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SUMMARY:

The indirect boundary element method (IBEM) is utilized to study three-dimensional responses of a
two-dimensional alluvial valley in a fluid-saturated, poroelastic layered half-space for obliquely incident plane
P1-waves in frequency domain, based on the three-dimensional exact dynamic stiffness matrix and moving
Green’s functions for the fluid-saturated, poroelastic layered half-space. The free-field responses are calculated
to determine the displacements and stresses at the interface of the valley, and fictitious moving distributed loads
and pore pressure are then applied at the interface to calculate the Green’s functions for displacements and
stresses. The amplitudes of the fictitious distributed loads and pore pressure are determined from the boundary
conditions, and finally, the displacements arising from the waves in the free field and from the fictitious moving
distributed loads and fictitious moving pore pressure are summed to obtain the solution.
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1. GENERAL INSTRUCTIONS

Local site in the form of valley can introduce large amplification of surface ground motion, and this
phenomenon has been confirmed by field observations after large earthquakes. And in view of many
buildings and structures are constructed atop of near valleys, the effect of valleys on seismic wave
propagation has been the fundamental subject in seismology and earthquake engineering.

Diffraction of seismic waves by valleys may be solved analytically or numerically. Analytical methods
are essential for exploring the physical nature of particular problem; however, numerical methods have
the advantage in their applicability to problems with complex geometries and varying material
properties, and in recent years, numerical methods developed rapidly with the development of high
performance computers. Numerical methods such as the finite difference method (Boor et al, 1971),
finite element method (Liao, 2002), boundary element method (Sesma et al, 1993), boundary integral
equation method (Dravinski and Mossessian, 1987; Liang and Liu, 2009), discrete wave number
method (Kawase and Aki, 1989), and modal superposition method (Semblat et al, 2005) have been
applied to study the two dimensional seismic response of alluvial valley.

It should be noted that most of the contributions are still limited to the two dimensional waves
scattering by a valley embedded in a uniform half space (either elastic half space or fluid-saturated,
poroelastic half space), studies on the three-dimensional responses for a layered half space are
relatively less. However, it has been reported that soil layers have an important effect on both the
amplitudes and the spectrum of the ground motion (Liang and Ba, 2007; Ba and Liang, 2011). And it
also has been reported that the three dimensional wave scattering is essentially different from the two
dimensional case, the wave field cannot be simply decomposed into the valley axis direction and into
the plane of the valley section and calculated as a superposition of the anti-plane results and the
in-plane results (Liang et al, 2009; Liang et al, 2010; Barros and Luco, 1995).



In this paper, we present the indirect boundary element method (IBEM) to study the three dimensional
wave scattering by an alluvial valley embedded in a fluid-saturated, poroelastic layered half-space for
obliquely incident plane P1 waves. The IBEM yields very accurate results , with half space green’s
functions of moving distributed loads and of moving pore pressure acting on inclined lines in a
fluid-saturated, poroelastic layered half-space as the fundamental solutions (Ba, 2008). The influence
of key parameters, such as, angle of incidence, porosity, stiffness ratio of saturated soil layer to the
underlying bedrock, and soil layer depth on the surface ground motion is studied and some useful
conclusions are given.

2. CALCULATION MODEL AND METHOD

The geometry of the problem is shown in Fig. 1. A valley that is infinite in the direction of the Yy
axis embedded in a fluid-saturated, poroelastic layered half-space composed by saturated soil layers
and the underlying bedrock. The excitation is represented by plane P1 waves, which incident obliquely
from the bedrock. The incoming wave arrives with an azimuth 6, relative to the axis of the valley
and an incidence 6, to the vertical axis (see Fig.1). The profile of the valley cross section is shown in
Fig. 1 (c).
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Figure 1. (c) Cross section of the valley

The total wave filed near the valley can be expressed as the superposition of the free field and the so
called diffracted filed. The free field is the motion produced by the obliquely incident P1 waves in
absence of the valley. At first, the free field response is calculated by the direct stiffness method. Then
the diffracted fields in the valley and in the outside saturated layered half space are simulated by the
dynamic responses produced by moving fictitious distributed loads and fictitious pore pressure
imposed twice on the valley interface. And the densities of the moving distributed loads and pore
pressure are obtained through the use of the continuity conditions along the valley interface. Finally,



the total motion is obtained by adding the free-filed motion and the diffracted-filed motion.

3. VERIFICATION

In case of a dry poroelastic solid (no fluid, p, =0), the presented solution should match that of the
elastic half space studied by Barros and Luco (1995). Fig. 3 shows the surface displacements
amplitudes around a semi-circular valley embedded in an elastic half space. Parameters are as follows:
poisson’s ratio w=1/3, dimensionless incident frequency 7 =wa/zc,=0.5, damping ratio
¢ =0.005, the shear wave velocity ratio of the valley to the half space is 0.5, the mass density ratio of
the valley to the half space is 0.5 is 2/3, the vertical incident angle &,=30° 60° and 90°, and the
horizontal incident angle 6, = 45°. Fig. 3 also shows that our results are satisfactory consistent with
those of article Barros and Luco (1995).

2 4 T T T T T (19%5) T T T
_ _ 40 ©Barros&Luco(1995
‘ v / AP | n=05 6,=45 Present Study ‘W/ Apl n=05 6, =45

T T
oBarros&Luco(1995)
Present Study

T T
O Barros&Luco(1995)

T T T
| u / AP | n=05 6,= 4 Present Study
ooy

------- 6,=30° | .| q v

Figure 3. Comparison with results of Barros and Luco (1995)

4. NUMERICAL RESULTS

Fig. 4 presents the surface displacements amplitudes near a semi-circular valley embedded in a
uniform saturated half space under undrained boundary condition for different obliquely incident
angles. Parameters of the half space and of the valley are the same as in Liang and Liu (2009) shown
in table 1, with superscript ‘H’ represents the half space and superscript “V’ represents the valley. We
define the dimensionless incident frequency as 7 =wa/ z+/G" / p" , where ® is the incident
circular frequency and a is the radius of the valley. Other parameters are as follows: 7=0.5,
6,=45°, 6,=0° 30° 60° and 90°. |U,], ‘Uy‘ and |U,| in Fig. 4 are again the solid frame
displacements amplitudes and A, is the amplitude of incident plane P1 wave.
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Fig. 4 Effects of obliquely incident angel on displacements amplitudes



Fig. 4 shows that the incident angle has a great effect on the displacements amplitudes. Generally, the
horizontal displacements in the x direction increase gradually, while the displacements in the Yy
direction decrease gradually, with the increasing horizontal angle of incidence (the angle between
incident wave and the axis of the valley being larger). The reason for these phenomenon is that the
vibration component along the X direction increase gradually with the incident direction tends to the
X axis.

Table 1 Parameters for the saturated half space and valley used in Liang and Liu (2009)

H
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0.3 37E8 2650 1000 60.72E8 1222 0.25 0.8287 0.05
n' G o Py MY m’ v a’ Y
0.3 9.25E8 2650 1000 47.92E8 1222 0.25 0.8287 0.05

Fig. 5 illustrates the surface displacement amplitudes around a valley embedded in a uniform saturated
poroelastic half space under undrained boundary condition for different porosities n=0.1, 0.3 and
0.34. The material parameters used are given in table 1. And the other parameters for calculation are as
follows: horizontal incident angle 6, =45° vertical incident angle 6,=5° 30° and 60° and the
dimensionless incident frequency 7 =1.0.
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Fig. 5 Displacements amplitudes for different porosity



Fig. 5 shows that porosity has significant effect on wave scattering around the valley embedded in a
saturated poroelastic half space. Large difference for displacement amplitudes and large phase shifts
can be observed. The amplitudes of the horizontal displacements decrease gradually with the
increasing of the porosity, which may be due to the smaller horizontal displacement amplitudes of the
free-field for larger porosity. It can also be seen form Fig. 5 that the displacement amplitudes in the
X- and z- directions are more complex compared with the amplitudes in the Y- direction. The
differences may be due to the infinity of the valley in the y- direction.

To study the wave scattering and diffraction by valley embedded in a layered saturated poroelastic half
space, Fig. 6 presents displacement amplitudes around a semi-circular valley embedded in a single
saturated poroelastic soil layer overlying bedrock for obliquely incident planer P1 waves under
drained boundary. The material parameters used are given in table 2 with superscript ‘L’ represents the
saturated layer and superscript “V’ represents the valley. The parameters of the elastic bedrock are as
follows: mass density p®=1855KN/m?, poisson’s ratio v =0.25, damping ratio ¢ " =0.02, and
the shear module ratio of the bedrock to the layer is \/G®/G" =2.0 and /G®/G" =5.0. The
thickness of the soil layer is H/a=2.0 .The dimensionless frequency is defined as
n=walr\G"/p- and 7n=05 and 0.75 is chosen in Fig. 6. The horizontal incident angle is
6, =45°, the vertical incident angles are 6,=5°, 30° 60° and 90°. The dimensionless displacement
amplitudes in Fig. 6 is the ratio of between the displacement amplitudes of the surface displacement
with the amplitude of the incident P1 waves A, .

Table 2 parameters for the saturated soil layer and the valley
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Fig. 6 Displacements amplitudes for different dynamic stiffness ratio between bedrock to saturated layer

It is shown that the surface displacement amplitudes can differ greatly between the layered half space
and the uniform half space, depending on the dimensionless frequencies and obliquely incident angles.
It is because that the displacements for the layered half space are determined by the dynamic
characters of the valley and also the soil layer for a given dimensionless frequency and obliquely
incident angle, while the displacements for the uniform half space can only be determined by the
dynamic characters of the valley. It can be seen from Fig. 6 that, when the frequency of the incident
waves near a resonant frequency of the layer (7 =0. 5), the displacement amplitudes for the layered
half space are significantly larger than that for the uniform half space. The results in Fig. 6 show that
the differences between the uniform and layered cases cannot be solely attributed to the differences in
the free-field ground motion, and there is some interaction between the valley and the soil layer. It can
also be concluded that, although the ratio between the bedrock to the saturated soil layer changed, the
distribution of the surface displacement amplitudes just looks similar. To explain this, it may be

convenient to think the unchanged self dynamic characteristic as the thickness of the soil layer keeps
invariant.

To study the influence of soil layer depth, Fig.7 present the surface displacement amplitudes around a
semi-circular valley embedded in a single saturated poroelastic soil layer overlying bedrock for
obliquely incident planer P1 waves under drained boundary for different soil layer thickness
H/a=1.0 and H/a=4.0. The same model is used as in Fig. 6. The ratio of the bedrock to the

saturated soil layer «/GR/GL =5.0 and dimensionless incident frequency 7 =0.5 are adopted with the
other parameters are the same with those in Fig. 6.

6 — : : 6 : : : 8 — : :
_ &0 7 - - 0 r _ - S - 0
U/ An p=05 J67/G =50 — z‘;io" v, /4, =05 J6*/G" =50 >____z‘:§0., .l 4| n=05 66" =50 —— z‘:io"
Drained 6,=45" H/a=1.0 0 =60° Drained 6,=45" H/a=1.0 6 =60 | 6 Drained 6,=45" H/a=1.0 9 = 60" -
i Sem,=90° 1 ATl —== 9, =90 —== g, =90
RS TS _4
\\\\ £ . \\\\ oS 4
~ /. \ \ /N -7
S /. \ \ 1 \ i -7 TS
2 S ’ N 2+ [ P 1 Nl T ) \ ST
’/__‘\ R N S e v/ i i RISy X e 1
< ’ N \\/\/ AN} \ /’ ==
.~ W N = i N
0 : 0 0
4 3 2 1 0 1 2 3 4 -4 3 2 1 0 1 2 3 4 4 3 2 1 0 1 2 3 4




4

4 : : : 4 : : . : : :
| U7 A n=05 [G"/G' =50 —— z :;])” v, 7 4y, 7=0.5 JG*/G" =50 —— Z :i‘(‘)“ o ur4,] n=05 (676t =50 — z :;])”
3l Drained 6,=45" H/a=4.0 0 ;60“ | 3l Drained 6,=45" H/a=4.0 0 ;60“ 1 3l Drained 6,=45" H/a=4.0 0 ;60“ ,

- g, = 90" --mg =90 || - g, = 90"
2 2} Y _
-——— 4 \\ 1 [
/I‘ \-\,/ \ Pt ~
1 -7 N RET
0 . : ; 0

x/a x/a

Fig. 7 Displacements amplitudes for different soil layer depth

Comparison the results in Fig. 7 with those of in Fig. 6, we find that the soil layer depth has significant
effect not only on the amplitudes but also the distribution of the surface displacements. For the given
dimensionless incident frequency 77=0.5, the surface displacement amplitudes distribution is entirely
different corresponding to different soil layer depth H /a=1.0, 2.0 and 4.0, and this may be due to
the change of the soil layer depth directly changed the self dynamic characteristic of the layered site. It
can also be seen that the displacement amplitudes decrease gradually as the soil layer increasing, and
this is because the material damping of the valley and the soil layer are considered and the control
point is selected at the outcrop of the bedrock.

4. CONCLUSIONS

The three dimensional scattering of obliquely incident plane P1 waves by an alluvial valley embedded
in a saturated poroelastic layered half space is studied by the indirect boundary element method in the
frequency domain. The direct stiffness method is used to calculate the free field responses, and green’s
functions of moving distributed loads and pore pressure acting on inclined lines are used to simulate
the diffraction wave field in the layered half space and in the valley. Numerical results and analyses
are performed by taking the valley embedded in a uniform saturated poroelastic half space and in a
single saturated poroelastic soil layer overlying on elastic bedrock as examples, and the following
conclusions are obtained.

(1) The angel of incidence has significant effect on the surface displacement amplitudes. Generally,
the surface displacement amplitudes in the X — direction increase gradually with the increasing
horizontal incident angle (the incident direction gradually tends to the X axis).

(2) The porosity has important effect on the surface displacement amplitudes. Large differences for
displacement amplitudes and large phase shifts are observed depending on different porosities.

(3) The surface displacement amplitudes can differ greatly between the layered half space and the
uniform half space. The dynamic responses for the layered half space are determined by the interaction
of the soil layers with the valley. The ratio between the bedrock to the saturated poroelastic soil layer
affects the amplitudes of the surface displacement, while the depth of the soil layer affects not only the
amplitudes but also the spatial distribution of the surface displacements.
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