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This paper extends an earlier study on sound propagation over poro-elastic layered
ground to range-dependent and topographic ground. The model is based on
a pressure—velocity finite-difference formulation and is coded in the computer program
PORAC. To highlight the influence of range-dependent parameters and topographic
features on sound propagation, four cases are considered: (i) a homogeneous poro-elastic
half-space (the base case); (ii) the base case with a zone in the ground with a higher
permeability; (iii) the base case with a zone of higher stiffness; (iv) the base case with
a rectangular hill. The paper presents typical results of sound propagation in these cases
comprising synthetic time histories of overpressure in the atmosphere and ground vibration
as well as snapshots of the response of the atmosphere-ground system at selected times.
Comparative results in these cases serve to highlight the effect of the various
non-homogeneities considered in this study.

© 2002 Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

In recent years, researchers have used different approaches to study the propagation of
airborne acoustic pulses. The applied methods have included complex impedance ground
representation (e.g., reference [1]), rigid-porous approximation (references [2,3]),
visco-elastic approach (e.g., reference [4]), and frequency-wavenumber FFP (e.g., Schmidt,
[5]). The former model has been used by Chotiros [6] for studying sound propagation in
water-saturated sand in the 10-100 kHz frequency band and by Hole et al. [7] for the
simulation of low-frequency impulse noise and ground vibration in the Norwegian airblast
tests in Haslemoen. A similar model has been used by Tooms et al. [8] to predict sound
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propagation at single frequencies and the possible effect of ground elasticity on atmospheric
sound propagation.

A different computational technique based on pressure-velocity finite-difference
formulation (PV-FD) was developed by Dong et al. [9] and used to simulate the
propagation of sound over a layered poro-elastic ground. This model is formulated in an
axisymmetric co-ordinate system and is a modification of the model originally developed
for simulating acoustic wave propagation in borehole logging and seismics [ 10]. This paper
extends the finite-difference computational technique of Dong et al. [9] to range-dependent
and topographic ground conditions. Four cases are considered: (i) a homogeneous poro-
elastic half-space (the base case, Case A); (ii) the base case with a zone in the ground with
a higher permeability (Case B); (iii) the base case with a zone of higher stiffness (Case C);
(iv) the base case with a rectangular hill (Case D). The paper presents typical results of
sound propagation in these cases comprising synthetic time histories of overpressure in the
atmosphere and ground vibration as well as snapshots of the response of the
atmosphere-ground system at selected times. Comparative results in these cases serve to
highlight the effect on the various non-homogeneities considered in this study.

2. THEORY AND METHOD

Figure 1 sketches the type of problems considered in this study. The model consists of
a homogeneous atmospheric half-space above a poro-elastic ground with arbitrary terrain
condition and range-dependent properties. The ground is assumed to satisfy Biot’s theory
[11, 12]. A cylindrical co-ordinate system (r, 0, z) is considered and a point source is located
on the z-axis above the ground. Under azimuth symmetry (i.e., wave field being independent
of 0) the air pressure P(r, z, t) and the velocities for a heterogeneous poro-elastic ground,
u(r, z, t) and W (r, z, t), satisfy the equations [9]:

0y P(r,2,0)/(po VE) = V-(VP(r, z, 1)/po) + 29(1)6(1)d(z — zo)/r, 0<r < + o0,
h<z<+oot>0, (1)
P10 + p10,Wy + bO,W, =D (u; aM¢) + Dy (W,; Mp?),
pouu + p10,W, =Dy (0, K — 2p4,/3 + o> M) + D(W,; aM¢p) + D (),
0<r<+4+o,—w<z<ht>0, 2

where d(r) is the Kronecker Delta, ¢(t) defines the time variation of the point source, (¢, zo)
specifies the position of the point source, and V, and p, are the sound speed and mass
density of the atmosphere. The vector u denotes the velocity of the solid frame,
W = ¢-(U —u) is the velocity of the pore fluid relative to the solid frame in the ground,
W, = W(r, z,t)/¢, U represents the velocity vector of the pore fluid, ¢ is porosity and e is
tortuosity. The poro-elastic mass parameters are identified by p; = ¢p, and
p = ¢ps+ (1 — ¢)p, wherep, and p, are the mass densities of the solid grains and the pore
fluid respectively. The energy dissipation in the porous medium is reflected by the
parameter b = ¢*1/k, where x denotes the permeability and # is the dynamic viscosity of the
pore fluid. The stiffness attribute of the porous medium is represented by the shear modulus
of the solid frame y,, « = 1 — K,/K, and M = (¢/K; + (« — ¢)/K,) "', where K,, K, and
K, are the bulk moduli of the solid frame, solid grains and the pore fluid respectively.
Finally, the differential operators D; and D, are defined by

D,(f A) = AVV-f + VAV, 3)
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Figure 1. Model geometry used for the finite-difference simulation. A point source is located at z-axis above the
ground with range-dependent and topographic characteristics.

D, (f; B) = BVV-f + BV*f + VB x(Vxf) + 2(VB- Wf. “4)
If the ground is homogeneous, the wave equations for heterogeneous media reduce to

{pfanu—l—pc@,,w—I—%&,chxMV(V'u)—I—MV(VW) }

5
POyt + p 0, W = (H — p1,) V(V-u) + 1, Vu + aM V(V- W) ©)

where p, = ep;/¢ and H = K, + 4/3 p, + «*M.
On the interfaces between atmosphere and poro-elastic medium, the continuity and
equilibrium conditions result in

1
——0,P=0u, +o,W,
Py

— 0 P=aMV-u+MV-W

(z = constant) (6)
— 0, P=HV-u+aMV-W + 2u,(0.u, — V-u)
0 = u(0.u, + druy)
for horizontal interfaces and
1
——0,P =0,u, + oW,
Pr
— 0 P=aMVu+ MV-W
(r = constant) (7)

— 0, P=HV-u+aMV-W + 2u,(0,u. — V-u)

0 = w(0,u, + 0,u.).

for vertical interfaces.
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TABLE 1

Parameters of the ground

Group Pr K, Ps K Ky Hp K ¢
(kg/m®  10°Pa  (kg/m® (10°Pa) (10°Pa) (10°Pa) (10 '°m?)
1 12 0-13 2700 9060 60-7 255 1-0 0-44
2 12 0-13 2700 9060 60-7 255 100-0 0-44
3 12 0-13 2700 11000 1368 56-63 1-0 0-44
4 — — 1500 — 62-6 29-4 00 00

To simulate the infinite lateral and vertical extent of the media, the far-end boundary as
well as the top and bottom boundaries of the model is equipped with dashpots (denoted as
absorbing boundary in Figure 1). This measure accounts for the radiation damping in the
system. The numerical model, however, does not include the material damping resulting
from inter-granular friction in the soil medium.

The governing equations satisfying the pertinent boundary conditions are solved by an
integration technique and second order finite-difference formulation. The appendix gives
a summary of the mathematical derivations. More details can be found in reference [9]
where the validity of the implemented formulation is also illustrated through comparisons
with the frequency-wavenumber solution of OASES [5] and full-scale measurements.

3. SIMULATIONS

3.1. CASES CONSIDERED

Four cases of ground conditions were considered in this study (see Figure 1). Case A is
a homogeneous poro-elastic half-space with the parameters given under Group 1 in Table 1.
Although the developed code can handle a layered ground and atmosphere, this option is
not considered in this study. Case B is similar to Case A except that a region between
r =100 and 150 m in the ground was assigned a higher permeability (kg3 = 100" k4, Group
2in Table 1). Case C is similar to Case A except that the seismic velocities V/, and V; in the
region r = 100-150 m was increased by 50% (Group 3 in Table 1). Finally, Case D defers
from Case A by the addition of a rectangular hill of height 8:65 m on the ground in the range
r =100-150m. The selection of a simple geometry for the hill was just a matter of
convenience. Figure 1 shows how a realistic hill geometry could be represented by piecewise
straight segments. The properties of the hill are listed under Group 4 in Table 1. The
dynamic viscosity of the pore air and tortuosity in the four cases were taken as
n=174x10">kg/ms and e = 1-25.

The time function describing the acoustic source was taken as the first derivative of the
Gaussian function:

g(t) = — 28(t — t) eS0T ®)
with a Fourier transform which can be expressed as

Glw)= —iwyn /é o~ (@40 + iwz,, o)
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Figure 2. Source pulse and its Fourier amplitude spectrum used in present study. Central frequency is 20 Hz.

TABLE 2

Parameters of the source and atmosphere

fo S ¢ L Po Vo
(Hz) (Hz) (G (s) (kg/m?) (m/s)
20 60 8000 0-035 12 330

where ¢ and t, are the pulse-width and time shift parameters respectively. The source and its
Fourier spectrum are shown in Figure 2. The central frequency is 20 Hz.The source was
positioned on the symmetry axis, 2 m above the ground. The parameters of the source and
atmosphere are listed in Table 2.

3.2. NUMERICAL RESULTS

The finite-difference formulation presented in section 2 was used to simulate the dynamic
overpressure in the air and the corresponding particle velocity in the ground for the four
cases outlined in section 3.1.

Figure 3 displays the time histories of overpressure at 2m above the ground, at distances
of 80 and 160m from the source. The results are plotted for Case A (homogencous
poro-elastic) as dashed line, Case B (poro-elastic with higher permeable zone) as dotted line
and Case C (poro-elastic with stiffer zone) as solid line. As expected, the first arrivals at 80 m
are identical in the three cases. At 160 m, however, both the amplitude and the dominant
frequency for Case B reduce. This is due to the passage of the sound over the more
permeable zone in Case B. The results further show that the stiffened zone in Case C does
not change the amplitude nor the frequency content of the overpressure.

Figure 4 displays the corresponding time histories of the vertical particle velocity on the
ground surface for the three cases considered in Figure 3. The arrival times as well as the
amplitudes of the sound-induced wave and the surface (Rayleigh) wave are the same for the
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Figure 3. Comparison of air pressures among Case A (dashed line), Case B (dotted line) and Case C (solid line).
Air pressure at 2 m above ground where the distances between source and receiver are 80 m (upper figure) and
160m (lower figure) respectively.

velocity traces at 80 m. The trace for Case C, however, shows clearly the additional P-wave
reflection from the stiffer zone. A very weak reflection can also be detected in Case B. For
the particle ground velocity at 160 m, the amplitude of the first peak in Case C is different
from the other two cases due to the near coincidence of the direct wave and P-wave. In
addition, there is a second reflected P-wave from the stiff zone at about 0-7s. The amplitude
of the first peak in Case B is smaller than in Case A and a small reflected P-wave can be
observed around 0-83s. Finally, due to the stiffer zone in Case C, the surface wave has an
earlier arrival (about 0-2s) and smaller amplitude than in Cases A and B.

Figure 5 presents stacked plots with distance of the air overpressures at 2 m above ground
(left set of figures) and the corresponding ground surface vibrations (right set of figures). The
distances range from 16 to 176 with 8 m spacing. The upper two figures correspond to Case
A, the middle figures to Case B and the bottom figures relate to Case C. For the pressure
plots, the waveforms are almost identical in the three cases, except for a slight flattening of
the signals in Case B due to the higher permeability zone in this case. For the velocity plots,
the direct (blast-induced) and surface waves can be clearly discerned and the velocities of
both waves calculated from the traces match well with the model parameters. Furthermore,
both Cases B and C show clearly the influence of the added zones on the velocity signals
which can be identified in the form of a reduced amplitude of the direct wave in Case B and
a reduced amplitude and earlier arrival of the surface wave in Case C.

Figure 6 shows the same set of stacked plots for Case D (elastic hill). Since the
overpressure plots are for 2m above the ground, no traces are displayed in the range
100-150m (the part of the shadow) due to the presence of the hill. The figure clearly shows
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Figure 4. Comparison of vertical particle velocities on the ground surface in Case A (dashed line), Case B (dotted
line) and Case C (solid line). Distances between source and receivers are 80 m (upper figure) and 160 m (lower
figure).

the reflections from the hill in both the overpressure and ground motion traces. It is
interesting further to note that the signals behind the hill become weaker because of partial
reflection of the blast energy from the hill.

To examine the effect of the hill on the overpressure, Figure 7 presents comparisons
between overpressures in Cases A and D at a height of 8:65m (that is right at the hill top) at
distances of 125 m (top plot) and 170 m (bottom plot). The considerably lower amplitude of
the overpressure behind the hill signifies the noise isolation role of the hill.

A global picture of the sound propagation and its interaction with the ground can be
observed by the snapshots of the spatial variation of air overpressure and particle velocity
in the ground.

Figure 8 presents a set of such plots for Case A normalized by air overpressures at times
0-303, 0-453 and 0-543s. The figures vividly display the P-, S- and Rayleigh-waves in the
ground as well as the Mach surfaces associated with the two body waves. Because both the
S- and P-wave velocities are lower than the sound speed in the atmosphere, the case
considered here corresponds to a superseismic condition with two Mach surfaces moving
with the propagating sound wave.

Figure 9 shows the same set of snap-shots for Case C. Location of the stiffer zone is
marked in the plots. In addition to the general features observed in Figure 8, these plots
show a remarkable reflection and refraction pattern in the ground waves by the stiff zone. It
is also interesting to note in Figure 9(b) that the P-wave Mach surface vanishes over the
stiffer zone as this zone represents a transeismic (and not a superseismic) case.
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Figure 5. Stacked plots of air pressure at 2m above ground (left figures) and vertical particle velocity on the
ground surface (right figures) at distances from source ranging from 16 to 176 m with spacing of 8 m. Upper two
figures corresponding to Case A, second two figures to Case B and lowest ones to Case C.

Figure 10 presents a similar set of snapshots for Case D. Large reflections from the
hill can be clearly seen in these plots. In particular, there are two pairs of Mach surfaces,
one connected to the incident body waves and the other related to the reflected body
waves.

4. CONCLUSION

In this paper, the pressure—velocity finite-difference technique was used to simulate sound
propagation over poro-elastic ground with range-dependent parameters and topographic
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Figure 6. Stacked plots of air pressure for Case D at 2 m above ground (left) and vertical particle velocity on the
ground surface (right) at different distances from the source ranging from 16 to 176 m with 8 m spacing.
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Figure 7. Comparisons of air pressures between Case A (solid line) and Case D (dotted line) at 8-65 m above
ground with distances between the source and the receiver at 125 m (top) and 170 m (bottom) respectively.

features. Numerical simulations were carried out for different poro-elastic zone and hill.
Typical results of the simulations of the overpressure in the atmosphere and the velocities of
the ground were presented. The results for the range-dependent and topographic ground
were compared with those in homogeneous ground. A number of snapshots of air
overpressure and particle velocity in the ground were presented at different time steps to
show the global wave propagation in these cases.
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Figure 8. Snapshots of air pressure and vertical particle velocity in ground for Case A at t = 0-303, 0-453 and
0-543s.
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APPENDIX A: FINITE DIFFERENCE FORMULATION

In inhomogeneous poro-elastic ground, the finite-difference solution of equation (2) can
be simplified by using the finite-difference operators defined by the form

Qi(f; A) = F,-{D;(f; A)}, (A1)

where j = 1,2 and F,-{ } indicates a finite-difference representation of the variable inside
the brackets. By using this notation, equation (2) can be expressed as

Fd{plﬁnu +ep1 0, W, + ¢2g5tw¢} = 51(‘5 aM¢) + 51(W¢; M¢*) = @}

Fi{pouu+ p10.W;} = Q 1(u; 2y + M) + Q 1(Wys aM@) + Q 5(w; ) = @4
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where @ and ®% contain only spatial derivatives that need to be evaluated at the current
time kAt in the context of a time marching algorithm. Using the standard second order
explicit finite-difference approximations

du N u(x + Ax) — u(x — 4x)

dx ~ 24x

5 , (A3)
M _ulx + 4x) — 2u(x) 4 u(x — 4x)
dx* = Ax?

one can derive the finite-difference schemes for ®% and ®%. Using the central finite-
difference representation in time on the left-hand side of equation (A3) and rearranging the
terms, one can write

alluk+1 + a12WIJ5+1 = bl + (Al)zq)li
k+1 k+1 270k (° (A4)
(121“ + azzw(b == b2 + (At) (1)2
The vectors u* " tand W**! can be obtained from
utl = A, /4, W’;,Jrl = A4,/4, (A5)
where a;;,b;, 4; (i,j = 1, 2) and 4 are expressed as
ayy = py,a;2 = Epy(1 + bAt/2Ep,))
dyy = P,0ry =
21 = P,022 = P1 (A6)

by = pi (2t —u*~") + Ep [2W5 — (1 — bAt/2Ep )W5 1]
by = p(2u — ) + p, QWS — W™

Ay =ay; [(AI)Z(I)’i +by]— alz[(At)Z(I)g + b, ]
Ay = ap [(402®5 + by ] — ay, [(41)*® + b, ]). (A7)
A =ay10a; —ay20;;

The velocity of the pore fluid at the next time step can be obtained from equation (A5) as

Uk+1:uk+l+wl;)+l (A8)
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