige & yuis

%
aBuwy 28lNg

0=

q€ ~ q¢-

T ] T I T I T T

| I I
@ o 05 1 15 2 25 3 35 4 45 5 85 6 65 7
Time (Sec.)

o b Glo 13 (50, 2 @y + /Y JS5 Conmas L (g1 jod 30l (G5 youin )3 (o) e (Sloj 55 ) gowly IS (501N Y U
SH i glsel pgoa pilyt 3 1/Y0 () 5 (S) o /V0 () ol
Fig. 12. Synthetic seismograms of the ground surface and the procedure of the SH-waves dispersion with time,

for the model of a trapezoidal shaped alluvial valley with the shape ratio of SR=0.3 on a circular cavity and the
impedance ratio of (a) I=0.75, (b) I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.
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Fig. 13. Synthetic seismograms of the ground surface and the procedure of the SH-waves dispersion with

time, for the model of a trapezoidal shaped alluvial valley with the shape ratio of SR=0.5 on a circular cavity
and the impedance ratio of (a) I=0.75, (b) I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.
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Fig. 14. Synthetic seismograms of the ground surface and the procedure of the SH-waves dispersion with time,
for the model of a trapezoidal shaped alluvial valley with the shape ratio of SR=0.7 on a circular cavity and the

impedance ratio of (a) I=0.75, (b) I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.

YAYY



FAFS B YA-Y dio AF+ v Jlo & oyl DY 6,93 638 pual lyae owodis 4y

=dd
$°D

6'0=4S
sto=1

1

el

a3uey depIng

0=6

q€~qg-

(<) 0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8
Time (Sec.)

s *

S1=¥d
6'0=4S
=1

i3
[} 5
2/ S
1
7'.3%(
I 1 I I I I I I I I I I I I I I I
) 0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 175 8
Time (Sec.)

| T I
(@) 0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8
Time (Sec.)

o b (510010 (g0 i 5 &g oA Sl i by (g Al 390 (1 T (5 4 59ub 50 (o) i (Sloj (GaR ,U Grly SAS (5951 VD JSCS
SH 36 zlg0l pazd il 30 VYO () 9 (&) /YD (&) (puilisol
Fig. 15. Synthetic seismograms of the ground surface and the procedure of the SH-waves dispersion with time, for the

model of a trapezoidal shaped alluvial valley with the shape ratio of SR=0.9 on a circular cavity and the impedance
ratio of (a) I=0.75, (b) I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.
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Fig. 16. The amplitude of propagated waves in presence of a trapezoidal shaped alluvial valley with the imped-
ance ratio of (a) I=0.75, (b) I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.
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Fig. 17. The amplitude of propagated waves in presence of a trapezoidal shaped alluvial valley with the imped-
ance ratio of (a) I=0.75, (b) I=1.0 and (c) I=1.25 on a circular cavity and subjected to the vertical SH-waves.m
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Fig. 18. The 3D amplification of the ground surface versus different dimensionless frequencies for the
model of a trapezoidal shaped alluvial valley with the shape ratio of SR=0.1 and the impedance ratio of
(a) I=0.75, (b) I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.
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Fig. 19. The 3D amplification of the ground surface versus different dimensionless frequencies for the
model of a trapezoidal shaped alluvial valley with the shape ratio of SR=0.3 and the impedance ratio
of (a) I=0.75, (b) I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.
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Fig.20. The 3D amplification of the ground surface versus different dimensionless frequencies for the

model of a trapezoidal shaped alluvial valley with the shape ratio of SR=0.5 and the impedance ratio
of (a) I=0.75, (b) I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.
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Fig. 21. The 3D amplification of the ground surface versus different dimensionless frequencies for

the model of a trapezoidal shaped alluvial valley with the shape ratio of SR=0.7 and the impedance
ratio of (a) I=0.75, (b) I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.
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Fig. 22. The 3D amplification of the ground surface versus different dimensionless frequencies for the

model of a trapezoidal shaped alluvial valley with the shape ratio of SR=0.9 and the impedance ratio of
(a) I=0.75, (b) I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.
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Fig. 23. The 3D amplification of the ground surface versus different dimensionless frequencies for the
model of a trapezoidal shaped alluvial valley with the shape ratio of SR=0.1 on a circular cavity and the
impedance ratio of (a) [=0.75, (b) I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.
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Fig. 24. The 3D amplification of the ground surface versus different dimensionless frequencies for the model of
a trapezoidal shaped alluvial valley with the shape ratio of SR=0.3 on a circular cavity and the impedance ratio
of (a) I=0.75, (b) I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.m
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Fig. 25. The 3D amplification of the ground surface versus different dimensionless frequencies for the model
of a trapezoidal shaped alluvial valley with the shape ratio of SR=0.5 on a circular cavity and the impedance
ratio of (a) I=0.75, (b) I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.

YAYY



FAFS B YA-Y dio AF+ v Jlo & oyl DY 6,93 638 pual lyae owodis 4y

0 1 15 2 25 3 R s

05 .4
(1) 1=075 Surface Range
SR=07 3b~3b
DR=15
0=0"

3.
2.
1
0.

Amplification

0 0.5 1 15

(<)

Amplification

H
2
3
£
-3
g
<

o b (103315 (60485 33 &Blg + [V IS Camnand b (51ali 598 (B ] g joud 33 (o) T (o lodS )30 (5951 .YF USUS
SH 36 zlg0! oo sl 13 Y/Y0 (g) 9 (&) e+ /YO (1) uilagol
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impedance ratio of (a) I=0.75, (b) I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.
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Fig. 27. The 3D amplification of the ground surface versus different dimensionless frequencies for the model
of a trapezoidal shaped alluvial valley with the shape ratio of SR=0.9 on a circular cavity and the impedance
ratio of (a) I=0.75, (b) I=1.0 and (c) I=1.25 subjected to the vertical SH-waves.
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Fig. 28. The normalized displacement amplitude of the ground surface versus x/b for the model of a trapezoi-
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n=1.0,(c) n=1.5 and (d) n=2.0 subjected to the vertical SH-waves.
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Fig. 29. The normalized displacement amplitude of the ground surface versus x/b for the model of a trapezoidal
shaped alluvial valley with the impedance ratio I=1.0 and the dimensionless frequency of (a) n=0.5, (b) n=1.0,(c)
n=1.5 and (d) n=2.0 subjected to the vertical SH-waves.
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Fig. 30. The normalized displacement amplitude of the ground surface versus x/b for the model of a trapezoidal
shaped alluvial valley with the impedance ratio I=1.25 and the dimensionless frequency of (a) n=0.5, (b) n=1.0,(c)
n=L1.5 and (d) n=2.0 subjected to the vertical SH-waves.
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Fig. Figure 31. The normalized displacement amplitude of the ground surface versus x/b for the model of a
trapezoidal shaped alluvial valley with the impedance ratio I=0.75 on a circular cavity and the dimension-
less frequency of (a) n=0.5, (b) n=1.0,(c) n=1.5 and (d) n=2.0 subjected to the vertical SH-waves.
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Fig. 32. The normalized displacement amplitude of the ground surface versus x/b for the model of a trapezoidal
shaped alluvial valley with the impedance ratio I=1.0 on a circular cavity and the dimensionless frequency of (a)
1n=0.5, (b) n=1.0,(c) n=1.5 and (d) n=2.0 subjected to the vertical SH-waves.
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Fig. 33. The normalized displacement amplitude of the ground surface versus x/b for the model of a trapezoidal
shaped alluvial valley with the impedance ratio I=1.25 on a circular cavity and the dimensionless frequency of (a)
1n=0.5, (b) n=1.0,(c) n=1.5 and (d) n=2.0 subjected to the vertical SH-waves.
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