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Abstract. The elastic waves propagating in seabed caused by sailing ships are called ship seismic
waves, which can be used to identify ship targets. The wave components and the influences of
source frequency, source depth and depth of seawater to the seismic waves are important to the
application of seismic wave to detect ship targets. Thus, a forward numerical simulation of seismic
waves in shallow sea excited by low frequency sources in time domain was carried out with finite
element method based on the Multi-Transmitting Formula artificial boundary. The numerical
results show that the body waves and conical waves decay faster in space, but the interface wave
decays relatively slow. Multi-transmitting Formula (MTF) artificial boundary has achieved good
transmitting effect for longitudinal wave, upstream and downstream acoustic wave and transverse
wave. When the source frequency is very low and the seawater layer is shallow, due to the effect
of low-frequency cutoff, there is no normal mode wave which can propagate without attenuation
in the seawater waveguide, and only the interface wave is propagating near the sea bottom surface.
When the frequency of the source or the depth of the seawater layer increases, the effect of low
frequency cutoff in the shallow water waveguide is weakened, and the normal mode waves
propagating in seawater layer are gradually excited. The intensity of the interface wave caused by
low-frequency point sound source mainly depends on the distance between the source and the
seafloor.

Keywords: shallow sea, low frequency sound source, seismic wave, multi-transmitting formula
artificial boundary.

1. Introduction

Seismic wave usually refers to the elastic wave that is caused by the energy released by the
crustal activity and propagated to the surface through the stratum. There are mainly three wave
forms, namely longitudinal wave, transverse wave and surface wave, whose frequency range is
generally below 100 Hz. The hull vibration, the radiation noise of mechanical equipment, the
propeller noise and the hydrodynamic noise of sailing ships generates elastic waves propagating
along the seafloor outward. The elastic waves propagated to the distant seafloor are called ship
seismic waves which can be used to identify ship targets [1-3]. When the frequency of sound
source decreases below the cut-off frequency of shallow sea waveguide, there is basically no non-
attenuated normal mode wave propagating in shallow sea environment [4], thus it is difficult for
traditional sonar to receive ship acoustic signals in the far field. Under this circumstance, the
seismic wave caused by the low-frequency noise of ships has become an important way to detect
ship targets, which has important application value in the military fields such as the fuse of sea
bottom mine and the long-range early warning of quiet submarine [5].

Previous experimental studies investigated the transformation of underwater acoustic radiation
into seismo-acoustic waves [6-8]. Theoretically studies of seafloor seismic wave excited by low-
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frequency acoustic sources also have been done in order to obtain the propagation characteristics
of ship seismic waves [9-11]. Among them, the forward numerical simulation in time domain can
distinguish the wave components such as longitudinal wave, transverse wave and interface wave,
which is favorable to analyze the formation mechanism and propagation process of submarine
seismic wave [12-13]. In the above numerical simulation, it is generally necessary to truncate the
semi-infinite domain of shallow sea into a finite region and set an absorption boundary at the
border of the truncated computational domain. Among this kind of absorption boundary, the
Multi-transmitting Formula (MTF) artificial boundary is widely used because of its advantages of
small amount of calculation, simple application process and wide adaptability to different
waveforms [14-16]. Therefore, based on the Multi-transmitting Formula (MTF) artificial
boundary, we carried out forward numerical simulations of shallow sea seismic waves excited by
low-frequency sound sources by finite element method in time domain, so as to further clarify the
propagation of ship seismic waves. The research will provide a theoretical basis for the application
and the development of ship seismic waves in field of underwater target detection.

2. Model of the seismic waves excited by sound sources in shallow sea
For simplification, the noise of ship is regarded as a point sound source, and a simple shallow
sea environment consisting of a seawater layer of ideal fluid and a semi-infinite seabed of

homogeneous isotropic rock stratum is adopted. For a two-dimensional problem, the wave
equations of seismic wave propagating in the seabed are as follows:
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where D, G and E are the parameters of the constitutive model of submarine rock stratum; B is
body force; p is density; u and v are the horizontal and vertical displacements respectively.
The wave equation of acoustic wave in seawater layer is:
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where, p is sound pressure; c is the speed of underwater acoustic wave.
At the acoustic-structure coupling interface, the following fluid-structure interaction
relationships are observed:

2*{U}

at2’

{n}{Vp} = —po{n} (4)

where{n} is unit normal vector at the interface; V is gradient operator; p, is the density of fluid;
{U} is the displacement vector .
With the Galerkin finite element method, the wave equations of rock stratum and fluid are

discretized, and the finite element equation of seafloor seismic wave caused by point sound
sources is obtained:

338 JOURNAL OF VIBROENGINEERING. MARCH 2023, VOLUME 25, ISSUE 2



ANALYSIS ON THE SEISMIC WAVE CAUSED BY LOW FREQUENCY SOUND SOURCE IN SHALLOW SEA BASED ON MULTI-TRANSMITTING FORMULA
ARTIFICIAL BOUNDARY. ZAIHUA LU, YUN MA, DANDAN CHEN

[K1{X} + c{X} + [MI{X} = {F}, (5)

where, {X} is a generalized displacement vector including displacement of rock stratum and sound
pressure in fluid, {X} and {X} are velocity and acceleration vectors respectively; [K], [C] and [M]
are stiffness matrix, damping matrix and mass matrix respectively.

Using the above finite element equation, the numerical simulation of the seafloor seismic
waves excited by low frequency point sound source in shallow sea simplified as s two-dimensional
ocean environment was carried out in time domain. The calculation domain was shown in Fig. 1.
The top boundary is the free surface of seawater. The absorbing boundaries were applied to the
left, the right and the bottom boundaries in order to simulate the outer infinite region. The seafloor
is the interface of fluid and structure. The point sound source is located at a certain depth in the
seawater. The calculation domain was discreted with planar isoparametric element with four
nodes. The Newmark implicit integration method was adopted during the numerical integration in
time domain. The absorbing boundary is Multi-transmitting Formula (MTF) artificial
boundary [17].

<

Fig. 1. Calculation domain of seafloor seismic wave

The Multi-transmitting Formula (MTF) belongs to local artificial boundary in time domain.
Taking the right boundary in Fig. 1 as example, the multiple transmission formula is:

N
u(t + At x) ~ Z(—1)J’+1c;vu[t — ( — DAL x — jC,At], ©)
=

whereu(t + At, x) represents the displacement or sound pressure of node A in Fig. 2 at coordinate
x and at time t + At; N is order of the multiple transmissions; C, is an artificial wave speed.

C.At C.At

Fig. 2. Schematic diagram of multiple transmission formula

In order to analyze the wave components and propagation characteristics of seafloor seismic
waves caused by low-frequency sound source, the seismic waves in near-field case and far-field
case have been numerically simulated, with a total of 6 numerical examples. The far-field case is
defined as the situation where the source and the receiver (or the interest area) are separated by a
distance that is more than twenty times the depth of the water. In this case, most of the acoustic
rays arriving at the receiver were reflected by the seafloor and sea surface many times, with the
water layer acting as a waveguide. The near-field case occurs when the receiver or the interest
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area are separated from the source by a distance that is almost the same as the depth of sea water.
Example 1 and example 2 are near-field cases, which mainly analyze the components of seafloor
seismic waves near the sound source. Example 3 - example 6 are far-field cases, which mainly
analyze the components of seismic waves far away from the source.

A point sound source emits a wavelet given by:

(&) = %{1 + cos [%(1 - tz—c)]}“’s [Z”ff (t - %)] t<te @)
, t>t,

where f; is the center frequency, t. describes the frequency bandwidth of wavelet.
The geo-acoustic properties of two typical sea environments are listed in Table 1.

Table 1. Parameters for calculation

Layer Density (Kg/m®) | P-wave speed (m/s) | S-wave speed (m/s)
Sea water 1000 1500 -
Hard seabed 2500 3000 1800
Soft seabed 2000 1800 1000

3. Analysis of the characteristics of seismic waves
3.1. Near-field case

The seabed of numerical example 1 is soft seabed whose S-wave speed is less than the acoustic
speed in seawater, the meshed grid size is 2 mx2 m, the time step is 1 ms, the sound source S is
located at 10m above the seabed, and the pulse wavelet duration is 0.1 s. Considering the fact that
the sound pressure of seawater layer and the vertical stress of seabed are continuous at the seafloor
interface, snapshots of the sound pressure-vertical stress in the calculation domain at different
times have been shown in figures below. In Fig. 3, the solid black line in the middle represents the
seafloor interface, "S" is the sound source, "1" is the longitudinal wave, "2" is the transverse wave,
"3" is the interface wave, "4" is the leakage Rayleigh wave, "5" is the lateral wave related to the
transverse wave, "6" is the lateral wave related to the longitudinal wave, "7" is the reflected sound
wave transmitted upward after the downward sound wave reflected on the seafloor, and "8" is the
direct upward sound wave. The longitudinal wave 1, transverse wave 2 and acoustic wave 7 and
8 are body waves. The leakage Rayleigh wave 4 and lateral wave 5 and 6 are conical waves. The
spatial attenuation of both the body wave and the conical wave are lager. The interface wave is
cylindrical wave and its spatial decay is relatively small.
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Fig. 3. Snapshot of acoustic pressure and vertical stress at 305 ms
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Fig. 4- Fig. 6 show the snapshots of wave field at different time later. It can be seen that the
artificial boundary of MTF has achieved a good transmission effect for longitudinal wave (Fig. 4),
upstream and downstream acoustic wave (Fig. 5 and Fig. 6), and transverse wave (Fig. 6).
Although the transverse wave is slightly reflected in Fig. 6, the slightly reflection is still acceptable
in these simulations. Fig. 7 shows the snapshot of wave field in example 2 with a hard seabed
whose S-wave speed is greater than the acoustic speed in seawater. The wave composition is

similar to that of the soft seabed, except that the velocity of transverse wave is greater than the
acoustic speed in seawater.
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Fig. 4. Snapshot of acoustic pressure Fig. 5. Snapshot of acoustic pressure
and vertical stress at 350 ms and vertical stress at 400 ms
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Fig. 7. Snapshot of acoustic pressure
and vertical stress at 180 ms (hard seabed)
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Fig. 6. Snapshot of acoustic pressure
and vertical stress at 540 ms

3.2. Far-field case

In order to analyze the wave components and propagation characteristics of seismic waves in
far-field excited by low-frequency acoustic sources, four numerical simulations have been carried
out in a typical shallow sea with hard seabed. The width of the calculation domain is 4000 m, and
the depth of seawater layer in example 3 and example 4 is 50 m, while the depth in example 5 and
example 6 was increased to 100 m in order to analyze the influence of seawater depth to the
propagation characteristics of seismic wave.

In example 3, the center frequency of the pulse wavelet of the sound source is 10 Hz, the
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bandwidth is 20 Hz, and the depth of the sound source is 45 m. Fig. 8 is the snapshot of example
3 at 2 s. In this figure, we can see that only a wave group propagating along the seafloor in the
range of about 2500 m. The wave group has the largest sound pressure or vertical stress near the
seafloor surface, and decays rapidly with the distance away from the seafloor surface. The above
distribution characteristics conform to the spatial distribution characteristics of interface wave.
Thus, the wave group propagating along the seafloor in Fig. 8 is considered as interface wave
propagating along the seafloor. It can be seen that when the frequency of the sound source is very
low and the depth of seawater is shallow, due to the effect of low-frequency cutoff, there is no
normal mode wave propagating without attenuation in the waveguide of seawater, and only the
interface wave propagating near the sea bottom surface.
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Fig. 8. Snapshot of acoustic pressure and vertical Fig. 9. Snapshot of acoustic pressure or vertical
stress (d =45m, f, =10Hz, t =25) stress (d =45m, f, =20 Hz, t = 25)

When the center frequency of sound source increased to 20 Hz in example 4, the snapshot of
sound pressure-vertical stress was shown in Fig. 9. A new wave group appears in front of the
interface wave, and its spatial distribution of amplitude is obviously different from that of the
interface wave. The maximum value of the sound pressure lies in the middle of the seawater
waveguide, which conforms to the propagation characteristics of the first-order normal mode
wave. Thus, when the frequency of the sound source increases, the effect of low-frequency cutoff
in the shallow sea waveguide weakens and the normal mode waves are gradually excited.

The frequency dispersion curve is an efficient tool to analyze the phase speed and group
speed of guide wave [18]. According to the normal-mode theory, the dispersion relation for
the normal modes can be derived by setting the determinant of global coefficient matrix of
the depth-separated wave equations in frequency-wave numbers domain to zero [19]:

D(k,,w) = 0. ©))

The real roots of Eq. (8) correspond to normal modes propagating without leaking energy away
from the waveguide. These normal models can be further classified into interface wave
propagating along the seafloor and normal modes propagating in the waveguide of shallow sea.
After finding all the real roots of dispersion relation Eq. (8), we plotted the dispersion curves of
the above example 3- example 4 as Fig. 10.

As shown in Fig. 10, there are interface wave and several normal modes displayed in the
dispersion curves. Each normal mode has a well-defined low-frequency cutoff while the interface
wave almost does not. Thus, the time series of the seismic wave in example 3 is dominated by the
interface wave when the source frequency is less than the minimal cut-off frequency of the
first-order normal mode wave (0-20 Hz, f, = 10 Hz, bandwidth of wavelet is 20 Hz). In
example 4, the first-order normal mode wave appears when the source frequency increases and
passes its cut-off frequencies (10-30 Hz, f. = 20 Hz, bandwidth of wavelet is also 20 Hz).

In example 5, the depth of seawater layer was increased to 100 m, and the other calculation

342 JOURNAL OF VIBROENGINEERING. MARCH 2023, VOLUME 25, ISSUE 2



ANALYSIS ON THE SEISMIC WAVE CAUSED BY LOW FREQUENCY SOUND SOURCE IN SHALLOW SEA BASED ON MULTI-TRANSMITTING FORMULA
ARTIFICIAL BOUNDARY. ZAIHUA LU, YUN MA, DANDAN CHEN

parameters were kept the same as example 3, so as to analyze the influence of seawater depth. The
snapshot of sound pressure-vertical stress was shown in Fig. 11.
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Fig. 10. Dispersion characteristics of phase velocity (H = 50 m, hard seabed)

Similar to Fig. 9, a new wave group appears in front of the seafloor interface wave in Fig. 11,
which is mainly propagating in the waveguide of the seawater and should be the first-order normal
mode wave. Thus, when the depth of seawater increases, the effect of low-frequency cutoff in the
shallow sea waveguide will also weaken, and normal mode wave is gradually excited.

Of course, due to the very close distance between the sound source and the seafloor, the
amplitude of the interface wave is relatively strong, and the normal mode wave is relatively weak
and not clear in Fig. 11. In Fig. 11, the intensity of interface wave is almost the same as that of
example 3 with 50 m water depth, which indicates that the intensity of interface wave caused by
low-frequency sound source has little relationship with water depth, and mainly depends on the
distance between sound source and seafloor.

In example 6, the sound source was moved far away from the seafloor surface and located at
10 m below the water surface. The snapshot of sound pressure-vertical stress was shown in
Fig. 12. The amplitude of the interface wave decreases significantly by nearly one order of
magnitude compared with Fig. 11, while the amplitude of the normal mode wave does not change
much. Therefore, both the normal mode wave and the interface wave are clearly displayed in the
snapshot.
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Fig. 11. Snapshot of acoustic pressure Fig. 12. Snapshot of acoustic pressure
and vertical stress (H = 100 m, d = 95 m, or vertical stress (H =100 m, d = 10 m,
fe =10Hz,t =25) fe=10Hz,t =255)

Similarly, we plotted the dispersion curves of the above example 5- example 6 as Fig. 13.

Compared with Fig. 10, it is clear that the cutoff frequency of each normal mode decreases
and more normal modes appear when the depth of sea water increases to 100 m. Thus, in
example 5 and example 6, the first-order normal mode wave appears although the source
frequency is very low (0-20 Hz, f. = 10 Hz, bandwidth of wavelet is also 20 Hz).
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Fig. 13. Dispersion characteristics of phase velocity (H = 100 m, hard seabed)
4. Conclusions

Based on the established calculation model, the seafloor seismic waves excited by low
frequency point sound sources in two-dimensional liquid-solid semi-infinite space were simulated.
The wave components and the propagating properties of ship seismic wave in shallow sea were
analyzed according to the simulating results. The influences of source frequency, source depth
and depth of seawater to the seismic waves have been discussed in this paper. The results show
that:

1) The longitudinal wave, transverse wave and acoustic wave are body waves, while the
leakage Rayleigh wave and lateral waves are conical waves. The spatial attenuation of both the
body wave and the conical wave are lager. The interface wave is cylindrical wave and its spatial
decay is relatively small.

2) Multi-transmission formula (MTF) artificial boundary has achieved a good transmission
effect for longitudinal wave, upstream and downstream acoustic wave and transverse wave.
Although the transverse wave is slightly reflected, the slightly reflection is still acceptable in the
simulations.

3) In a typical shallow sea with hard seabed, when the frequency of the sound source is very
low and the depth of seawater is shallow, due to the effect of low-frequency cutoff, there is no
normal mode wave propagating without attenuation in the waveguide of seawater, and only the
interface wave propagating near the sea bottom surface.

4) When the frequency of sound source or the depth of seawater increases, the effect of low-
frequency cutoff in the shallow sea waveguide weakens and the normal mode waves are gradually
excited.

5) The intensity of interface wave caused by low-frequency sound source has little relationship
with water depth, and mainly depends on the distance between sound source and seafloor.

In this paper, the wave components and the propagation properties of ship seismic waves in
shallow water were discussed by numerical simulation combined with dispersion curves of the
depth-separated wave equations. Due to financial constraints and difficulties in sea trial, we did
not conduct sea trial to validate the numerical results with experimental data. This would be one
of our future works. Furthermore, the real shallow sea environment is relatively complex, which
is mostly composed of several strata of rock and soil, and each layer generally is absorbing
attenuated. Therefore, the above theoretical analysis of seafloor seismic waves caused by radiation
noise of ship needs to be further studied in consideration of multi-layers medium in seabed and
the absorption attenuation in strata of rock and soil.
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