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An efficient model for underwater noise prediction during pile
driving

Rui He® () and Yongshan Song

College of Harbor, Coastal and Offshore Engineering, Hohai University, Nanjing 210024, China

ABSTRACT:

Underwater noise pollution from pile driving is now attracting increasing attention. However, most of the current
numerical and semi-analytical models for predicting the noise are still expensive and time-consuming, and the near-
field noise and far-field noise have to be obtained from different models. This paper proposes an efficient semi-
analytical solution for predicting underwater noise in both near field and far field with only one model, whose com-
putational efficiency is orders of magnitude higher than that of the finite element model. It is the first time that the
Baranov—Novak thin-layer model for soil-pile interaction has been extended to the subject of underwater noise pre-
diction during pile installation, taking into account pile-fluid-soil interaction. The solutions are obtained using the
Laplace transform and the variable separation method. By comparing the prediction results with the five reported
research cases, it is shown that the error of the proposed model is within reasonable limits for both near-field and far-

field noise predictions. © 2024 Acoustical Society of America. https://doi.org/10.1121/10.0028128
(Received 1 December 2023; revised 2 July 2024; accepted 7 July 2024; published online 7 August 2024)

[Editor: Stephen P. Robinson]

I. INTRODUCTION

In developing and constructing offshore wind farms
(OWFs), reports indicate that the vibration and noise gener-
ated by pile driving pose a potential threat to marine mam-
mals.' Field measurements have shown that high-amplitude
impulsive noise from pile driving can lead to hearing loss in
marine animals and fish.* In addition, pile driving noise dissi-
pates slowly in the ocean and can be detected more than
10km from the pile.’ To protect the marine ecosystem, rea-
sonable predictions of vibration and noise levels caused by
pile driving have become a hot research topic in recent years.

Over the past few decades, numerical models [e.g.,
finite element method (FEM)G’7 or finite difference methodg]
have been the main methods used to study the near-field
noise generated by offshore pile driving. Due to limited
computing power and high computational costs, numerical
models are usually used to model the near-field underwater
noise.

For far-field underwater noise prediction, the long-
range methods (e.g., the parabolic equation method,”'®
wave-number integration method,ll and normal mode
method'?) are combined with sound generation models. By
simplifying the seabed as an acoustic medium, Reinhall and
Dahl'? first systematically investigated the generation and
propagation of underwater noise caused by impact pile driv-
ing. It was found that the underwater noise was mainly
caused by the radial expansion of the pile, and Mach cone-
shaped sound pressure fields were observed. Lippert and
von Estorff'* analyzed the influence of soil parameters on
the results and showed that simplifying the soil as an
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acoustic medium may lead to some errors. The seabed was
then assumed to be an elastic medium.">'® Compared to the
acoustic medium model, the contribution of shear waves in
the soil and the effect of Scholte waves along the seawater-
seabed interface can be considered in the elastic model.
Recently, He et al.'” proposed a poroelastic model for the
near-field underwater noise caused by pile driving, which
can better account for the pile driving noise in soils with
partially drained conditions, and the sound attenuation effect
of the seabed can also be well evaluated.

Since purely numerical methods are too computation-
ally intensive, semi-analytical models are then developed to
investigate the underwater noise from pile driving. Hall'®
obtained the radiated sound pressure from offshore pile driv-
ing by linking the radial displacement of the pile to a sound
radiation model. A complete coupled offshore pile driving
system was proposed by Tsouvalas and Metrikine,' which
included the hydraulic hammer, the pile, and the fluid, while
the seabed was assumed to be linear springs and dashpots.
The vibration of the pile was described by thin-shell theory,
and the response of the system was solved semi-analytically
using the modal matching technique. Deng er al.*° also pre-
sented a semi-analytical model based on the variational
method by simplifying the soil as springs and dashpots. The
spring models had high computational speed for sound pre-
diction, but the spring and dashpot coefficients are difficult
to determine accurately in practice. Subsequently,
Tsouvalas and Metrikine*'** developed a pile-fluid-soil
interaction model in which the seabed was modelled as a
three-dimensional (3D) layered elastic medium, and the
model was extended to include far-field noise prediction by
coupling the sound generation module with the sound propa-
gation module.” As the method involves infinite integrals

© 2024 Acoustical Society of America
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TABLE I. Differences between the existing models and this analytical model.

Existing methods

The differences

Numerical models (Refs. 6-17)

Compared to numerical methods, the simplified semi-analytical model is more computation-

ally efficient.

The far-field sound prediction needs long-range modules in the numerical models, whereas it

Semi-analytical model: the seabed is simplified as fluid
medium (Ref. 18).

Semi-analytical model: the seabed is simplified as
springs and dashpots (Refs. 19 and 20).
Semi-analytical model: the seabed is assumed to be
elastic medium (Refs. 21-23).

can be obtained directly by this model.

The soil in Ref. 18 is assumed to be an acoustic medium, but is considered as an elastic

medium in this model.

It is difficult to accurately estimate the spring and dashpot constants in these semi-analytical

models, which can be avoided in this model.

The method in Refs. 21-23 is a modal matching technique that involves searching for eigen-
frequencies and eigenmodes, and it needs to handle the infinite integrals with several poles,

which makes the calculation complex. The simplified semi-analytical model based on

Novak’s method avoids these difficulties.

and poles, the accurate numerical calculation is quite
complex.

To develop a simplified and quick prediction model of
underwater noise caused by pile driving, an axisymmetric
pile-fluid-soil interaction model is established based on
some simplified assumptions similar to the Baranov—Novak
model,>* which is widely used in pile-soil dynamics due to
its simplicity and efficiency. The dynamic governing equa-
tions are obtained and solved in the frequency domain using
the Laplace transform and the variable separation method.
Combining the boundary conditions, analytical solutions of
the pile displacements and the fluid pressure are obtained. It
can predict the noise level at any distance in the same
model. The correctness of the model results is verified by
comparison with the published numerical models, field mea-
surements, and semi-analytical models. Although there are
many studies® > investigating the problem of pile driving
noise, the advantages of this analytical model are obvious
and the differences between this model and the previous
methods are listed in Table 1.

The structure of this paper is as follows. In Sec. II, the
governing equations are given. In Sec. III, the governing
equations are solved to obtain the results. In Sec. IV, the
results are compared with those found in the literature.
Finally, Sec. V gives an overview of the main conclusions
of this paper.

Il. MODEL DESCRIPTION AND GOVERNING
EQUATIONS

A. Model description

The pile-fluid-soil coupling system is shown in Fig.1,
and an axisymmetric model is established to reduce the
computational effort. Two assumptions are used: (i) the fluid
and soil consist of independent horizontal thin layers follow-
ing Baranov—Novak’s plane-strain model,** and (ii) the soil
layers below the pile are simplified as a soil half-space. The
impact force on the pile top is simplified as a known exter-
nal load, F()."** The pipe pile is modelled as elastic and
occupies the domain of 0 < z < L and ry < r < ry. The sea-
bed occupies the domain of z > hy and r < rg or r > ry. ry
is the inner radius of the pile, and r is the outer radius of

J. Acoust. Soc. Am. 156 (2), August 2024

the pile. The fluid layer is assumed to be an inviscid com-
pressible medium with a pressure release boundary at
z = hy. It occupies the domain /h; <z < hy and r < r¢y or
r > ry. The fluid depth is H,, = hy — h;. The stresses acting
on the pile-fluid and pile-soil surfaces are shown in Fig.1: pj
and py, represent the fluid pressure inside and outside the
pile, respectively. ty,.; and 1y, represent the soil shear stress
inside and outside the pile, respectively.

B. Governing equations
1. Governing equations of the soil

The soil governing equations can be considered by the
plane-strain model, also known as the Baranov—Novak thin-
layer model:**

0u Ou .
* * _
Gy or? + G, ror Ps s 0
F@)
J— 77@;7»\;\
i >
Fluid surface [ |
A z=h,
L > =
Plane strain . | Aalion
fluid model = P B
=
A\
g —
Plane strain e
soil model ~ "”T \
T i
\ 4 ‘
kbwz kb'M’Z

Soil halfspace

FIG. 1. (Color online) Illustration of the model.
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where u(r, 1) is the vertical soil displacement. p; is the den-
sity of the soil. The dot (¢) above the displacement vectors
represents the derivative with respect to time ¢t G;
= G,(1 + 2a4i) is the complex Lamé constant of the soil. o
is the hysteretic damping of the soil. The Lamé constant can
be obtained from G, = E;/2(1 + v;), where E; and vy are
the elastic modulus and the Poisson’s ratio of the soil,
respectively.

2. Governing equations of the fluid

Similar to the Baranov—Novak thin-layer model used
for soils, the governing equation for the fluid can be
expressed in a cylindrical coordinate system as follows:

Po 09 1.
i T SRS 2
o ror ? &
Here, ¢(r,1) is the potential function of the fluid and cf is
the speeds of the fluid. The radial velocity v; and pressure
py of the fluid are defined as vy, = (J¢/0r) and pr = —p; @,
respectively. p, is the density of the fluid.

3. Governing equations of the pile

To consider pile-fluid-soil interaction, the pile govern-
ing equations containing both radial and vertical displace-
ments can be expressed as

*v72 9% * _ -
GNVW+ (A, +G,)VV -w=p,w, 3)

in which V? = (9/0r?) + (1/r)(0/0r) + (0/0z*) and w
= [w,(r,z,1), w.(r,z,1)]" is the displacement vector of the
pile. p, is the density of the pile. 4, = /,(1 + 20,i) and
G, = Gy(1 + 2u,i) are the complex Lamé constants of the
pile. a, is the hysteretic damping of the pile. The Lamé con-
stants can be obtained from G, =E,/2(1 +v,) and
Jp =2G,v,/(1 — 2v,), where E,, and v, are the elastic mod-
ulus and the Poisson’s ratio of the pile, respectively.

C. Boundary conditions

To solve the governing equations, some boundary and
interface conditions must be satisfied:

1. Boundary conditions of the fluid layer

q)i"‘—>0 7& 00, q)o|l‘—>i>0 = 07 pf‘Z:h] = 0; (4)
where ¢; and ¢, are the potential functions of the fluid
inside and outside the pile, respectively. z = h; is the pres-

sure release surface of the fluid.

2. Boundary conditions at the top of the pile atz= 0

Opz|z=0 = _F(Z) ro S r S ry, (5)

in which g, is the vertical normal stress of the pile.
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3. Boundary condition of the base of the pile at z= L

OpA + kpw.

= — O7 (6)

where k, = 0,4Gpr1/(1 — vp) and o, = 0.68 (see Refs. 25
and 26), and G, and v, are the substratum soil’s shear mod-

ules and Poisson ratio, respectively. The pile base area

A = n(r? — 1) To simplify the calculation, the radial dis-

placement of the pile is ignored under the pile base bound-
ary condition.

4. The continuity conditions at the pile-fluid interface,
assuming the non-slip behavior

For the inner surface of the pipe pile at r =ry,
/’11 <z< ]’lz:

Vi = Wry T =0, pi = —0pr. ©)

For the outer surface of the pipe pile at r =ry,
h] S z S /’lzl

Vo = W}‘? Tpr: = 0, Pfo = —Opr, ®)

where Vg4, Vo, Pfi» and py, are the radial velocity and pres-
sure of the fluid inside and outside the pile, respectively. g,
and 1,,. are the radial normal stress and shear stress of the
pile, respectively.

5. The continuity conditions at the pile-soil interface,
assuming the non-slip behavior

For the inner surface of the pipe pile at r = ry,
h2 S z S L:

Ui =Wz, Tszi = Tprzy  Opr = 0. 9

For the outer surface of the pipe pile at r =ry,
h2 S z S L:

Up =Wz, Tgzo = Tprzy  Opr = 0, (10)

where u; and u, are the displacement of the soil inside and
outside the pile, respectively.

6. Boundary conditions of the soil (natural boundary
conditions)

ui|r~>0 7& 0, uolr%oo =0. (] 1)

7. Initial conditions for the pile-soil system (t= 0)
=0=0 (12a)

(Pi|z:0 = Mi|t:0 = (Po|t:0 = 140|r:0 = Wr|t:0 =Ww;

—0=0. (12b)

¢i|z:0 = ui‘t:O = ¢g|f:0 = l;fo|r:0 :wr‘t:O :wz

In addition, the displacement and velocity of the whole
system are assumed to be zero at the initial time.

Rui He and Yongshan Song
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lll. THEORETICAL FORMULATION

In this subsection, the governing equations of soil, pile,
and fluid are solved. Compared to Baranov-Novak’s
method,?* both axial and radial displacement components of
the pile as a function of frequency are considered and a
finite fluid layer with dynamic pile-fluid-soil interaction is
introduced.

A. Solutions of the soil governing equations

The Laplace transform is used to solve the soil govern-
ing equations. The one-sided Laplace transform and the
inverse Laplace transform of a function, f(¢), are defined as
follows:*°

fs) = JOC e f(nde, (1) Lrﬂoof(s)e”ds. (13)

0 27i g—ioco

Using the Laplace transform, Eq. (1) with the initial

conditions is expressed as
LOM , Ou -

GSW—FGJE:pSS i, (14)
where s is the Laplace transform parameter with s = iw, ®
is the excitation frequency, and i = v/—1. Solving Eq. (14)
and combining boundary conditions in Egs. (11) and (12),
the soil displacement can be obtained as

u = AIIO(I/[SI’), U, = AZKO(’/’Sr)’ (15)

where A; and A, are undetermined coefficients and

Ny =/ ps?/Gt. Ip(r) and Ko(r) are modified Bessel
functions.

B. Solutions of the pile governing equations

By using the Laplace transform, Eq. (3) can be con-
verted to a frequency domain:

*\ 72 * * — 2=
G, VW + (4, +G)VV W =psWw. (16)

Using Helmholtz decomposition and the method of sep-
aration of variables,”* the general solution of Eq. (16) can
be obtained. Using the superposition principle, the non-
homogeneous boundary condition at the pile top is con-
verted to a special solution of w. and a homogeneous
condition:

Opzlz=0=0 10 <r<rp. (17)

Substituting the general solution of w, into Eqgs. (17)
and (6), the pile displacement can be obtained as

w, = Z [Blnnpnll (’/Ipnr) _B2nnan1 (npnr)
n=1
_B3nﬁpnépn[1 (épnr) +B4nﬁpn€pn[(l (épnr)} sin(ﬁ,mz),

(18a)

J. Acoust. Soc. Am. 156 (2), August 2024

W: = Z [BlnﬁpnIO(npnr) +B2nﬂpn[{0(’7,m”)

n=1

_B3n5§n10(6pnr) _B4n€,2mK0(5pnr):| COS(ﬁImZ) -I-Wj,
(18b)

where B;,i=1,2,3,4 are undetermined coefficients,

Npn = \/ﬁzzm erpsz/(}"; +2G;)’ and ipﬂ = ’Biﬂ erPSZ/G;'

B, can be obtained by solving the transcendental equation:
(4 +2G}) [=Byusin(B,L)] = — (ks /A)cos(B,,L).  (19)

Substituting w’ into Eq. (16),

dZW: (Z) 2 =%
7 + yw, (Z) =0, (20)
where y = /—p,s?/(4, + 2G;). Solving Eq. (20) and com-

bining boundary conditions in Egs. (5) and (6), wl is
obtained as

wl = E; cos(yz) + E; sin(yz), 21
where
—F
o FO)

()V; + 2G1’;)y
and

(4, +2G,)ycos(yL) + (ky/A) sin(yL)
27 (2 +2G)ysin(yL) — (ky/A) cos(yL)

C. Solution of the fluid governing equations

Transform Eq. (2) into the frequency domain using the
Laplace transform:

[

Pp 0p s _
W+E—¥<p—0. (22)

Solving Eq. (22) and combining the boundary condi-
tions of Egs. (4), (7), and (8), the potential function of the
fluid is derived as

sIo(Gr) o

Ao O\ Bl ) —Boun, K T
v lel(éiro);[ tlpnd 1 (") = B2t K1 (1)
—B3u B Epnl 1 (Epn) +Ban By EpnK1 (Epur)| sI(,2),
(23a)
_ SK()(CT) 0
Po= ’ Z[Blﬂnpnll (’7pn") 7B2n71an1(7]pnr)

K S
_B3Vlﬁpnépn11 (6])”’.)+B4Hﬂpné[)l‘l[<l (ﬁpnr)] sin(ﬂlmz),
(23b)
where {; = \/s/c}.

Rui He and Yongshan Song 777
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FIG. 2. (Color online) Comparison of the sound pressure with (a) comparison with COMPILE (Ref. 27); (b) comparison with COMPILE (Ref. 27); (c) com-

parison with Wilkes and Gavrilov (Ref. 30).

D. Derivation of the undetermined coefficients

Given the continuity of the pile-fluid-soil, and using the
orthogonality of the trigonometric functions, the following
equations are obtained to solve the indeterminate coefficients:

L

L
j m(ro,z)cos(ﬁpnzmzzj .(r0,2)cos(Bu2)dz,  (24)
/‘lz hz

L

L
J fs,.z,-(ro,z)cos(ﬁ[mz)dz:J Tprz(r0,2) cos(B,,z)dz,  (25)
h2 h2

hy

/12
J spr®;(ro,z) sin(f,,z)dz = J pr(ro,z)sin(f,,z)dz,  (26)
h hy

L

L
J ﬁo(i‘l,z)cos(ﬂpnz)dz:J w.(ry,z)cos(B,,z)dz,  (27)
hy ha

L

L
J %S,.Zo(rl,z)cos(ﬁpnz)dz:J Tprz(r1,2) cos(B,,z)dz,  (28)
hz h2

hy )
J PP, (r1,2) sin(f,,z)dz = J Gpr(r1,2)sin(f,,z)dz. (29)
h

h

778  J. Acoust. Soc. Am. 156 (2), August 2024

Substituting Egs. (15), (18), (21), and (23) into Egs.
(24)—(29), a system of non-homogeneous linear equations is
obtained and the undetermined coefficients can be solved.

IV. VALIDATION AND FURTHER ANALYSIS

In this section, this model will be verified by two bench-
mark numerical studies,”’*® one semi-analytical solution,**
and two measurement campaigns.'>'® For the infinite sum-
mations in the calculation, the upper truncation limit of each
model was determined by performing a convergence analy-
sis of the models. For fairness, the same pile and soil param-
eters will be used, and for the modelling of multi-layered
soils or piles, the parameters in this model are taken as the
average value. Acoustic pressure, sound exposure level
(SEL), and the peak sound pressure level (SPL) are com-
pared in this section, where SEL is defined as?’

L[> pr(®)’
SEL = 10logy | = 5—dt | dBre 1 pPa, 30)
TO -~ Po

in which the reference pressure py is equal to 1 uPa and the
reference time interval T} is equal to 1s. The SPL is defined

as29

Rui He and Yongshan Song
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FIG. 3. (Color online) Comparison of the far-field acoustic pressure with COMPILE II (Ref. 28): (a) the sound exposure level (SEL); (b) the peak sound

pressure level (SPL).

ma [|py (1)
P

SPL = 10log,, dBre 1 pPa. (31)

A. Comparison with the benchmark project COMPILE |

Due to the lack of accurate analytical solutions to the
problem of pile driving noise, the COMPILE workshop pre-
sented a detailed benchmark case to verify the accuracy of
different computational models.”” A brief outline of the
impact force, pile, soil, and fluid parameters is shown in Fig.
2, while the details can be found in Ref. 27. The model
established in this paper is consistent with the COMPILE
benchmark case.

Figure 2(a) shows the results of the sound pressure in the
fluid zone at the point located at » = 11, z = 5 m. The maxi-
mum pressure value calculated by the analytical model is
about 78 kPa, which is well within the results (about
70-80kPa) of seven other different numerical models.?’

600 == Tsouvalas and Metrikine [22] A
—— This model
400
£ 200
=
Z o
2
8 F.t
& 2200 F ! P 1<0.004 Unit:t m
i Foy={ 000 « Fluid
-400 Fe 0004 150,004 s NI
600 1 F,=24x10°N Soil ||
0.0 0.1 0.2 0.3
Time (s)
(a)

Reflected waves from the head and tip of the pile are also
observed simultaneously, similar to other models.
Furthermore, shear waves in the soil highly reduced the
amplitude of the reflected waves (energy will transfer into the
shear waves in the sediment®”), as shown in Fig. 2(b). In addi-
tion, Wilkes and Gavrilov®® also calculated the sound pres-
sure at ¥ = 2, z = 5m: based on the COMPILE I benchmark
case, the result is consistent with this model [Fig. 2(c)].

B. Comparison with the benchmark project COMPILE I

To verify the effectiveness of the model in predicting the
far-field underwater noise, the model is compared to another
benchmark scenario provided by COMPILE I1.** The sam-
pling points are located at distances =250, 750, and 1500 m
from the pile center, 2m above the seafloor. The parameters
used in this model are shown in Fig. 3. To simplify the model
in this paper, the pile is assumed to be a cylindrical shell with
an average diameter of 6 m. The soil layers are simplified as a
homogeneous layer whose Young’s modulus is the average of

260 T
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FIG. 4. (Color online) Comparisons with Tsouvalas and Metrikine (Ref. 22): (a) sound pressure at a point, =3 m, z=9.8 m; (b) SEL and SPL at the plane

z=10m.
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FIG. 5. (Color online) Comparisons with Peng et al. (Ref. 23): sound pres-
sure at various distances above 1 m from the seabed.

all soil layers along the pile. The predicted results are com-
pared with the predictions of five other groups and the mea-
sured data. The predicted results of this model are found to be
in good agreement with the measured data, which have a typi-
cal measurement uncertainty of 3 dB.

C. Comparison with a semi-analytical model

Large-diameter monopiles are commonly used in recent
engineering applications. Tsouvalas and Metrikine*? pro-
posed a semi-analytical model to predict the underwater
noise caused by monopile driving. In this section, the pro-
posed analytical model is compared to Ref. 22 with the
same parameters and impact force.

The comparisons of the results obtained by the two
models are shown in Fig. 4. It can be seen that the maximum
values of the sound pressure [Fig. 4(a)], the SEL, and the
peak SPL [Fig. 4(b)] are close in the two models, while the
sound pressure calculated by this model is somehow higher
than the results of Tsouvalas and Metrikine. The differences
may come from (i) different boundary conditions at the base

—-—--Measured data of Reinhall and Dahl [13]
—— This model
90 - F(1)=F,e ™%

F,=2.1x10° Pa

120 -
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-120
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Time (s)

(@)

of the pile, (ii) the different governing equations of the pile
and soil, and (iii) the averaged soil modulus of Ref. 22 along
the pile, which is used here.

On the other hand, Peng et al.** proposed a two-step
modeling approach to predict the far-field noise caused by
pile driving. Based on the previous benchmark case parame-
ters provided by COMPILE I, the sound pressures in the
time domain at distances of 750 and 1500 m from the pile,
above 1 m from the seabed, are shown in Fig. 5. Compared
with the result provided by Peng er al.,** the time evolution
of the pressure is in good agreement.

D. Comparison with field measurement at the Vashon
Island Ferry Terminal

The field measurement campaign'® was carried out at
the Washington State Ferry, Vashon Island Ferry Terminal,
where the pressure time series of the underwater noise was
obtained at a range of 12 m using a vertical line array (VLA)
of hydrophones. In fact, Reinhall and Dahl'? have estab-
lished a FEM model to predict underwater noise and the
same parameters are also used in this comparison.

Figure 6 shows the comparison of the SPLs at two loca-
tions obtained by the analytical model and the measured
data. It can be found that the maximum acoustic pressures
calculated in this paper compare fairly well with the mea-
sured data, as the maximum noise is always the main focus
for noise evaluation.

E. Comparison with field measurement at the BARD
Offshore site

The field measurement in the German North Sea is used
for comparison in this section. The elastic modulus of the soil
is derived from the compressional wave velocity. The pile,
fluid, and soil parameters are similar to those of Ref. 16.

Third-octave band levels refer to the mean value of the
sound pressure in the corresponding octave band. Third-
octave band levels are used in Ref. 16 and are considered to
be more reasonable for acoustic assessment than spectral
density levels. Thus, the third-octave band sound levels in
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FIG. 6. (Color online) Comparison of the sound pressure with Reinhall and Dahl (Ref. 13): (a) 4.8 m off the bottom; (b) 2 m off the bottom.
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FIG. 7. (Color online) Comparison of the third-octave band sound exposure level with Fricke and Rolfes (Ref. 16): (a) near-field results; (b) far-field results.

the near field (10m from the pile) and far field (1500 m
from the pile) are compared in Fig. 7. The overall trend and
the values are quite close, considering the uncertainties in
the hammer impact force and the soil parameters. The dif-
ference in the maximum value of SEL in the near field is
only about 3dB [Fig.7(a)]. In the far field, the third-octave
band SEL obtained from the analytical model and the mea-
sured data are quite close, although there are some differ-
ences in the detailed distribution along the frequency bands.
Both Fricke and Rolfes'® and other papers®' pointed out that
geo-acoustic modeling introduces a high degree of uncer-
tainty in underwater noise prediction and cannot be avoided.
Thus, the difference in the low frequency range is generally
acceptable and it indicates again that the analytical solution
is effective for predicting the noise levels in both the near
field and far field.

F. Computational efficiency

Computational efficiency is very important for a
model. The time required by a computer [Intel Core i9-
13900 central processing unit (CPU) @3.00 GHz processor
and 64 GB random access memory (RAM); Intel, Santa
Clara, CA] to calculate the sound pressure at the point
500m away from the pile using the proposed model is
approximately 40s. As the required computing time is not
always available in the verification cases presented above,
a FEM model'” is modelled for comparison. The length of
the modelled soil section is 500 m from the pile, while the
parameters for the pile and water are similar to those in
COMPILE 1.?° The time required by the same computer is
about 20h, which is about 1800 times more than for the
analytical model. Furthermore, the time required increases
dramatically with the increase in the soil area in the FEM
model.

V. CONCLUSIONS

In this paper, a simplified semi-analytical model is
established by extending the Baranov—Novak thin-layer

J. Acoust. Soc. Am. 156 (2), August 2024

soil-structure interaction model to the subject of underwater
noise prediction during pile driving by considering struc-
ture-fluid-soil interaction. It provides a preliminary and
rapid prediction of the underwater noise of pile driving in
both near field and far field in a single model, and the effi-
ciency of the calculation is about 3 orders of magnitude
higher than that of the FEM. The prediction results of the
model are generally in good agreement with the well-
documented cases. When comparing the near-field sound
pressure in the time domain, the maximum sound pressure
and wave arrival time calculated by this model are in good
agreement with the numerical model, the semi-analytical
model, and even the field measurement. In addition, the
model has the same accuracy as other models in predicting
pile driving noise in the far field and has an error of
3-10dBre 1 yPa compared to the field measurement, which
may be mainly due to the uncertainty in the far-field seabed
topography, soil conditions, and bathymetric distributions.
The model can be further extended to account for the effects
of different soil conditions: e.g., porous soils with pore pres-
sures, soil non-linearities, etc.
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