Bull. ERS, No.1l5 (1982)

A NUMERICAL EXPERIMENT ON SCREENING OF
SURFACE WAVE AT AN OPEN TRENCH

by

Naoto OHBOI) and Tsuneo KATAYAMAII)

SYNOPSIS

Numerical simulation was made to determine the effect of an open trench
on the Rayleigh wave propagation. The Rayleigh wave was generated in this
study by one cycle normal force applied at the free surface of the two-
dimensional homogeneous elastic medium with the Poisson's ratio of v=0.25.
From the numerical experiment, it was found that a converted P wave is
generated at a trench when the propagating wave goes across it. This con-
verted P wave was found to greatly influence the horizontal component of
the ground motion near the trench. Far from the trench, however, Rayleigh
wave dominates both in the vertical and the horizontal motions. The trans-
mission coefficient T determined from the computed results in the far field
was found to be expressed by an equation T =exp(-2D), where D is the ratio
of trench depth to Rayleigh wave-length.

INTRODUCTION

Wave propagation in an elastic medium has been studied by a number of
reseachers for a long time, both analytically and numerically. The propa-
gation of impulsive elastic wave excited by line or point source in elastic
half-space medium with a free surface boundary was first examined by H. Lamb
in his wellknown paper[l].

To minimize the effect of propagation wave on a structure or to reduce
the energy emitted from a vibrating structure, structures are often recom-
mended to be isolated from the surrounding soil. An open trench, sheet-
piling and other similar methods are used for this purpose. However, there
seems to be a general agreement that construction of an open trench around -
the source of vibration is one of the most effective methods.

Earlier studies have shown that the effect of screening is generally
influenced by the trench depth, and that the effectiveness of an open trench
is related to the ratios of trench depth and trench width to the incident
Rayleigh wave-length[2-6]. 1In spite of some recent developments[7-12],
theoretical results are generally difficult to apply for practical situa-
tions because of the nonuniformity of media and complicated geometrical
configuration. Therefore, the characteristics of the complex transmissiom,
reflection and refraction of body and Rayleigh waves at an open trench have
not been well understood today.

In this paper, the characteristics of the wave screening and propaga-
tion at an open trench were investigated in detail by using the numerical
method proposed by Y. Sat8[13]. In the following sections, the numerical
method and some typical results of analysis are presented.
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NUMERICAL METHOD AND COMPUTATIONAL DETAIL

EQUATION OF MOTION: Let x and 2 be the horizontal and vertical coordinates
in a two-dimensional elastic half-space, and let the positive direction of
z-axis be downward. The equations of motion in the elastic medium are given
by
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where u and w are the displacements in the X and 2 directions, respectively,
o is the density, ¢ is the time, and )\ and pu are the Lamé's constants.

Boundary conditions for the problem are determined by the fact that the
normal and tangential stresses must vanish on the free surface. Normal and
tangential stresses can be expressed in terms of the displacement components
as
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Hence the boundary conditions at the free surface are given by o, —0 and
1t =0 at z=0.

Wave propagation is analyzed by solving Eqs. (1) and (2) by replacing
the various derivatives.by their central difference approximations. In this
method, however, difficulty arises in the approximation of the conditiomns
to be satisfied at a corner point. Moreover there is a restriction on the
value of the Poisson's ratio to be used and the stability of computation is
lost near the boundary if this restriction is not observed[1l4].

METHOD PROPOSED BY Y. SAT5[13]: Assume a two-dimensional framework of a
mass-spring system as shown in Fig. 1. The point (%,j) is connected by
springs to the neighbouring points. Here 7 and j are the indices along the
x and % directions, respectively. The equation of motion of the mass m in
the ® direction at point (Z,j) is given by
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where C. is the spring constant along the x or 2 coordinate axis, and C, is
that in the diagonal direction. A similar equation may be obtained for"the
g-direction.

Using the central difference formula, the terms in the parenthese in



the right hand side of Eqs. (3) can be written as
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By introducing
m=ph?
into the left hand side of Eqs. (3) the following equation is obtained
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which is equivalent to Eqs. (1) when (' =i+u and 02=u, if and only if A=y.
The boundary conditions at the frée surface and corner are also given
by Sat6[13].

COMPUTATIONAL DETAIL: The model is two-dimensional and has the axial sym-—
metry with the z axis (see Fig.2). It is assumed in this paper that P and
S wave velocities (V and V_) are 200 m/s and 115.5 m/s, respectively.
Therefore, the Poissbn's ratio is 0.25 and the Rayleigh wave velocity V, is
106 m/s. The grid spacing % was assumed to be 1 m and the time increment
of At=0.00433s was used.

The exciting normal force applied on the free surface at 2z=0 was

P(t,x) = F(t) G(x)

where
sin(2nft) 0<tzl/f
F(t) =*
0 1/f<t
and
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where F(%) and G(x) are the time and space functions, and f is the frequency.
The wave-length of the Rayleigh wave generated by this force is estimated
as about 10m.

The configuration of the models and the notations used in this analysis
are shown in Fig. 2.



WAVE PROPAGATION CHARACTERISTICS

HALF-SPACE MODEL: This simple case was. analyzed to examine the validity
and accuracy of the numerical method. Figure 3 shows the wave propagation
pattern in the form of the two-dimensional displacement field at ¢=70-Af,
which clearly indicates the propagations of the two body waves (the com-
pressional, P, and the shear, S) and one surface wave (the Rayleigh wave,
R). The geometrical damping laws for the body and Rayleigh wave obtained
from the analysis were r=1/2 and r—0, which were in accordance with the
results of the two-dimensional theoretical analysis. The wave propagation
pattern such as the one shown in Fig. 3 is most effective in providing the
macroscopic visualization of wave phenomena.

The particle motion obtained at the point r=37 m is shown in Fig. 4.
This motion indicates a retrograde ellipse and infers the Rayleigh wave
propagating along the free surface of the elastic medium.

The wave forms observed at several points located along the surface are
shows in Fig. 5. The amplitude scale is arbitrary except for the fact that
the ratio between the horizontal and vertical amplitudes is correct. The
upward and downward arrows in Fig. 5 indicate the P and Rayleigh phases,
respectively. The velocities of P, S and Rayleigh waves determined from
the analysis were 200 m/s, 116 m/s and 106 m/s, respectively.

OPEN TRENCH MODEL (L=3, D=0.6): Figure 6 shows the wave propagation pattern
at t=85-At,

The displacement-time history observed at several points on the free
surface are shown in Fig. 7. In comparison with the ones without a trench
(Fig. 5), a secondary wave appears between the direct P and Rayleigh wave,
which also propagates with the velocity of the P wave. This is the converted
P wave. The horizontal displacement due to the converted P wave is large
near the trench, however, it becomes smaller as the distance from the trench
increases., The effect of the converted P wave on the vertical displacement
is small near the trench, but it becomes more recognizable at the distance
with several wave-lengths from the trench.

The wave forms observed at several depths at the point r=70 m distant
from the source (30 m from the trench) are shown in Fig. 8. The arrows
indicate the arrivals of the P and Rayleigh waves. The Rayleigh wave ampli-
tude is found to decrease rapidly with depth. On the other hand the P wave
amplitude is almost independent of the depth of observation. This differ-
ence was noted even near the trench

SCREENING EFFECT OF TRENCH

THEORETICAL APPROACH: At the trench, the incident Rayleigh wave may be
partitioned into the following two parts, (1) the reflected Rayleigh wave,
and (2) the transmitted Rayleigh wave, as shown Fig. 9. E., E_and E,6 are
the energy distributions of the incident, reflected and transmitted Rayleigh
waves, respectively. Therefore, the conservation of energy at the trench
may be expressed as

Ei=Er+E (5)

t

The kinetic energies of the three types of waves are expressed as follows
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where p is the density, w is the angular frequency, and #(w) and w(w) are
the horizontal and vertical velocity amplitude, respectively.

The energy of the transmitted Rayleigh can be calculated from Egqs. (8)
because the transmitted Rayleigh wave should not exist behind the trench.
Since Rayleigh wave usually develops after having travelled a distance of
several wave-lengths, the horizontal and vertical components of the devel-
oped Rayleigh waves, u, and w ,, to be observed at a point more than 30 m
distant from the trench may bé expressed as follows

ud(w) =Tu(w), wd(w) =Tew(w) )

where T is the coefficient of transmission of the Rayleigh wave.
The kinetic energy of the developed Rayleigh wave E, may be evaluated by
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Substituting Eqs. (9) into (10) gives
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If this energy Ed is equated with the transmitted energy Et’ we have
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The transmission coefficients may be evaluated for different values of depth
Di in Egs. (13).

RESULTS OF NUMERICAL EXPERIMENT: The transmission coefficient T is obtained
by the ratio between the calculated Rayleigh wave amplitudes AO and 4,
where A, is the maximum amplitude observed far from the trench for thé trench
model add A is that at the same point for the no-trench model. There are
two kinds of the transmission coefficients: one from the horizontal compo-
nent of Rayleigh wave displacement, and another from the vertical component.
These values must be equal to one another.

In the case of the trench model with =3 and D=0.6, the transmission
coefficients for the vertical and horizontal components obtained from the
analysis are plotted in Fig., 10. It is noticed that the largest value of
coefficient for the horizontal component occurs near the trench, while the
coefficient for the vertical component is almost independent of the distance



from the trench. The two coefficients become almost equal at points farther
than 30 m apart from the trench. The former phenomenon is due to the fact
that the horizontal displacement of the transmitted wave near the trench
strongly contains the effect of the converted P wave.

Figure 11 shows the relation of the transmission coefficients obtained
at 30 m and 35 m distant from the trench with the ratio of the trench depth
to the Rayleigh wave-length, D. The transmission coefficient decreases as
the trench depth increases. The solid and dashed lines indicate the regres-
sion lines obtained from this study and the theoretical curve discussed in
the proceeding section, respectively. The data points in Fig. 11 are
obtained for two different trench positions, namely [=2 and 4. It is seem
that the transmission coefficients decrease almost exponentially with D.
Moreover, this regression line was found to hold for the two different
trench positions.

CONCLUSIONS

In this paper, we dealt with the wave propagation in the elastic half-
sapce due to a normal force applied on its free surface and the screening
effect of an open trench by way of a numerical study. Major points of
interest found from the study are summarized below:

(1) A new type of wave was found to be generated when wave propagates
across an open trench. From its propagation velocity, this wave was
found to be a converted P wave.

(2) The effect of the converted P wave is large for the horizontal motion
near the trench, while the motion at the locations sufficiently far
from the trench is mostly governed by the Rayleigh wave.

(3) The transmission coefficient across the trench, 7, may be described by

T=exp (-2D) for D<0.8

where D is the ratio of the trench depth to the wave-length of the
Rayleigh wave.
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